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This volume contains the proceedings of the Asian Conference on X-rays
and Related Techniques in Research and Industry held at Ipoh during June 6 - 8 ,
1996.

Ipoh is capital of Perak State rich in mineral and natural resources and also
houses the Engineering Campus of the Universiti Sains Malaysia. Therefore it has
a unique position to be the venue of the conference.

X-rays were put to use in medical radiography immediately after the
discovery by Roentgen in 1895 followed by the wide use in industry and materials
research. In the course of time the related techniques using XRF, XRD, TEM,
SEM, EDX, Auger electron microscopy, etc. have been developed, refined and put
to use in diverse fields. The conference provides an opportunity for mutual
discussion on the recent developments both in instrumentation and applications
including limitations and scope for improvements. A few delegates from the
manufacturers and suppliers are also there to brief on the latest equipment.

I am happy to note that the papers for presentation are from wide spectrum
stressing the interdisciplinary nature of the topic of the conference. It is quite
satisfying that we have delegates in the conference right from Canada in the west
and Japan in the east. I am confident that the conference will contribute to better
understanding of the scope of applications of these analytical techniques.

I also extend my sincere thanks to Perak State Government and other
organisations, industries and agencies for contributing generously to the
conference.

Our special thanks are to the Vice-Chancellor, Y. Bhg. Dato' Prof. Ishak
Tambi Kechik for his guidance and encouragement. We are also thankful to the
Director General and his colleagues of the Malaysian Institute for Nuclear
Technology (MINT) for agreeing to be co-organiser.

ASSOC. PROF. AZMlRAHMAT
Chairman
Organising Committee ACXRI '96
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APPLICATIONS OF NEUTRON POWDER DIFFRACTION • ! • • - - - •

IN MATERIALS RESEARCH 111111111111:1111
MY9700777

S. J. Kennedy
Neutron Scattering Group

Australian Nuclear Science and Technology Organisation
Private Mail Bag 1, Menai NSW 2234, Australia

Abstract

The aim of this article is to provide an overview of the applications of neutron powder
diffraction in materials science. The technique is introduced with particular attention to
comparison with the X-ray powder diffraction technique to which it is complementary. The
diffractometers and special environment ancillaries operating around the HIFAR research
reactor at the Australian Nuclear Science and Technology Organisation (ANSTO) are
described. Applications of the technique which take advantage of the unique properties of
thermal neutrons have been selected from recent materials studies undertaken at ANSTO.

Introduction

Although the ability of neutron diffraction to determine atomic and magnetic
structures has been recognised for many years, the technique has traditionally been
considered cumbersome to compete with x-ray powder diffraction for routine structural
investigations. With improvements in diffractometer technology and increased primary
neutron fluxes it is now possible to obtain high quality neutron powder diffraction data in
relatively short times. Thus a wide range of problems in materials research that take
advantage of the unique properties of the neutron can now be solved at many neutron
scattering centres around the world. It is outside the scope of this article to discuss the
development of the technique in any detail. My intention is simply to provide an
introduction to the technique and to indicate that neutron powder diffraction is a powerful
tool and is readily available to many of those interested in materials research. As recent
improvements in the neutron powder diffraction facilities have allowed us to realise the
advantages of the technique in the study of phase transitions, I have picked some examples
of applications in materials research that are now being explored at ANSTO. These
examples all involved measurements on our medium resolution neutron powder
diffractometer (MRPD) and include investigations of phase transitions and dynamics in
metal hydrides, magnetic materials, ceramics and fullerenes.

It is appropriate to begin with an outline of the properties of thermal neutrons as they
apply to neutron diffraction, and the features of neutron powder diffraction in comparison
with X-ray diffraction.

Properties of thermal neutrons

The term 'thermal neutrons' describes neutrons which have been brought to thermal
equilibrium with a moderating medium (such as deuterated water) at room temperature.
Thermal neutrons are characterized by a Maxwellian wavelength distribution which peaks
at -0.12 nanometres (nm) and are produced either in nuclear research reactors or spallation
neutron sources. For diffraction purposes it is possible to select a relatively intense beam of
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any wavelength in the range 0.1 to 0.3 nm by the use of single crystal monochromators.
This wavelength range is ideal as the interplanar spacings in most crystalline solids are
typically a few tenths of a nanometre.

Thermal neutrons have no net electric charge, consequently they are not scattered by
atomic electrons. They do however display a relatively strong neutron-nuclear interaction
and possess a mass of 1.67495 x 10"24 gram and a magnetic moment of -1.913 nuclear
magneton (fin)- These properties are the primary source of distinction between neutron
diffraction and X-ray diffraction. The neutron scattering lengths of the elements are
compared with X-ray scattering amplitudes (at 26=0°) in Figure 1. The neutron-nuclear
scattering lengths are typically an order of magnitude weaker than X-ray scattering
amplitudes. Whereas the X-ray scattering amplitudes increase monotonically with atomic
number the neutron-nuclear scattering lengths display no such systematic variation, and in
some instances vary markedly between adjacent elements or even between isotopes of the
same element. So for materials which contain a mixture of light and heavy elements
neutron diffraction is far more likely to produce data which will provide accurate structural
information on the lighter elements. This sensitivity to light elements is advantageous in
structural studies of many materials of technological interest.
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Figure 1 X-ray and neutron-nuclear scattering amplitudes

The low scattering intensity of neutrons relative to X-rays is a significant disadvantage
for rapid data aquisition. However neutron attenuation coefficients are typically several
orders of magnitude lower than X-ray attenuation coefficients so that neutron diffraction
patterns are often collected from samples several cubic centimeters in volume. On balance
this gives neutron diffraction a practical advantage over X-ray diffraction in studies of
materials which are affected by preferred orientation or extinction, or in which structural
anomalies at the surface of a specimen are suspected. The low neutron attenuation
coefficients also facilitate the use of special sample environments such as cryostats,
furnaces and pressure cells. It is this property that has led to the development of neutron
diffraction for in-situ structural studies of phase transitions.

In X-ray diffraction the electron density distribution of the target is spread over a
distance similar to the wavelength of the diffracted radiation. This is reflected in the fall off
of the 'form-factor' of the diffraction pattern, which is the Fourier transform of the density
distribution of the target. In neutron-nuclear diffraction the scattering source (the nucleus)
is so small relative to the wavelength of the diffracted radiation that it can be considered as
a point source -this means that it has no 'form-factor' due to finite size effects. In sharp
contrast, the electrons responsible for magnetic neutron diffraction are generally
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concentrated near the surface of the atomic electron distribution (typically 3d or 4f
electrons), so that the 'form-factor' is even sharper than that seen in X-ray diffraction. Like
X-rays, electrons see the whole of the electron density distribution but with a different
weighting of outer to inner electrons. This is illustrated in Figure 2, which shows the form
factors of neutral iron.

0.8

I 0.6

i£ 0.4

0.2

0
neutron magnetic""-

neutron nuclear

-— ____X-ray

electron

-̂ —- 11"""'
0 8

sin(e)A.(nm')

Figure 2 Neutron, X-ray and electron form factors for neutral iron

The ability of neutron diffraction to determine magnetic structures is still unique for
practical purposes, although experiments using synchrotron based X-ray diffractometers
have revealed magnetic properties in selected rare-earth compounds. The effective neutron-
magnetic scattering lengths are typically the same order of magnitude as the neutron-
nuclear scattering lengths for many magnetically ordered materials, so that magnetic
diffraction peaks are usually the same order of magnitude as the nuclear diffraction peaks.
In ferromagnetic materials the magnetic cell is identical to the atomic cell, so that the onset
of magnetic ordering is signalled only by increased peak intensities. External magnetic
fields can be used to change the direction of the ferromagnetic moment relative to the
scattering geometry to aid in the unambiguous determination of the strength of
ferromagnetic moments. In antiferromagnets and other complex magnetic materials the
magnetic unit cell often has dimensions different from the atomic unit cell, in which case
magnetic peaks usually appear at distinct positions, giving a clear indication of the
appropriate magnetic structure.

Instrumentation used for neutron powder diffraction

A good illustration of the difference between X-ray powder diffraction and neutron
powder diffraction is included in Figure 3. This figure shows diffraction patterns collected
from a sample of rutile (TiO2) by both neutrons (taken on the high resolution powder
diffractometer1 at ANSTO) and synchrotron X-rays (the Daresbury synchrotron). These
patterns were collected at the same wavelength (X=0.1377 nm) so that the diffraction peaks
appear at the same angle. Evidence of the different scattering amplitudes for neutrons and
X-rays can be seen in the different intensities of individual peaks. That the intensities of the
low angle peaks in the X-ray pattern are many times larger than those in the neutron
diffraction pattern is evidence of the relative weakness of neutron scattering power.
Evidence of the steep X-ray form-factor can be seen in the sharp decrease in diffracted
intensity with increasing angle. In contrast the slight decrease seen in the neutron
diffraction pattern is due only to thermal vibrations (phonon scattering). The neutron
diffraction peaks are much broader than those in the X-ray diffraction pattern. This aspect
highlights the compromise of resolution for the sake of intensity which is common in
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neutron diffraction. The compromise is necessary partly because of the relatively low
intrinsic scattering power and partly because of the relatively low thermal neutron fluxes
that are delivered by most neutron sources. Of course, we can do nothing about the low
scattering power, but considerable effort has been put into production of more intense
thermal neutron beams and the development of more efficient neutron diffractometers. This
has resulted in a number of technological innovations, which have contributed significantly
to the development of scientific instrumentation in other areas of research. Neutron
diffraction instrumentation has become quite efficient and there are now a number of
neutron powder diffractometers (such as HRPD) which have sufficient resolution over a
wide angular range to be quite sensitive to the sample contributions to the widths of the
diffraction peaks.
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Figure 3 Neutron and X-ray diffraction patterns from rutile (TiC>2)

Inevitably though, these instruments are slower than the equivalent X-ray
diffractometers. By compromising the resolution further it is still possible to obtain good
diffraction patterns in a number of applications in far shorter times, while using ancillary
devices to provide special sample environments. The instrument we have built at ANSTO
for this purpose is called the medium resolution powder diffractometer (MRPD) and is
capable of measuring phase transitions under a wide range of sample environments and of
studying structural dynamics. This instrument has so far been developed in three stages
over recent years. The resolution functions of our two neutron powder diffractometers
(HRPD and MRPD) are plotted in Figure 4, along with typical resolution curves for
laboratory and synchrotron X-ray diffractometers. One can clearly see in the figure the
extent of the compromises that are required in terms of resolution in order to build a
competitive neutron powder diffractometer at an old research reactor such as HIFAR.

The two neutron powder diffractometers are similar in design and intended to be
complementary in operation. Whereas the MRPD can produce reasonably high quality
measurements of phase transitions quite quickly, when the problem requires greater
resolution the HRPD is used to provide more detailed structural information. Both
instruments use germanium crystals to monochromate the neutron beam, these
monochromators being adjustable to give a range of wavelengths(A.) in the thermal range
and having no 7J2 contamination. The monochromator on MRPD uses vertical focussing
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for increased neutron flux. Both instruments are fitted with 24 He3 detectors and MRPD is
due to be upgraded to 32 He3 detectors in the near future. The incident neutron flux is
wavelength dependent, but is typically 5 times higher on MRPD than HRPD, and for
example at X=0.1664 nm on MRPD the flux is ~4xl05 neutrons/cm2/sec. The overall gain
in speed on MRPD relative to HRPD is -10, so that a typical diffraction pattern on MRPD
takes about two hours and on HRPD it takes about one day to collect. For kinetic studies
using MRPD a 26 range of 96° can be measured in as little as 200 seconds.

20 40 60 80

28(deg)

100

Figure 4 Comparison of neutron powder diffractometer resolution curves (HRPD and
MRPD) and typical X-ray diffractometer resolution curves

Ancillary equipment

For routine measurements vanadium specimen containers are chosen because they
contribute no measurable diffraction lines to the pattern, and samples are rotated to reduce
preferred orientation. Many ancillary devices are commonly available for use with neutron
powder diffractometers. At ANSTO, closed-cycle helium refrigerators are used for
applications between -7K and 320K. The attenuation of the neutron beam by these
refrigerators is typically 7%, with no detectable contribution to the diffraction patterns.
High temperature patterns are obtained in wide bore alumina based furnaces. The furnaces
operate up to ~1700°C, attenuating the incident neutron beam by ~25% and contributing
just a few small lines to the diffraction pattern. Gas handling apparatus for special
atmospheres, a 1 Tesla axial magnet (both above 15 K), a glass electrolytic cell, a 30
position sample changer and an axial press capable of sustaining an 18 tonne load are all
operational on the MRPD. An isostatic pressure cell capable of ~3GPa is under
development. A sample translation table for residual stress studies has also been
constructed and operated. Most of these ancillary devices are computer controlled, as is
data acquisition.

Application to phase transition studies

Earlier reports have detailed recent examples of materials research highlights at
HIFAR2'3. The examples I have included here are more recent and are indicative of current
research activities based around the MRPD. I have grouped them under four headings -
metal hydrides, magnetic materials, ceramics and fullerenes.

Metal Hydrides

In neutron diffraction studies of metal-hydrides deuterium has generally been
substituted for hydrogen because it is chemically equivalent but it gives a far better
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diffraction pattern. Experiments at HIFAR include a detailed investigation of the phase
diagram of lanthanum-nickel deuteride using finely powdered LaNi5 and a gas handling
system to control deuterium concentration4'5. Experiments which use electrolytic control of
deuterium concentration in LaNi5 and in T^Ni6 are now underway. The palladium-
deuteride system has been extensively studied both with gas phase7-8-9 and electrolytic
loading of deuterium10. In another study on ZJ^Ti detailed structural investigations using
HRPD and XRD were performed11.

In the example shown in figure 5 we have detemined the structure and kinetics of
ordering of deuterium in PdDg 55 at T=54K. The patterns were collected at 11 hour
intervals over twelve days. The initial pattern of 'disordered' PdDg 55 is at the front of the
figure. In the 'disordered' state the deuterium atoms are randomly distributed between all
the octahedral interstitial sites. The progress of the ordering is most easily seen in the
growth of peaks at (1,1/2,0), (1,3/2,0) and (1,5/2,0), but on close inspection other lower
symmetry superlattice lines were also found. Based on these observations a new crystal
structure for the 'ordered' state, which preserves the cubic symmetry of the Pd lattice but
which has twice the lattice constant, was determined7. This structure is shown in figure 6.
The ordering process involves -6% of the deuterium atoms which migrate from the sites
indicated by small open circles to those indicated by small closed circles in the figure.

Figure 5 Neutron diffraction patterns from PdDg 65 a t 54K, during ordering of deuterium.

Figure 6 Derived crystal structure of ordered Pd-D0 55- The larger shaded circles indicate
palladium positions. The smaller circles indicate deuterium positions:- shaded circles
occupancy =65%, closed circles occupancy =97%, open circles occupancy =33%.



ACXRI '96

Magnetic structure determination

The scientific literature is rich with reports of magnetic structures that have been
determined by neutron diffraction. The scope ranges from simple ferromagnetic materials
to the more exotic materials with sinusoidal and/or helical spin arrangements. Examples of
recent successful magnetic studies at ANSTO include magnetoelastic effects in y-MnNi
alloys12, mixed ferro/antiferromagnetic order in Fe2MnSi13, and investigation of the quasi-
two dimensional antiferromagnet MnPS314<15. Other studies include the magnetic structure
of Ca4Mn3Oj016 and of the effects of particle size in oc-FeOOH17 and gross atomic
disorder on magnetic properties in ball-milled C^MnAl18.

A recent highlight is illustrated by the patterns obtained from Lao g5Y0 i5Mn2Si219 m

figure 7. These experiments were performed on MRPD between 12K and 493K (220°C).
On cooling from 493 K several peaks such as one labelled a/f 'A' appear above 393 K. These
can be indexed to the antiferromagnetic arrangement of Mn spins shown in figure 8a. On
further cooling more peaks such as one labelled a/f 'B' appear above 293K. A ferromagnetic
contribution to the nuclear peaks appears at the same temperature. The second antiferro-
magnetic component is shown in figure 8b. Neither magnetic phase transition appears to
affect the atomic arrangements at all. Each component is ~1 .5u.g at 12K

i

40 50 60
2Th«ta (digrsa*)

Figure 7 Diffraction patterns of La^.35Yo between 493K (front) and 12K.

Figure 8 Crystal structure of Lag^Yo i5Mn2Si2 showing magnetic ordering on Mn sites.
Small dark circles indicate Mn sites, arrows indicate magnetic moments.
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Engineering Ceramics

Neutron diffraction is ideally suited to structural investigations of ceramic materials
from the point of view of its ability to provide superior site occupancy data and the
capability of measuring phase changes and reaction kinetics in situ using high temperature
furnaces. Several neutron diffraction highlights at ANSTO have concerned zirconia
toughened ceramics20'21'22'23 and rutiles24-25.

The example shown in figure 9 is of a of cerium-tetragonal zirconia precipitates (Ce-
TZP) under compressive stress26. The sample displayed the normal elastic response until
~1.2MPa, above which both ferroelastic switching and tetragonal to monoclinic structural
distortion were observed, The former can be seen most readily by the change in relative
intensities of the peaks at 29 -65° and the latter in the appearance of peaks at 20 ~30°.

r 1OO0O

sa 3 6 44 52 60
2Th.to Idagrrail

6 8 7 6 8 4

Figure 9 Neutron diffraction patterns of Ce-TZP with increasing pressure (0 -1.56MPa)

Figure 10 shows the kinetics of crystallisation of a lead zirconate titanate (PZT) gel at
430°C27. Patterns were collected in 3hr intervals from front to back. Initially the gel
contributes only a diffuse hump at 20 -42°, with all diffraction peaks coining from the
sample container. The figure shows that formation of the PZT lattice is preceded by an
intermediate phase.
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Figure 10 Diffraction patterns showing kinetics of crystallisation of PZT gel at 430°C
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Fullerenes

Finally figure 11 shows an example of rare-gas trapping in the C^o fullerene28-29. The
location of argon in the octahedral interstitial sites was determined by comparison with
patterns from pure C^. This study also detected the order-disorder transition between
intermolecular CgQ bonds. The transition, above which C^Q molecules are rotating freely
about their centre of mass, can be seen by the disappearance of the high angle peaks above
T-250K. The slow decrease in intensity of the high angle peaks is indicative of the gradual
nature of the transition. Figure 12 shows a view of the low temperature structure along the
body diagonal of the cubic unit cell, with the Ar placed at the centre.
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Figure 11 Neutron diffraction from C^-Ai between 15K (front) and RT (back)

Figure 12 Low temperature structure of C^Q-AI viewed from body diagonal of unit cell.

This ends my brief survey of the applications of the technique which are currently
being explored at ANSTO. It is by no means a comprehensive account of our materials
research activities. However I believe it contains sufficient background information and
enough examples of current applications to serve as a useful introduction. More detail can
be found in the cited references on these experiments, in the review articles2'3, or by
contacting the author at the above address.
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Abstract: The application of electron back-scatter diffraction (EBSD) to materials research
is reviewed. A brief history of the technique is given, followed by a description of present-day
operation. The methodology of'microtexture', i.e. spatially specific orientations, is described
and recent examples of its application using EBSD are given, in particular to interstitial-free
steel processing, growth of phases in a white iron and grain boundary phenomena in a
superplastic alloy. The advantages and disadvantages of EBSD compared to use of X-rays for
texture determination are discussed in detail.

Introduction

Electron back-scatter diffraction (EBSD) evolved in the early 1980s, initially to study
phase identification in the scanning electron microscope (SEM). Its potential for orientation
measurement was also recognised and developed until now EBSD is at the forefront of present-
day texture analysis and a complement to, or in some cases a replacement for, X-ray texture
measurements12. In the present work, the principles and practice of EBSD are summarised,
with examples of its applications. Since hitherto the major technique for measurement of
textures has been X-ray methods, it is instructive to compare the advantages and disadvantages
of the modern technique with the more traditional. EBSD is sometimes also known as 'EBSP',
electron back-scatter patterns, or 'BKD', backscatter kikuchi diffraction.

Principles of electron back-scatter diffraction

Electron back-scatter diffraction is essentially an SEM phenomenon. For normal
imaging mode in an SEM the interaction between the primary (incoming) electron beam and
the specimen is such that most of the beam is absorbed and only a very small proportion of it
is backscattered, i.e. diffracted by the planes near the surface of the specimen and scattered
from the specimen having lost hardly any energy. The very simple expedient of tilting the
specimen until it makes an angle of only 30-20° with the incoming beam has the effect of
shortening the path length of the elastically scattered electrons and increasing dramatically the
proportion of signal which is backscattered rather than absorbed. The intensity of the
backscattered electron beam after tilting the specimen is such that the diffraction pattern can
be captured on film or screen if the recording medium is introduced into the microscope
chamber.

Figure la shows an EBSD pattern from tungsten recorded onto cut film3. The sampled
volume which gave rise to this pattern was approximately 0.5um2 on the specimen surface and
20nm in depth, which is typical for EBSD. The pattern consists of Kikuchi lines, each pair of
which represent a single plane in the crystal. Zone axes in the crystal are represented by
intersections between line pairs. Hence the pattern is essentially a 'map' of crystallographic
angular relationships. When the pattern is 'indexed' the orientation of it, and hence of the
sampled volume, can be solved with respect to some fixed axes, i.e. the geometry of the

11



ACXRI '96

specimen.

The potential of these Kikuchi patterns for measuring orientations was not fully
appreciated until the early 1970s when a series of papers reported observation of the patterns
and in an SEM and gave them the name of 'electron backscattering' patterns45. The
diffraction patterns were observed not on cut film but rather by placing a fluorescent screen
about 25mm from the tilted specimen and viewing it using a low-light TV camera. This
arrangement forms the basis of a present-day EBSD system.

At the time when the first EBSD systems were built the principal problem encountered
in applying the technique to the measurement of orientations was the uncertainty in the position
of the emitting point of back-scattered electrons on the specimen, the pattern source point, and
its counterpart on the diffraction pattern, the pattern centre or origin. The pattern centre is
marked with a cross on figure lb. Various options were used to overcome this challenge, the
most popular being the use of an (001) calibration crystal combined with a known angle of
specimen tilt, namely 70.5°6. Another method involves a mechanism to retract the camera and
therefore view the pattern at more than one magnification7'8. Both these methods are used
today.

The key advance which changed EBSD from being ingenious but small-scale laboratory
apparatus to a commercially marketed piece of equipment for applied materials research was
the implementation of rapid, accurate on-line computer indexing and storage of diffraction
patterns. An accuracy in orientation determination, relative to axes in the specimen, of
approximately 2° became achievable6. A typical basic EBSD package consists of the
components illustrated in figure 2 - a means to tilt the specimen, a phosphor screen interfaced
to a TV camera, some form of camera control/image processing and a PC for data processing.
Until recently analysis of EBSD patterns has involved some operator input. However, the
latest generation of EBSD systems incorporates routines for fully automated diffraction pattern
recognition and analysis, including orientation imaging microscopy (OIM) where orientation
changes are plotted with respect to coordinates in the specimen910.

Microtexture and its applications.

The term 'microtexture' can be defined as:

'A population of individual orientations which are usually
related to features in the microstructure'.

A microtexture is almost always obtained by electron microscopy both because of the
imaging capability and the ability to extract information from small microstructural elements.
EBSD is the principal technique used for microtexture work, although work in the sub-
nanometer range is the province of TEM. The philosphy of the microtexture approach is that
it is already known from theory and bulk texture studies that microstructure is influenced by
texture and vice versa. If texture is studied on a microscopic scale, it becomes possible to
examine the nature of this relationship.
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Some recent applications of EBSD to microtexture include:

• To study fatigue mechanisms1'
• Crystallographic analysis of facet planes and transgranular cracks12

• Creep in superalloys13

• Integrity of single crystals
• In-service reliability of microelectronic interconnects14

• Fracture facet crystallography15

• Oxygen diffusion along crystal directions in a high temperature superconductor16

• Deformation studies1718

• Sheet metal processing19

The concept of microtexture encompasses further the re-expression of two contiguous
orientations as a misorientation, which in turn allows the geometry of interfaces such as grain
boundaries to be explored. This 'texture between grains' has also been referred to as
mesotexture®. With additional spatial information the crystallographic indices of the interfaces
can also be determined. Some recent examples of interfacial studies involving EBSD include:

• Corrosion, cracking, fracture212223

• Boundary migration24

• Segregation and precipitation25 26

• Twinning27

• Recrystallisation28

• Orientation relationships29

Three diverse examples of the application of EBSD to applied materials research will
now be presented briefly. The first is taken from a microtexture experiment which is part of
a major research programme to elucidate factors affecting the adherence of zinc-based coatings
to interstitial-free (IF) steel sheet. EBSD allows sampling of only those grains which are
contiguous with the sheet surface. This was done prior to hot dipping. The microtexture of
the sample population is shown in figure 3a, compared to a contol population from the
midplane of the sheet in figure 3b. Not only is the texture different in these two cases, but the
population of surface grains contains 42% low angle boundaries compared to 20% in the
midplane set. Since the characteristics of low angle boundaries are known to be different to
those which are high angle, this preliminary result suggests that interdiffusion during the
dipping process will be affected by these boundary types.

A spin-off from the microtexture investigations on IF strip has been identification of the
correlation between grain morphology (as revealed by selective etching) and orientation.
Figure 4a show that some grains in the sheet surface are raised. This turned out to be a
crystallographic effect because the raised grains had surface normals near <001> (figure 4b)
whereas the flat grains had <111> surface normals (figure 4c) - the desired texture for deep
drawing applications. Furthermore, the near-001 grains were characterised by diffuse
diffraction patterns, indicating strain in the lattice.

The second example illustrates the ability of EBSD to analyse concurrently the
orientations of several phases within a material29'30. The work concerns a white cast iron having
a micro structure which is illustrated in figure 5a: a mainly austenitic matrix containg M7C3

(hexagonal) carbides 10-20um thick encased in a thin shell of M3C (orthorhombic) carbide 1-
5urn thick. EBSD was initially used to distinguish between these two phases3. A second
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specimen, having a slightly modified chemistry so that the peritectic reaction forming M3C was
suppressed and the alloy contained only M7C3 carbide, was also examined. Subsets of the
microtexture results are shown in figure 5b,c,d. M7C3 carbides without MSC shells grew
predominantly in the <0001> direction whereas those with M3C shells were much less textured
and the M3C phase itself had a random texture. These results show that coupled growth occurs
within white cast iron specimens containing only hexagonal carbides, whereas no specific
relationship could be discerned when duplex carbides were present.

Whereas many EBSD investigations are devoted to grain boundary studies via
orientation measurements of neighbouring grains and calculation of the misorientation31'32, a
more advanced analysis involves measurement of the interface - or crack5- plane
crystallography. This has the advantage of providing more detailed structural information
which can subsequently be applied to studies of interfacial degradation phenomena, etc. The
interface plane data is obtained by a procedure which employs both orientations and
morphological information from calibrated serial sectioning or other procedures33'34.

Comparison between EBSD and X-ray texture

The study of texture using X-rays is a mature subject area in materials engineering,
spanning many decades. The average texture of a whole specimen is obtained from measuring
the diffracted X-ray intensity from particular lattice planes and displaying the data as a pole
figure or inverse pole figure in contours of 'times random'. The information from at least two
pole figures can be used to calculate an orientation distribution function (ODF) which is a
complete texture description35. Individual texture components can be extracted from peaks in
the pole figure or ODF and quantified according to the volume fraction of the component
present.

Figure 6a shows a 111 X-ray pole figure from a commercial aluminium alloy, AA8079,
rolled 97% and annealed at 400 °C. This can be compared with figure 6b which shows a 111
microtexture pole figure from 600 contiguous grains in the same specimen19. The key
difference between the presentation of these two data sets is that the X-ray pole figure exhibits
intensity contours representing the volume fraction present whereas the microtexture case is
in the form of discrete data points, each referring to a specific point in the microstructure.
(The microtexture pole figure can subsequently be smoothed to contours and also weighted
according to grain volume if required. However, the link to individual data points is then lost).
The similarity between the X-ray and microtexture pole figure indicates that the microtexture
in the sampled region was homogeneous and equivalent to the average texture. This is not
always the case, since the texture may be inhomogeneous throughout the material. Figure 3
illustrated one aspect of this by showing the difference in texture between the surface grains
and midplane grains in material processed to sheet.

The advantages of using EBSD to obtain microtexture data compared to X-rays are:

• The cardinal reason for using EBSD to obtain a microtexture rather than X-rays to
generate a 'macrotexture' is the spatial specificity of the former, enabling orientation
to be linked directly to structure and processing parameters (figures 3,4,6)'.

• Interfacial parameters between specific grains can be calculated from individual
orientations (figure 7), whereas this is not possible for X-ray data20.

• X-ray diffraction measures only the proportions of particular planes present, which is
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effectively two-dimensional information. The algoritms used to calculate ODFs from
pole figures are known to contain inherent inaccuracies35. These drawbacks do not
apply to EBSD, since a true, three-dimensional orientation is the primary EBSD
measurement.

• More than one phase can be analysed at a time, with regard to position in the
microstructure, using EBSD (figure 5)29.

• Since the X-ray methodology relies on the volume fraction of particular planes present,
a large volume fraction of one texture, e.g. present in large grains only, can mask the
presence of another texture occurring only in very small grains36.

• X-ray diffraction does not distinguish between different variants of the same texture.
For example the S-texture, which is a common deformation texture in some fee metals
and alloys, is denoted by {123}<412> using the 'ideal orientation' notation. This
designation actually subsumes four orientations: (123)[412~], (123)[4T2], (213)[142],
(213)[T42]. These four orientations are distinct in the sense that they are related by high
angle boundaries, and their distribution in the microstructure may be significant to
phenomena such as slip transmission, grain boundary type and subsequent properties.
EBSD, on the other hand, is able to distinguish between these variants as illustrated on
figure 7. Other textures and their variants are also shown on this map along with low
angle boundaries. There are several pieces of evidence to show that there can be
selective occurrence of particular texture variants in different regions of a specimen3738.

The disadvantages of using EBSD to obtain microtexture data compared to X-rays are:

• The most inhibiting disadvantage of EBSD compared to X-ray work is that the former
is labour intensive if a semi-automatic EBSD system is used, since the sampling probe
must be sited individually and pattern analysis data inputted1. However, this situation
improves enormously if a system where the patterns are indexed automatically is
available, and such systems are currently superceding the semi-automatic type. A
further improvement is gained if programmable stage/beam control is available.

• Sampling of orientations - either interactively in real time or in predetermined steps -
is under operator contol for EBSD. Care must be taken to ensure that the statistics are
not biased in any way. Such considerations do not apply to X-ray data since typically
thousands of grains are sampled together.

• EBSD patterns become unacceptably diffuse from highly deformed specimens, which
is not usually a restriction for X-ray diffraction. Furthermore, incorrect specimen
preparation (e.g. harsh diamond polishing as a final step) degrades the quality of an
EBSD pattern. This is not usually a problem for most materials, since the recommended
preparation procedures, such as electropolishing, are routine'.

• As yet there is no standardisation for EBSD since it is an innovative technique
compared to the well-established X-ray case.

EBSD data processing

As illustrated in figures 3 and 6, EBSD data can be processed and outputted as a pole
figure. The main motivation behind this form of data representation is that it is familiar because
of its close association with X-ray texture. However, whereas EBSD data can be displayed
using standard macrotexture methods such as pole figures and Euler space, in this section other
methods of data processing and display, more suited to the discrete orientations inherent in
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microtexture, will be briefly considered.

The basic parameters of an individual orientation as measured by EBSD are embodied
in a 3x3 matrix, which expresses the crystallographic orientation of the sampled volume with
respect to fixed axes relating to the specimen geometry12. Further computation is requires to
output orientation information in a practical form. Some or all of this may be an integral part
of the EBSD software, depending on the sophistication of the package and the specificity of
the user requirement.

In practice particular aspects of data are best highlighted by apposite choice of
processing methodology and representation. These can be considered in three 'levels', in terms
of complexity39:

• Qualitative statistics: either individual orientations are approximated (e.g. using the
'ideal orientation1 nomenclature) or the EBSD data population is represented pictorially
as pole figures, in Euler space or in Rodrigues-Frank space40'41.

• Quantitative statistics: secondary computations permit the microtextures to be analysed
quantitatively and outputted in the form of histograms, tables, etc19. Moreover, farther
calculations can give measurements of interest in a particular experiment, e.g. angles
between specified crystal directions.

• Positional information: additional data concerning the spatial location of sample points
is often required. Coded data points, coded maps, orientation imaging micrographs and
compressed data scans are used18'27'32.

Examples of EBSD data processing are included in the relevant references.

Concluding remarks

This review has summarised the principles and practice of state-of-the-art EBSD for
microtexture determination. The number of installations worldwide is increasing rapidly, as are
the number of research papers which demonstrate use of this technique to help solve materials
problems. The technology is continuing to develop, particularly in the area of fall automation
and orientation imaging.
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Figure 1. EBSD pattern from tungsten.

Figure 2. Schematic illustration of EBSD
equipment (Courtesy M.C. Caul).
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Figure 3.
sheet.

Microtexture pole figures from (a) surface grains and (b) mid-plane grains in IF steel

Figure 4. (a) 'raised' grains in IF steel sheet; inverse pole figure from (b) the raised grains and
(c) the remaining grains.

R2

Figure 7. Microtexture components in a superplastic alloy, related to the grain structure. S,
brass and R (Cu-twin) components are labelled and low angle boundaries are showna s dotted
lines.
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Figure 5. (a) Microstructure of a white iron;
inverse pole figure from (b) M3C, (c ) M7C3

with M3C shell and (d) M7C3 without M3C shell.
These phases are labelled in (a).

100 010

1010

Figure 6. (a) X-ray pole figure and (b) microtexture pole figure from a rolled and annealed
commercial aluminium alloy.
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Abstract: a new experimental method to determine the phase boundary and phase equilibrium is
accomplished by means of analytical transmission electron microscopy for alloys with a
macroscopic composition gradient. The various phase boundaries, i.e. the coherent binodal and
spinodal lines, incoherent binodal line and order/disorder transformation line are distinctly
determined for the Cu-Ti alloy and the other alloy systems. Furthermore, the equilibrium
compositions at the interface of precipitate/matrix can experimentally be obtained for various
particle sizes, and thus the Gibbs-Thomson's relation is verified. It is expected that the
composition gradient method proposed in the present will become an important experimental
method of the microstructural characterization.

1. Introduction

A comprehensive description of phase transformations should be realized in the form of
the three dimensional diagram having the temperature(T), time(t) and composition(c) axes^-2).
The section parallel to the temperature(T) and the composition (c) axes is well known as phase
diagram, and the section parallel to the temperature(T) and the time(t) axes is the TTT diagram.
A section parallel to the composition(c) and time(t) axes is also important as well as the phase
diagram and the TTT diagram, nevertheless it has not received attention yet. In the T-t-c
diagram, the experiments whose variables are the T-axis and t-axis are known as the thermal
analysis and the isothermal ageing, respectively. Since the c-axis is an important element of the
T-t-c diagram, experiments whose variable is composition c should be conducted.

Recently, we proposed^-2) a new characterization method of the microstructure, so
called "Macroscopic Composition Gradient Method", for analyzing the section parallel to the
composition(c) and the time(t) axes. Using this method we can successfully analyze the various
phase transformations such as the coherent or incoherent precipitation limits, the order-disorder
phase transitions, morphological boundary between the spinodal and the N-G type
decompositions, phase equilibria depending on the particle size, i.e. Gibbs-Thomson relation and
so on.

In the present paper, we show the various experimental results obtained by the
composition gradient method for determination of the various phase boundaries and phase
equilibria in Cu-Ti, Ni-Mo and Fe-Al alloys.

2. Experimental Procedures

There are many preparation methods to create a macroscopic composition gradient in
the specimen, i.e. diffusion coupling, imperfect arc melting of sandwiched metals, imperfect
homogenization of coarse discontinuous precipitates and so on. The macroscopic composition
gradient was realized in a Cu-Ti alloy by utilizing imperfect homogenization of a coarse
discontinuous precipitates. A Cu-4at.%Ti alloy was firstly prepared in the vacuum induction
furnace, and then forged and rolled to a thin plate of about 1 mm in thickness and solution
treated at 1173 K for suitable duration. After the homogenization at 1173K the specimens were
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aged at 973 K for a long duration to make a large discontinuous Cu3Ti precipitates whose inter
lamella distance was over 200 micron. These specimens were again heated at 1173 K for a short
duration so as to be imperfectly homogenized and then directly quenched to the ageing
temperatures. By this heat treatment the macroscopic gradient of the solute composition was
realized in the Cu-Ti supersaturated solid solution. The Ni-20at.%Mo alloy was prepared by
arc melting and then coupled with Pure Ni by arc melting for a short duration. The Fe-50at.%Al
alloy was also coupled with the pure Fe by a short time arc melting. The specimen are cut
vertically to the interface with about 0.5mm in thickness and then are sealed in the silica
evacuated tube.The specimens were annealed at 1373K for 7.2ks so as to make the macroscopic
composition gradient of solute atoms stabilized, and then quenched into the iced brine.

These specimens having the macroscopic composition gradient were aged at various
temperatures for suitable duration, i.e. 773-873K for Cu-Ti alloy, 923-1123K for Ni-Mo alloy
and 1023K for Fe-Al alloys, and then quenched into iced brine. The specimens were prepared to
thin foils by electro-polishing in an electrolyte of HNO:CH3OH=1:3 at 240 K for Cu-Ti alloy,
H2SO4:C2H5OH=1:9 at 240K for Ni-Mo alloy and HCLO4:CH3OH=1:9 at 205K. The
microstructural observation was performed by the analytical transmission electron microscope
and the solute composition analysis by the energy dispersive X-ray spectroscopy (EDS) was
concurrently performed at several locations in the same thin foil. The electron microscope,
JEM 2000FX, was operated at 200 KV. The LaB6 filament was used at an accelerating voltage
of 200 KV and the beryllium mesh was used. The K-factor defined by the Cliff-Lorimer
method^3) was estimated in the limit of a thin film specimen, and determined by the EDS
measurement on standard samples whose chemical compositions were already known. The
measuring error of each point was within ±0.1%. The chemical composition at any locations
can be estimated by using a composition vs.distance curve obtained by the EDS measurements.
Since the size of the incident electron beam was operated so as to be large enough to cover the
area containing several precipitates, the measured values of solute composition indicates the
locally average composition CA

3. Experimental Results
3.1 Determination of the Phase Boundaries
3.1.1 Coherent phase boundaries in Ni-Mo binary systems

Fig. 1 shows a dark field image of microstructure formed by aging in the Ni-Mo al loy
having the macroscopic composition gradient. The white cuboids in Fig.l are Ni4Mo-
precipitates. The solid gray circles in the figure indicate the measuring points for the solute
composition, whose values are shown in a small figure inserted in Fig.l, which clearly shows the
continuous change of solute composition. In the photograph many coherent particles can be seen
in the high composition area, while in the lower solute area the particles decreases in number and
finaly become unable to be observed. Thus, a virtual line connecting the two arrows in Fig. 1
must be coherent binodal, determined to be 12.8 at.%Mo from the Fig. 1.

The identical experiments performed for other ageing temperatures give a coherent
phase boundaries shown in Fig.2. In Fig.2, there are also drawn the equilibrium phase boundaries
obtained by HeijwegenW, Casselton(5) and Gust(6), investigated by the diffusion couple, the
measurements of lattice parameter and X-ray diffraction, respectively. Our results are in good
agreement with the Heijewegent's and Gust's results, but differ a little from Casselton's one.

3.1.2 Order(B2)-disorder(A2) transition in Fe-Al alloy

Figure 3 shows the phase diagram of Fe-Al binary system(9) where order(B2 and DO3)-
disorder(A2) transition lines can be seen. Many researchers have investigated the order-
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disorder phase transitions in this alloy systemC7-11), but the experimental investigation detailed
for the microstructural change in the vicinity of the transition line has hardly been performed,
possibly because it was difficult to prepare many specimens whose solute content varies
gradually but precisely. However, by utilizing the continues microstructure change due to the
composition gradient, we can easily observed the details of the microstructural change in the
vicinity of the transition line.

Fig.4, a dark field image of the transmission electron microscope of Fe-Al alloy having
the macroscopic composition gradient, aged at 1023K for a long duration of 86.4ks, shows the
microstructure changes of the ordered phase with composition in the vicinity of the B2-A2 2nd
order transition line. The bright regions in the figure correspond to the ordered domain and
black smoothly curved lines show anti-phase boundary(APB). It is clearly known that the
ordered domain size becomes gradually small with decrease in Al-content. Since the alloy was
aged for the very long duration, such the microstructural change with composition is considered
to be in equilibrium state. Thus, we can understand that the decrease of ordering at the
transition line is induced by the increase of APB density. The composition of transition line
(indicated by the gray large arrow) is determined to be 24.7at.%A1 at 1023K, which is good
agreement with the phase diagram of Fe-Al binary alloy*12).

3.1.3 Various Phase Boundaries of Cu-Ti alloy

Fig. 5 shows a microstructure formed in the aged Cu-Ti alloy having a composition
gradient. It is obvious from the figure that many coherent precipitates can be seen in the high
composition area, while in the lower solute composition area the contrasts except the
dislocations can not be recognized. Thus, a virtual line connecting the two arrows in Fig. 5 must
be a coherent binodal line, and is determined to be 2.39at.%Ti from the sub figure. Fig.6 shows
the microstructural change in the vicinity of the spinodal line. Many precipitates can be seen in
the higher composition area but gradually decrease in number with the decrease of the solute
composition. The microstructure is seemed to be divided into two regions by a virtual line
connecting the two arrows; the right side of microstructure demonstrates a so-called modulated
structure, while in the left side the precipitates become small in number and sparsely distribute.
Furthermore, the satellites around the 200 electron reflection spot are obtained from the
microstructure of the right side, that implies to occur the spinodal decomposition. On the other
hand, in the left of line the reflection spot is not accompanied with a satellite. Such a lack of
reflection spot means non-periodic distribution of the precipitates, usually formed by a
Nucleation and Growth (N-G) type phase decomposition. Consequently, the coherent spinodal
lines are evaluated to be 2.07at.%Ti, as shown in Fig.6.

Figure 7 shows incoherent precipitates heterogeneously nucleated on a dislocation, as is
pointed by a large arrow. It should be noted that the incoherent precipitate is isolated fairly
apart from the front end of the coherent precipitation which is given by the virtual line between
left side paired arrows. This clearly demonstrates the difference in the solubility limit between
the coherent and incoherent precipitates. Thus, the coherent binodal and incoherent
precipitation limits are found to be 1.75at.%Ti and 2.15at.%Ti, respectively, as presented in the
sub figure.

Consequently, we can get the coherent spinodal and binodal lines and also the
incoherent precipitation line by utilizing the composition gradient method. The phase boundaries
experimentally determined are summarized in Fig.8(a) in which the three lines are clearly
discriminated. The empirical points of the binodal and spinodal are scattered. Such a scattering
is clearly demonstrated in the enlarged Fig.8(b). However, it should be noted that such
dispersion of the empirical date does not come from the experimental errors but is caused by the
systematic change of the solubility limit with particle size, as is discussed in Section 3.2.
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Therefore, in Fig.8(a) and (b) the binodal and spinodal lines are drawn so as to accord with the
minimum value in the solubility.

3.2 Size Dependence of the Equilibrium Composition at the Particle Interface
(Gibbs-Thomson's Relation)

The size-dependency of the equilibrium solute composition at the interface of particle/
matrix is well known as the Gibbs-Thomson equation. However, the experimental demonstration
has not been succeeded in the metallic materials, so far as author know. By the utilizing the
composition gradient method, we can experimentally obtain the equilibrium solute composition
at the particle interface with the matrix. Fig.9 is a schematic illustration showing how to get the
equilibrium composition at the particle interface. The solute composition profile of the particle
existing in the high composition area must be as that of the particles ® of Fig. 9. In this case the
average solute composition CA measured by EDS is not equal to the equilibrium composition,
Ce(r), at the interface of particle. However, at the precipitation limit, CA must approximately
be coincident with the equilibrium composition Ce(r), as is illustrated in the case ©.
Conducting the ageing of various durations causes various sizes of the particle at the
precipitation front. Thus, the size-dependence of Ce(r) can be obtained.

Fig. 10 shows Cu3Ti particles in the vicinity of the coherent precipitation limit of the
alloy aged at 873K for 30 sec. Since the photograph was taken under the condition of g=l 11, a
so-called butterfly-contrast is seen around the precipitate. Such the contrast may lead a
fallacious particle size. Therefore, the particle contrast taken under the multi-beam condition of
B=001 is also used so as to evaluate accurate particle sizes. By comparing the particle sizes of
the butterfly and the squire particles we can obtain the relationship to calibrate the accurate
particle size from the butterfly contrast. Thus, the relationship between the particle size at the
precipitation limit and Ce, i.e. in the Fig. 10, Ce(r=15nm)= 2.30at.%Ti.

It is well known that the equilibrium composition Ce(r) of matrix varies with the
precipitate radius as given by equation (1)<13), which is called the Gibbs-Thomson equation.

Ce(r)=C(°°) • exp{2 r sVm/rRT} (1)

where 7 s is the interfacial energy density between the particle and matrix, Vm is the molar
volume of precipitate, R is the gas constant, T is the temperature and C( °°) is the equilibrium
solute composition at the particle with the infinite size. Eq.(l) can be changed for larger radius
in its linearized version into the equation(2)(13).

Ce(r)=C(°o)[i+(2 7sVm/rRT)] (2)

Fig. 11 exhibits relationships between Ce(r) and 1/r for the two ageing temperatures. The
empirical values of Ce(r) are clearly on a straight line. By giving Vm =7.12xlO'6m2/mol and
R=8.314J/K • mol, 7 s is estimated from the slopes of the straight line to be 0.11 J/m2 for ageing
at 873K and 0.10J/m2 for 823K ageing, respectively. Since the interfacial energy density has
conventionally been the order of 0.1 J/m2 for the coherent precipitate particles^14), 7 s evaluated
in the present work are considered to be proper. Besides, C( °°) are evaluated from the
intercepts of the ordinate axis to be 2.10 and 1.70at.%Ti for 873K and 823K ageing,
respectively. These values are properly consistent with the coherent binodal line shown in Fig. 8.

Hitherto, the measuring of the equilibrium composition change with particle size has
not been performed for the solid materials, so far as author knows, because the composition
change due to the particle size is too small to be distinct by the individual measuring the separate
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specimens. The composition gradient method proposed here is considered to open a new
method of the microstructural evaluation.

4.Discussion

It should be estimated whether the existence of the macroscopic composition gradient
gives some influence on the phase decomposition process or not. In order to know the degree
of the influence we can use the composition gradient energy proposed by Cahn(15), K(dc/dx)2,
where K is the gradient energy coefficient. The typical value of (dc/dx) for the macroscopic
composition gradient is the order of l(H/nm because the composition change is roughly 0.5%
for the distance of 1 fim, which is, as an example, shown in Fig 10, while (dc/dx) due to the
phase decomposition is considered to be lO'Vnm since the composition change of several tens of
percents occurs at the interface of precipitate whose width is about lnm(16). Therefore, the
change of K(dcAix)2 due to the macroscopic composition gradient is extremely small, compared
with the value for the case of precipitate-formation, i.e. approximately 10"6. Consequently, the
macroscopic composition gradient is hardly influenced on the phase decomposition process.

S.Conclusion

An Electron microscopic investigation on aged alloys containing a macroscopic
composition gradient yields the accurate phase boundaries and phase equilibria. The various
phase boundaries, i.e. the coherent binodal and spinodal lines and incoherent binodal line are
distinctly determined for the Ni-Mo and Cu-Ti alloy systems. The microstructural change with
composition is also observed in the vicinity of order-disorder transition line of Fe-AJ alloy.
Furthermore, the equilibrium compositions at the particle interface with the matrix are
experimentally obtained for various particle sizes, and the Gibbs-Thomson's relation is verified.

It is expected that the composition gradient method proposed in the present becomes an
important experimental method for the characterization of the microstructure.
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Fig.l A dark field electron micrograph of the Ni-Mo alloy having the macroscopic
composition gradient aged at 923K for 864ks, showing the coherent precipitation limit to
be 12.8at.%Mo. The solid gray circles indicate the measuring points for the solute
composition, whose values are correspondingly described in the inserted figure.
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Fig.2 A newly proposed coherent phase
boundaries of the Ni-Mo binary system.
There are also indicated the equilibrium phase
boundaries obtained by several researchers.

Fig.3 The phase diagram of Fe-Al binary
alloy system, indicating the ageing tempe-
rature in the present work.
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Fig.4 A dark field TEM image of the Fe-Al alloy
having the macroscopic composition gradient aged
at 1023K for 86.4ks, showing the microstructural
change of ordered domain with composition in the
vicinity of A2-B2 transition line. S 24

23

2nm
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Distance
Fig.5 Microstructurc formed by ageing (873K for 15sec.) of the Cu-Ti alloy having the

macroscopic solute composition gradient, indicating the coherent precipitation limit to be
2.39at.%Ti. The black solid circles indicate the measuring points, and the values obtained
arc correspondingly described in a sub figure.
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Fig.6 Changes of the microstructure with composition in the vicinity of the spinodal line
of the Cu-Ti alloy. The satellites around the 200 electron reflection spot clearly shows
the difference in microstructural periodicity across the spinodal line given by a virtual
line connecting the two arrows.
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Fig.7 Incoherent precipitates on the dislocation, formed apart from the front end of the
coherent precipitation, clearly showing the difference in composition between the
coherent and incoherent solubility limits.
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Fig.9 A schematic illustration of the principle how to get the equilibrium solute
composition Cc(r) at the interface with the matrix.
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Fig. 10 Microstructurc in the vicinity of the coherent binodal line of the Cu-Ti alloy
having the composition gradient. The photograph was taken under the condition of
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Fig.l 1 Straight relationships between Ce(r) and 1/r of the Cu3Ti precipitates in the Cu-Ti
alloys aged at 873K and 823K, clearly indicating that the Gibbs-Thomson's equation is
satisfied. The slopes give 0.11J/mol(873K) and 0.10J/mol(823K) as the interfacial
energy density.
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THE ROLE OF TEXTURES IN THE FORMING OF

AUTOMOTIVE SHEET STEELS
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Abstract : Crystallographic textures generally have a strong bearing on the drawability of
sheet steels. Particularly in the case of automotive sheets, texture control is of paramount
importance. In the last two decades, therefore, texture research has assumed much
significance in the steel industry.

X-ray diffraction continues to remain the most used tool for the study of textures. Early
researches, from about 1940 to 1980, were invariably carried out by the pole figure method.
However, for more quantitative results the ODF (Orientation Distribution Functions) analysis
technique was developed. Since 1980, the ODF analysis has come to be used extensively.

In the present paper, several unique features of textures in automotive grade deep
drawing steels, as revealed from X-ray ODFs, will be presented. The relative importance of
the various textural components with respect to forming will also be dealt with.

Introduction :

Low-carbon steel sheets find extensive use in press forming applications, in particular of
automotive components. The metallurgy of such steels has been the subject of considerable
research and development and many comprehensive reviews on the topic are available in the
literature1"5.

The formability of sheet steels can be fairly well described in terms of deep drawability,
punch stretchability and bendability. Whereas in some cases the shape of the component may
be such that only one of the above-mentioned characteristics is important, quite often all
three modes of deformation may be involved. A combination of stretching and drawing is in
fact frequently encountered.

Stretchability represents the ability of the material to resist localised necking and thereby
withstand complex non-uniform stresses. Good stretching behaviour is exhibited in sheet
steel with a high value of work hardening exponent n. The stretchability is comonly
determined by cupping height measurements, e.g. Erichsen test. The drawability, on the other
hand, can be assessed by measuring the limiting drawing ratio (LDR), that is the ratio of the
maximum blank diameter, dmax, deep drawn without failure and the diameter of the punch, dp.
Cup drawing limits commonly measured in terms of the LDR are strongly influenced by the
normal plastic anisotropy.
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Relationship between Texture and Formability

In order to understand the formability of steel sheets, particularly in drawing, Lankford et
al.6 were the first to adopt the plastic strain ratio parameter r, defined as the ratio of true
strains in the width and thickness directions during plastic extension in a tensile test:

r = ew /en = ln(wo/wf)/ln(to/tf) ... (1)

where ew and et are the true strains in the width and thickness directions; w^ and Wf are the
initial and final widths and t0 and tf are the initial and final thicknesses. The r value can then
be best understood physically as the capacity to resist thinning. Additionally, since the flow
strength and hence plastic strain vary in the plane of the sheet itself, it is necessary to
conceive an average plastic anisotropy ratio r for the whole sheet.

r = (r0 + 2r45 + r9o)/4 ... (2)

where the r0, r45 and r^ are the r values measured parallel, at 45° and at 90° to the rolling
direction.

The magnetic torque measurements to Lankford et al.6 indicated that plastic anisotropy is
related to the preferred orientation of grains. Subsequently, Whiteley7 published his work in
1960 which conclusively demonstrated that crystallographic texture is the most important
material property influencing the performance of ordinary ductile materials in cup drawing
and that the drawability of-suitably textured sheets is superior to that of isotropic material.

Fig.l illustrates some common textural components observed in sheet steels. Various
studies, as summarised in Ref. 1-5, suggest that as far as aluminium-killed cold-rolled and
annealed steels are concerned, whether they are box-annealed or continuously annealed, the
most desirable texture for achieving high r values around 1.6-2.0 is the {lll}<110> type.
When the steel contains higher levels of phosphorous, high r values (>2) are attained with a
sharp {111 }<112> texture. In the case of interstitial-free Ti-stabilized or Nb-stablized steels,
the high r values are associated with either sharp {111} <112> or {554}<225> textures
which are actually very close to each other in terms of crystallographic orientation. The new
class of bake-hardnable steels produced by continuous annealing exhibit a sharp {111}
texture.

A good example of the close relationship between {111} type texture and r is to be
found in the work of Held8 (Fig.2), which also showed that the {001} is an undesirable
component. Interestingly, work by Mishra et al.9 on aluminium-killed deep drawing steels has
suggested that such correlations may also be observed by taking other different combinations
of texture components. In their investigation both normal and inverse pole figures were
determined for specimens with different r values. The normal pole figures indicated, in
addition to strong {lll}<110> and {111}<112> components, a strong {112}<110>
orientation as well. This was an important observation as it had not been reported in the
literature earlier. In the inverse pole figure measurements also, not only did the intensity of
the {111} components increase with r but also that of the {112}. In addition, the intensities
of the {110} and {001} reflections decreased with r. In order to have a meaningful
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comparison, a parameter ftki, representative of the volume fraction of a particular (hkl)
orientation in the specimen was evaluated and certain combinations of fhkii plotted as a
function of r (Fig.3). It is seen that the ratio (fm + fin)/(fooi + fno) - that is (fn2 +f222)/(foo2
+ fno) - correlated very well with r.

Study of Texture Profile using ODF

Early researches into textures in formable sheet steels were mainly confined to deter-
mining X-ray reflection intensities of selected planes. However, in the last decade, or so, the
powerful orientation distribution function (ODF) technique, developed independently by
Bunge10'11 and Roe12"13 has been finding increasing use in the study of textures. As compared
to normal pole figures, it provides more complete and quantitative information. In the Bunge
formalism, the orientation of a grain or crystallite in a specimen is described with respect to
the physical co-ordinate system (designated RD,TD and ND) by a set of Euler angles q>i, <J>
and q>2. Using these Euler angles, the transformation of the sample frame S to the crystalline
frame C (Fig.4) occurs by a set of 3 consecutive rotations. For the purpose of representing
the ODF, a function f(g) is defined in such a manner that f(g) dg is the volume fraction of
orientations in an element dg and that in a random case f(g)=l. The ODF is computed from
input data of three or four incomplete pole figures, generally (110), (200) and (112) for bcc
steels. The quantity f(g) is then represented by contour lines in constant q>i sections (0°,5°
.....90°).

Each section of the ODF carries the locations of many important orienta-tions, as in
Fig.514. Since bcc metals like deep drawing steels and silicon steels exhibit, besides discrete
peak-type components, very strong fibre-type components or orientation tubes as textural
elements, Mishra et al.4'14"17 who used the ODF analysis extensively, have developed a
description system for the fibres (Fig.6) which is suitable for interpreting the preferred
orientations.

The main application of the ODF for steels has been in the investigation of the process of
texture development, e.g. of texture changes upon hot rolling, cold rolling and annealing.
The ODF can also be used as a very powerful analytical tool to characterise in detail what
may be termed as the texture profile of a material.

Textures in Aluminium-killed Automotive Steel Sheets

Amongst the various grades of automotive steel sheets used today, the one that finds the
widest application is aluminium-killed cold-rolled and annealed material. Mishra and his
associates have carried out comprehensive ODF analysis of textures in such steel with r
around 1 614 and also for the sake of comparison, the ODF analysis for a boron-treated steel
of moderate formability ( r-1.3)15. In the latter case, a successful attempt was also made (for
the first time in the literature for a bcc metal) to estimate quantitatively the volume fraction
of texture components present.

As seen in Fig. 7, the pole figure of the boron-treated steel is rather flat and smeared out.
In contrast, the ODF for the same steel (Fig. 8) exhibits pronounced maxima in orientation
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space. This is a classic example of the much-enhanced resolution of textural components that
can be achieved with the ODF vis-a-vis the pole figure.

The pole figure of the Al-killed steel shows a sharp texture centred around {111} planes
(Fig.9). The ODF is also well defined (Fig. 10).

Considering first the intensity peaks in the ODFs in Figs. 8 and 10, one finds that the
strongest component is the {lll}<110> . The {lll}<110> is in fact a component of an
almost ideal <111>||ND fibre, or orientation tube, running from (111)[1 To] to (111)[1 12].
A notable difference is that in the Al-killed, steel the strength, i.e. orientation density, of the
<111> fibre is higher, which explains its higher r value. The <111>||ND fibre appears to be
a general feature in the recrystallisation textures of many deep drawing steels14'15.

It may be noted in Figs.8 and 10 that apart from the <111>||ND fibre, another major
component is a limited (incomplete) fibre centred around <337>|| ND, with highest intensity
at (337)[1 10]. Amongst other components (minor) in both steels are {110}<001> and

Concluding Remarks

1. The ODF analysis technique is an extremely valuable tool for the study of the texture
profile in automotive grade sheet steels, since it provides a high degree of resolution of
textural components and permits quantitative comparison of their relative intensities.

2. In deep drawing steels the following two concepts have to be used in describing the
textural features : (a) peak type components, i.e. more or less isotropic scattering ranges
around certain ideal orientations, and (b) complete, and incomplete orientation tubes or
fibres.

3. The major textural component in aluminium-killed automotive sheet steel is a complete
<111> fibre parallel to sheet plane normal direction.

4. An orientation tube along the <111>||ND fibre axis in fact appears to be a common
feature of textures in deep drawing steels.
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Fig.9. Pole figure {110}, of aluminium killed steel. Mishra14.

Fig. 10. ODF of steel of Fig.9, Mishra14
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ABSTRACT:

X- Ray Diffraction (XRD) is the only technique able to identify phase and all the
other analytical techniques give information about the elements. Quantitative phase
analysis of minerals and industrial products is logically the next step after a qualitative
examination and is of great importance in industrial research. Since the application of
XRD in industry, early in this century, workers were trying to develop quantitative XRD
methods. In this paper some of the important methods are briefly discussed and partly
compared. These methods are Internal Standard, Known Additions, Double Dilution,
External Standard, Direct Comparison, Diffraction Absorption and Ratio of Slopes.

INTRODUCTION:

The intensity of X-ray diffracted by a particular set of planes (peak number e) of
phase / in the X-ray sample/ is given by Alexander & Klug in 1948 [1-2] to be:

Ieij = Kei. Xij / uj (1)

where Xij is the weight fraction of phase i in sample j , Kei is a constant which depends
on the nature of the phase and the particular reflection considered and the experimental
instrument and arrangement including the intensity of original beam, uj is the average
mass absorption coefficient of the sample. This factor depends on summation of mass
absorption (or mass attenuation) coefficients of individual n phases multiplied by the
corresponding weight fraction of them in the sample.

uj = (upl .Xpl) + (up2.XP2) + + (npn.Xpn) (2)

This can also be shown as:

+ + (jaem.Xem) (3)

while jxei is the mass absorption coefficients of element i with weight fraction Xei for all
the m elements in the sample j . The values of |aei for each element in the specific
radiation used (like Cu Ka radiation) is given in the handbooks and some texts [3].
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INTERNAL STANDARD METHOD:

This is the first formulated method [1] and widely used procedure for mixture
analysis by XRD. An early application was by Clark & Reynolds in 1936 [4] for the
quantitative analysis of quartz in mine dusts. A standard substance S is added to the
mixture to be analyzed in a known and fixed weight proportion. Reflections from S and
from different components are compared using (a). S in known mixtures to establish
calibration curves and (b). S in the unknown mixture.

Let Ws be the weight of S added to one gram of the mixture to be analysed. The
weight proportion of S is then Ws / (1 + Ws) and the weight proportion of phase i is Wi /
(1+Ws),then:

(Ieij / Ihsj) = (Kei /Khs). (Wi / Ws) (4)

By dividing the intensity diffracted from peak e of phase i to intensity diffracted from
peak h of standard material S, the mass absorption coefficient of sample/ is eliminated.

If we keep the weight proportion of Ws gram of S to one gram of mixture constant
in all the tests, equation (4) can be rewritten as :

(Ieij / Ihsj) = Reihs . Wi (5)

Known values of pure compound / are diluted to one gram by a phase not present
in the mixture to be analysed, or diluted by glass powder. It is then mixed completely by
a fixed Ws gram of standard material. By measuring diffracted intensities (area under the
peaks) of Ieij and Ihsj and dividing them, then plotting against Wi in different samples,
calibration curve is obtained which is a straight line passing through the origin. The
constant Reihs is the slope of that line.

For analysis, Ws gram of S with one gram of unknown mixture is blended and X-
rayed. The value of Wi in mixture is read from the calibration line, as indicated in Figure
1.

METHOD OF KNOWN ADDITIONS:

When the composition of a multicomponent system varies greatly and only a few
specimens are to be analysed for component i, we can avoid the labour of setting up a
calibration curve.

In this method, developed by Copeland & Bragg in 1958 [5], a known weight of
pure component /, Yi grams, is added to one gram of a mixture containing that component
and the diffracted intensities of that phase (Ieji) and another phase in the mixture (Ifuj) for
peak/of component u, are measured.
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If the weight fraction of component / and u in the original specimen are:

Xli = W i / l (6-a)

Xlu = Wu/l (6-b)

The new weight fraction of phases / and u are:

X2i = (Wi + Yi) / (1 +Yi) (7-a)

X2u = Wu/(1+Yi) (7-b)

Figure 2 shows that the plot of (Ieji .Ifuj) versus the added amount of pure phase, Yi, is a
straight line whose intercept with negative part of abscissa gives the analysis of-Wi.

DOUBLE DILUTION METHOD:

This method developed by Monshi & Messer in 1989 [6] is a developed method,
combining methods of Internal Standard and Known Additions. It can analyze
quantitatively all the phases of a multicomponent specimen, by adding pure phases and
without the need to construct calibration curves and with as few as two or three mixtures
prepared for X-ray diffraction.

Since the mathematics of the method require space, and the pages of this paper
must be limited, the reader is asked to study the reference. It has been successfully
applied to analyze alumina, mullite, quartz, silicon and the balance amount of glassy
phases in a ceramic specimen with only three mixtures prepared for XRD. If a material is
fired to two different temperatures and the amount of any phases is changed, the analysis
by Double Dilution Method gives two parallel lines. This factor helps to control the
results and check the accuracy. In the appendix of the article given in Complex
Microstructures [6] an Extension of Method of Known Additions (Dilution Method) for
multicomponent systems is presented. When there are minor amounts of some phases in
a multiphases system, using results with respect to widely used Internal Standard Method.
This is because stronger peaks are formed and the error due to background noise is
reduced.

EXTERNAL STANDARD METHOD:

A mixture of fine grained pure phases 1,2,3, , n with known weights of WI,
W2, W3, , Wn is homegeneously mixed and X-rayed. The ratio of each two
suitable intensities is proportional to the ratio of the amounts:

(12 / II) = (K2 /Kl) . (W2 / WI) = (M21). (W2 /WI) (8)
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The values of M21, etc. can then be calculated. Now let XI, X2, X3, , Xn be
the weight of these phases in one gram of specimen to be analyzed, which is the phase
fractions required, so that:

X1+X2 + X3 + + X n = l (9)

If the amount of XI is required, we divide all the terms to XI:

(X2 / XI) + (X3 /Xl) + + (Xn /Xl) = (1 /Xl) - 1 (10)

By replacing the weight ratios to equivalent intensity ratios:

(X2/X1) = (I2/I1)/M21 (11)

The unknown XI in equation (10) can then be calculated. The method fails when large
proportions of amorphous material are present, because all the phases are assumed to be
crystalline with a suitable peak to be measured accurately. If refecence materials of
known composition are available to be X-rayed and calculate M21, M31, , Mnl, this
method can be very helpful in metallurgy. Phase fraction of XI in an alloy may be
identified without the need to make any powder.

DIRECT COMPARISON METHOD:

This is of greatest metallurgical interest because it can be applied directly to
polycrystalline aggregates. Since its development by Averbach and Cohen [7] in 1948, it
has been widely used for measuring the amount of retained austenite in hardened steel.
Austenite is not a stable phase at room temperature and it is difficult to produce a
reference material of known composition to calculate the values of Kl and K2, or M21, in
equation (8). Therefore these factors in this method should be calculated
crystallographically from a knowledge of the crystal structure and lattice parameters of
both phases (retained austenite & transformed martensite) [3]. Once (X2 /Xl) is found
from equation (11), the values of XI and X2 can be obtained from the additonal
relationship:

XI + X2 = 1

The same principle can be used for more than two phases.

DIFFRACTION ABSORPTION METHOD:

These are some methods which use diffraction and absorption fundamentals. The
author presented a few techniques [8] which can be useful in surface engineering
(tribology). If we have a single phase alloy of known compositon, the mass absorption
coefficient of the metal (uj) can be calculated by using equation (3). After measurement
of diffracted intensity (Ieij), considering Xij = 1 in single phase alloy, the constant Kei
can be calculated by using equation (1).
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Now, if the mass absorption coefficient of a metal is calculated after elemental
analysis by X-Ray Fluorescence (XRF), Quantometer, Microanalysis by Scanning
Electron Microscopy (SEM), Microprobe, etc. according to equation (3). Then the
concentration of that phase in the multiphase specimen can be directly measued by
detecting diffracted intensity, according to equation (1).

RATIO OF SLOPES METHOD:

This is a remarkable method developed by Monshi & Messer in 1991 [9]. Details
of the theory and practice of the method require more attention and the author believes
this method is preferable to be used due to ease of using and increase of accurancy and
some factors in the method to check the validity of experimental data. The reader who
wants to use the method is asked to refer to the original article which explains the
mathematics of the theory, gives the explanation of how easy is to use the method,
together with examples and discussion of the results, advantages and controlling factors.

The final equation of the method is :

(Ieij / Ihsj) = (Slope). (Weight of specimen /Weight of S) (13)

Any desirable weight of standard material S is mixed with any proper quantity of
unknown specimen and X-rayed. The specimen can be a combination of any crystalline
and amorphous phase including the required phase /. The area under the suitable peaks of
phase /' in specimen and standard S are measured and divided. The analysis line which
must pass through the origin is obtained by plotting the intensity ratio of the required
phase ; to the standard against the weight ratio of the unknown mixture to be standard.
The Slope of this line contain the required fraction of phase / in specimen. Although only
one experimental point is enough to plot this line and get Slope, but if more than one mix
of specimen and standard, with different ratios are prepared and X-rayed, there are two
advantages. First, since the points must form a line and this line must pass through the
origin, the validity of the experimental data can be checked and points with errors in
sample preparation, weighing, mixing, detecting of the intensity, subtraction of
background noise, etc. can be eliminated from the results, or repeated. Second, after
selection of best data, least squares method for a line passing through the origin, can be
applied to minimize the errors and give the best Slope. The least squares equation is:

Best Summation of Ordinate x Abscissa values
= (14)

Slope Summation of Square of Abscissa values

44



ACXRI '96

A reference material with known fraction of phase / can be used in the same way
to establish the reference line and get the related Slope. The reference material can be a
pure phase / (Known Xi = 1), a mixture with known quantity of phase /, or a specimen
with identified amount of phase /, etc. Presence of amorphous phase in reference material
does not have any problem. The analysis is performed as:

Slope of analysis line
Required Xi = ( ) x Known Xi (15)

Slope of reference line

This method which is based on Internal Standard Method, has certain advantages.
The weight of the specimen to be analyzed, the reference material, and the internal
standard need not be any specific values or in any fixed proportions. After grinding, the
weight of powdered specimen and standard material should only be weighed accurately,
then mixed uniformly. No diluent phase is needed to establish the reference line for
calibration.

Precise weighing, the ability to use various weight ratios of specimen and standard
for one analysis. Check the experimental data knowing that the results must produce a
line and this line must go through the origin. Getting the accurate Slope after selection of
all or some of the data, by least squares method. Analyzing by the slope of line rather
than reading a single point from calibration line; Give Ratio of Slopes Method greater
accuracy than conventional widely used Internal Standard Method. Figure 3 shows both
the analysis and reference line on the same plot. In an artificial specimen containing 45%
Quartz (SiO2), 40% Calcium Carbonate (CaCO3), 15% Fluorite (CaF2), after inspection
of the factors, the measured values were 45.4%, 39.7%, 14.8 % respectively.
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Abstract: The microtexture of superplastically deformed 8090 Al-Li sheet has been measured
using electron back-scatter diffraction, for true strains of 0, 0.25, 0.75, 1.5 and 2.4. The data
have been interpreted in terms of individual texture variants, grain boundary types (low angle
or high angle) and grain junction types (I-lines or U-lines, as defined by an extension to the O-
lattice theory).

Introduction

Previous work has indicated that the texture of Al-Li sheet changes considerably during
superplastic deformation under biaxial loading1. In general, the rotation and sliding of grains
by which superplastic flow takes place is manifested by weakening of the texture However, it
is also argued that where the deformation process is dominated more by slip or dislocation
creep2 (i.e. at high stresses and/or high strain rates), texture will be retained. Evidence from the
micro structure and texture examination in1 suggested that slip occurs in the early stages of
deformation, since some grains were elongated and so cannot rotate easily, and that this is
accompanied by a small amount of texture strengthening. However, once grains became
equiaxed they were free to rotate and slide, and a decrease in texture resulted. Hence texture
changes are indicative of the processes which are occurring during superplastic flow

Other work on Al-Li sheet which had undergone the same superplastic deformation as
in1 has focussed on local texture effects, in particular the characteristics of grain boundaries
and grain junctions after true strains in excess of 2.43. It is well established that grain
boundaries are the key microstructural elements in superplasticity because grain boundary
sliding/rotation underpins the entire phenomenon4 The importance of grain junctions in this
context is that these are the sites at which relaxation processes known loosely as
'accommodation' must take place in order to expedite grain rotation/sliding and thus sustain
superplastic flow5 Grain junctions (or 'triple lines') have been studied less frequently than have
grain boundaries, both in superplastic materials and as the subject of microstructural
investigations in general.

Evidence from the interfacial (i.e. grain boundary and grain junction) cavitation which
was reported in3 showed that high angle boundaries and U-lines are more resistant to cavitation
than are low angle boundaries (LABs) and I-lines. 'I-line' refers to the designation of a grain
junction as low energy because a dislocation balance situation exists and conversely 'U-lines'
are higher energy, tube-like defects The theory for the calculation is based on the O-lattice
model6, and the methodology for obtaining I-line/U-line classifications from orientation data
has been described elsewhere3'6'7'. Furthermore, it has been proposed that the proportion of I-
lines and U-lines present after plastic deformation was indicative of the dominant deformation
mechanism: a high proportion of I-lines was associated with dislocation mechanisms (slip,
dislocation creep) whereas U-lines were associated with diffusion accommodated flow.
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Although an I-line can result at the junction of three high angle boundaries, the probability of
producing an I-line increases as the misorientation angle between the component boundaries
at the junction decreases. It has been shown previously that the proportion of I-lines correlates
with the proportion of 'small/medium angle boundaries' (SMABs) i.e. those having a
misorientation <25°8.

The present work extends the two investigations previously conducted on this alloy by
examining the microtexture of Al-Li sheet having been deformed over a range of strains with
the aim of following the microstructural evolution in terms of changes in the local orientation,
grain boundary and grain junction populations.

Experimental

A sheet of 8090 Al-Li alloy was superplastically deformed under biaxial loading into
the shape of a cone. Details of the alloy and forming conditions are given in1. Specimens were
cut from the cone so as to represent true strains of 0.25, 0.75, 1.5 and 2.4, denoted specimens
A, B, C and D respectively. Data were collected from contiguous grains in sampled regions
of microstructure at !4 sheet thickness. In addition, sample populations of non-contiguous,
dispersed grains were acquired from the superplastically deformd specimens (A-D) in order to
mimic global, rather than local, sampling. In total the orientation of nearly 2000 grains was
measured, yielding -3000 grain misorientations and -2100 grain junctions.

Results

Figure 1 shows 111 microtexture pole figures from each specimen. It can be seen that
there is a very strong texture after 0.25 true strain (specimen A). Further deformation is
characterised by a progressive weakening of the local textures. The orientations were
quantitatively analysed, revealing that the orientations present were S-texture, i.e. {123}<412>
or {123}<634>, Brass texture, {110}<l 12> and {102}<221>, which is a twin of the rotated
cube texture {120}<001>, and so will be designated RT. The S and RT textures comprise four
variants each, SI, S2, S3, S4 and Rl, R2, R3, R4 respectively whereas the brass texture
comprises two variants, Bl, B2.

Figure 2 shows the orientation distribution for each superplastically deformed specimen
using a ±20° tolerance. It can be seen that there are differences between the orientation
distributions of each specimen on the basis of individual orientation components. For example,
although the S-texture is the major texture type observed in each specimen, in specimens A and
C the S4 variant predominates, whereas in specimens B and D a mixture of S1/S2 and S1/S3
respectively predominates. The overall trend is for a single texture variant in each of S, Brass
and RT to dominate the sampled local microtexture. Also included in Figure 1 are 111 pole
figures from the superplastically deformed specimens representing global, rather than local,
orientation sampling.

The 'raw' orientation data were further processed to produce proportions of I-lines,
LABs (misorientation <15°) and SMABs (misorientation <25°). Figure 3 shows these data
plotted as a function of true strain. It is apparent that all three parameters decrease with
increasing strain and there is a strong correlation between the proportion of I-lines and both
LABs and SMABs. SMABs are included for comparison with computer simulated data.
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Discussion

Some of the texture characteristics which were revealed by X-ray measurements in1 as
a function of strain, are also observed here, namely that there is an initial increase in texture at
the onset of superplastic deformation followed by an overall decrease in texture as deformation
proceeds. The RT texture was not observed using X-rays, and it is possible that this component
was masked by the brass texture. Furthermore the texture decrease with strain is less marked
for the present data than for the X-ray case, which may be because here a 20 ° texture tolerance
was chosen to categorise the data, and also the present measurements were acquired at 14
thickness of the sheet rather than XA thickness as in the X-ray case.

A key feature of Figures 1 and 2 is the diversity in texture variants which was recorded.
Such differences are not apparent in the X-ray data. When microtexture data are collected from
a specific region in the microstructure it may not necessarily reflect the macrotexture, since
local areas of orientation clustering or grouping are often present. However, if EBSD is used
to sample grains on a regular step basis rather than on a contiguous basis, we can obtain also
an estimation of the global texture. For each superplastically deformed specimen a microtexture
was obtained in this global manner by sampling orientations every 1 OOum in linear scans. The
111 pole figures for these data sets are included in Figure 1. It can be seen that the microtexture
is spread more evenly between most of the texture variants in the globally sampled data sets
than in those which were sampled locally. In other words, there is orientation clustering on a
local scale in the material, particularly with respect to dominance of one or perhaps two
particular texture variants.

Since formally the misorientation distribution is a re-expression of the parent
orientations, the particular variant(s) of texture components which occurs will affect markedly
the resulting misorientations. For example, two SI orientations occurring as neighbouring
grains will have a LAB between them whereas S1 and S2, or S3 and S4 orientations occuring
as neighbours are related by a 60° (twin) misorientation8 i.e. a S = 3 boundary in coincidence
site lattice (CSL) notation. Similarly Bl and B2 are twin-related. Moreover, small/medium
angle boundaries result from the juxtaposition of several other variants, e.g. Bl and S1, B2 and
S3, Rl and Bl are among those having a misorientation of about 20°.

It is clear then that the misorientation angle distribution will be heavily biased towards
small angles where the number of S, B and R texture variants is limited in a region. These
effects are directly responsible for the distribution of LABs and SMABs in the data sets. For
example, specimen B, which contains 85% SMABs, has three-quarters of its orientations
represented by either S4 or B2. In addition to the fact that many of the grains will have like-
textured neighbours, the misorientation between S4 and B2 is 20°. Hence a high proportion
of SMABs is bound to occur in this data set. From Figure 3 we see that the trend for
decreasing proportions of LABs and SMABs with increasing strain is very strong and is entirely
a consequence of the texture. There is a strong correlation between the proportion of I-lines
and SMABs. Computer simulation of orientations in trios has shown that there is a sigmoidal
relationship between the I-line and SMAB fraction, and over the linear part of the curve the
ratio I/SMAB is 1.268. For the superplastically deformed specimens examined here this ratio
ranges from 1.05 to 1.17, which is in good agreement with the simulated data.

We turn now to the effect of the measured micro structural parameters on the
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mechanisms of superplastic deformation in Al-Li sheet. The high proportion of LABs in the
early stages of deformation was not predicted from previous texture work, since X-ray data
does not supply the information necessary to compute the grain boundary parameters. In
general LABs are resistant to sliding and migration, although previous work has shown that
LABs with misorientations 5-15° are capable of sliding during superplastic deformation9.
However, the rate of sliding for high angle boundaries and LABs is likely to be different,
suggesting that grains divided by LABs deform as a group, with rotation in addition to the
occurrence of sliding in order to maintain continuity at high angle boundaries.

The high proportion of I-lines present at low strains as a consequence of SMAB
interactions suggests that slip can occur easily since dislocations can flow through an I-line
exactly as if they were in a single crystal6. It has been suggested that dislocation creep can
occur also readily at I-lines for the same reason. It is therefore proposed that the mechanism
for the continuation of superplastic flow at low strains is controlled by dislocation absorption
and transmission at I-lines, which in turn is controlled by the special structure of I-lines which
involves the balance of dislocations from the three component grain boundaries.

As superplastic deformation proceeds, the proportion of I-lines reduces with strain to
28% (Figure 3), and at this high strain the triple junction distribution is mainly dominated by
U-lines. U-lines have an open structure and therefore are easy diffusion paths, like high angle
boundaries, and so will facilitate the accommodation processes at grain junctions which must
accompany grain rotations. Conversely, I-lines and LABs have lower diffusivities. The
reduction in the proportion of I-lines and LABs as superplastic flow proceeds could indicate
a progressive change in the major deformation mechanism from dislocation creep/slip to
diffusion creep in the sampled regions.

Conclusions

1. Microtexture measurements from superplastically deformed Al-Li sheet show that the texture
varies on a local scale, and in the sampled regions only a few texture variants dominate thus
giving rise to a high proportion of LABs.
2. In the early stages of superplastic deformation the grain interface distribution, i.e. grain
boundaries and grain junctions, is dominated by I-lines and LABs. These proportions decrease
with increasing strain.
3. It is suggested that as superplastic deformation proceeds the dominant mechanism changes
from dislocation related phenomena (slip, dislocation creep), which is facilitated by a high
proportion of I-lines, to difrusional processes which favour high angle boundaries and U-lines
to effect accommodation at grain junctions.
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ABSTRACT

The School has acquired excellent facilities for elemental analysis by XRF and EDX
and phase analysis by XRD. The type of research work carried out in the School is
described. The school also assists the local industries in trying to solve their problems
fully utilizing these facilities along with other testing units.

INTRODUCTION

The Universiti Sains Malaysia was established as the second University in the country in
1969 with a mandate to promote higher education in the field of natural sciences, applied
sciences, pharmaceutical sciences, medicine, management, social science and
humanities. The University started an Applied Science School in 1972 at Penang. Later,
the Applied Science School was converted into two different school i.e. School of
Engineering and the School of Industrial Technology. In 1986, the School of
Engineering was shifted to Ipoh and to the present campus in 1990. Presently, there are
five schools viz. School of Electrical and Electronic Engineering, School of Materials
and Mineral Resources Engineering and School of Chemical Engineering. Though each
school is like a faculty with related subjects grouped into schools but interschool
cooperation and interdisciplinary research is encouraged. The School of Materials and
Mineral Resources Engineering has Materials Engineering programme involving metals,
ceramics, polymers and composites and mineral Resources Engineering programme
involving mineral beneficiation, extractive metallurgy and mining.

EQUIPMENT AND FACILITIES:

In addition to the usual facilities for materials discipline e.g. metallography, mechanical
testing, NDT, etc. The school has the following sophisticated equipment:
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X-ray diffractometery:

The school has Philips PW1820 diffractometer with the range of 2.5 to 145.0° for 2-theta
and can take samples in the pressed powder form or solid with flat surface 25mm
diameter x 3 mm thick or 14mm x 14mm x 3mm thick. The diffractometer along with
the stabilized generator unit was commissioned in 1987 and has been extensively used
for phase identification in clays, minerals, metals and alloys and ceramics. The
equipment is also used in the measurement of residual stresses.

X-ray Flourescence Analysis:

The XRF facility Rigaku RIX3000 unit with Rh tube target was commissioned in 1994.
It has the capability of detection of the elements from Berrylium to Uranium. The lower
limit of detection is 100 ppm. It takes samples in the pressed powder pellet, fused glass
bead or solid with a flat surface. The sample dimension are 32 mm diameter x 5mm in
thickness. The facility has not only met the analysis needs of the School but also caters
to the industries in solving their problems.

Scanning Electron Microscopy:

The scanning electron microscope stereoscan S200 Cambridge, U.K was acquired in
1987 and has a resolution of 60A (6.0nm). The dimension of the chamber are 270 x270
x 270 mm. The magnification available from the instrument varies from 30 to 300,000
at a working distance of 15mm. The instrument has contributed immensely for the
improvement of the quality of research in the school. It has also catered to the needs of
the electronic, ceramic, mineral, polymer and metal industries. Some of the typical
examples will be described later. The EDX attachment with the unit has the usual
detection limit of lOOOppm but it has been possible to improve it to 10 to 20 ppm in
certain cases.

BRIEF OUTLINES OF THE TYPE OF RESEARCH WORK IN THE SCHOOL

The school is actualy engaged in research work in the wide area of metals, ceramics and
composites. Few recent examples where XRD has been used with success are
mechanical alloying of nickel aluminides and metal-matrix composites. Mechanical
alloying of the composition Ni3Al from the elemental powders led to almost total
disppearance of the aluminium reflections (Fig.l) while nickel reflections were still
there. Few possibilities were explored. Aluminium could become amorphous, it could
form solid solution, though maximum solid solubility of Al in Ni is much less than 25
at % Al but it could be extended in metastable solid solution. One or more intermetallics
could also be formed on mechanical alloying. However, all these possibilities could be
eliminated by careful XRD results. Ball-milling of Al powder alone for more than 40
hours did not result in the formation of amorphous material. Mechanical alloyed powder
of Ni and Al in the atomic ratio of 3 to 1 was totally ferromagnetic and could be lifted
completely by a magnet. The reflections of any intermetallic were not detected in
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XRD(Fig. 1). The SEM pictures showed mixing of Al and Ni powders on nanoscale. Al
being more ductile than Ni, the agglomerate particles contained Al at the centre and Ni
surrounding it thereby resulting in the elimination of Al reflections in the XRD. The
lattice constant measurement of the agglomate showed only slight change in the lattice
constant of Ni thereby eleminating the possiblity of extended solid solution formation.

Another interesting example is from the work by Dr. Abdul Kadir group on interface
reaction during sintering of green compact of metal-matrix/SiC composite where Si and
A1C could be detected by XRD (Fig. 2). The detailed results will be presented by Dr.
Abdul Kadir. XRD facilities have also been used with success by our ceramic group for
investigation of clays and electroceramics. Some of the results will be presented by the
ceramic group.

The corrosion group has used XRD facility to detect the corrosion products and to
determine the residual stresses in steels to asses the effect of residual stresses on the
corrosion behaviour. The results will be presented in another paper.

CONSULTANCY AND TESTING

The school provides consultancy and testing facility to the industries in the region. XRF,
XRD and SEM are used on regular basis for the following industries:-

XRF Applications

Cement Industry: 1. Quantitative analysis of raw materials
2. Quantitative analysis of fluxes.
3. Analysis of cement for quality control

Metal Industry: 1. Purity check for metal ingots
2. Compositional analysis of products (castings, weldments,

forgings and extruded parts)
3. Quantitative analysis for metal recovery

Electronic/Electrical 1. Analysis of raw materials used for ferrite cores
Industry 2. Compositional analysis of finished products for quality

control

Ceramic Industry: 1. Raw materials analysis
2. Compositional analysis of glazes

The XRF system has in-built standards for semi-quantitative analysis. Though XRF
system analyses the elements in the sample but it has capability to give results in
percentage oxides. Table 1 gives a typical example for the sample received from a
cement factory.
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XRD Applications

The facility caters to the following needs of the industry:

Mineral Processing Industry: Analysis of the minerals in the ores to asses its quality

Metal Industry:

Ceramic Industry:

1. Assesment of the effectiveness of heat treatment
(Retained austenite in martensite)

2. Residual stress measurement
3. Presence and types of phases in the sample

1. Phase analysis of raw materials (clays, fluxes and
sands)

2. Phase analysis in fired products.

Fig. 3 Shows a typical phase analysis where scheelite (CaWO4) and quartz (SiO2) can be
easily identified in the sample. The software package is found to work very well in case
of minerals or stoichmetric componds without any solid solubility range. However, it
fails where solid solutions are encountered when the programme cannot match 'd' values
in solid solutions, it invariably gives wrong result.

SEM & EDX Facilities

These facilities are constantly used by various industries. The following is a brief
description about the nature of work and type of industry:

Electronic Industry: 1.
2.
3.

Ceramic Industry:

Polymer:

Mineral Industry:

Metal Industry:

2.

1.
2.

1.
2.
3.
4.

Corrosion
Bonding
Intermetallic formation at boundary layer

Surface topography
Failure Analysis

Failure Analysis

Distribution of minerals in the ores
Elemental analysis of selected phases in the ores

Fractography
Failure Analysis
Distribution and orientation of phases
Oxidation/Corrosion
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Some of the examples of SEM analysis are as follows:-

Fig. 4[a] and Fig. 4[b] show the SEM picture of an ore where it was suspected that it
contains some traces of radioactive elements. It was possible to observe the radioactive
element and also to identify it by EDX analysis.

Fig. 5 is the SEM picture of glaze on ceramic and shows defect in the form of pores in
the glaze layer.

Fig. 6 is the SEM picture of a defective wire bond in an I.C component.

Fig. 7 is the SEM picture of a tile where iron oxide is segregated.

Fig. 8 shows the corrosion product in an electronic circuit.

CONCLUSION

Well, there can be many more examples from the consultancy and testing work carried
out by the Unit especially in failure analysis area, but I have confined to few only. In
brief it can be said that the School has reasonably good facilities not only for meeting the
demand of the various research groups but also for catering to the needs of the local
industry.
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Table 1 XRF Analysis of a sample from a cement plant.

CODE
SIMEN

*** Results of Semi-Quantitative Analysis ***

NAMESAMPLE
SIM43

LOT # Date File
95-05-23 15:46 SIM43

Analy. Method : SFP
Balance Сотр. :

Сотр.

Na20
MgO
A1203
SiO2
SO3
K20
CaO
ТЮ2
MnO
Fe203

xlO 4

1.00

0.9U

0.80

0.70

0.60

O.SO

0.40-

0.30

0.30

0.10

0
100.0:
8 0 . 0 :
6 0 . 0 :
4 0 . 0 :
20.0

л
100.0

BO.O
60.0
40.0
20.0

Meas.

NaOO

MgOO

A100

SiOO

S 00

К 00

CaOO

HvOO

HvOO

HvOO

(Bulk)

С

Na-KA
Mg-KA
Al-KA
Si-KA
S-KA
K-KA
Ca-KA
Ti-KA
Mn-KA
Fe-KA

Sanpl«: 30NI3A File: DUO: [300.

, 1 1 i '

.0 20.0

£p 20.0

1 ..
40.0 60.0

40.0 60.0

1

Spectrum

0.0693
3.7904

32.6108
115.9229

14.2929
13.8823

2194.0471
0.5519
2.1017

57.9865

Sample Model
Flux Component
Flux Ratio

Intensity
(kcps)

1130NI3A.WJ 0 5 - 0 C T - 9 5 1 0 : 0 9

JLJL .
80.0 100.0 120.0

У
140.0

Ni NICKEL. SYN
4- 850

II.
BO.O 100.0 120.0

1 .

140.0
Al ALUMINUM

4 - 787

: Oxide

Results
(wt%)

0.10
2.9
5.8
23
1.4

0.28
62

0.24
0.50
3.7

0.0 20.0 40.0 60.0 BO.O 100.0 130.0 140.0

Fig. 1 X-ray diffraction pattern of Ni and Al powders
(atomic ratios 3:1) after 30 hours of hall-milling.
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xlOJ

3.00 1
2.70 j
2 .40 "i
2 . 1 0 4

1.80 1
1.50 i
1.20 •

0.90 "
0.60 "
0 .30 I

Sample: 20wtXSlC10h non3 File: DUO: 20IONS.HO 24-APR-96 10:44

ji

20.0
100.0 l
80.0]
60.0 j
40.0 J
20.0 ]

2 0 . 0
100.0 T
BO.O j
60 .0 :
40.0 :j

40.0 60.0 80.0 100.0 120.0 140.0

SIC M0ISSANITE-6H. SYN
29-1128

40.0 60.0 80.0 100.0 120.0 140.0
Al ALUMINUM

4- 7B7

, !.„,

20.0 40.0 60.0 BO.O 100.0 120.0 140.0

Fig. 2 Detection of Al/SiC interface reaction.

xlO
Sample: Scheelite-quar-tz File: 1300. 64)SCHEELITE.RD

50.0
40.0
30.0
20.0
10.0

20.0

40.0

40.0

W A L J ^ ^
60.0 80.0

' ' . ' • . < • < _ • •

60.0 80.0

100.0

CaWCM SCHEELITE
7- 210

100.0

S102 QUARTZ. LOW. SYN
33-1161

40.0 60.0 80.0 100.0

Fig. 3 X-ray diffraction pattern of an ore consisting of
CaWO4 and SiO2.
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Fig. 4 (a)

Fig. 5

Fig. 4 (b)

Fig. 6

Fig. 4

a. Ore with traces of
radioactive element.

b. Magnified view.

Fig. 5

Glaze on ceramic (pores
onglazed layer).

Fig. 6

Defective wire bond in an
IC component.

Fig. 7

Iron oxide segregation in a
tile.

Fig. 8

Corrosion product in an
electronic circuit.

Fig. 7 Fig. 8
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COMPOSITION AND QUANTIFICATION OF PHASES IN THE SOLID-STATE

REDUCTION OF CHROMITE USING SEM-EDX AND EPMA-WDS
TECHNIQUES

R.F.Johnston and H.V.Duong MY9700784
Science and Engineering, LaTrobe University, PO Box 199, Bendigo, VIC3550, Australia.

Abstract: Phase changes in the solid-state reduction of chromite ore
((Mg,Fe)(Fe,Al,Cr)2Q4) with coal have been studied in the temperature range 1000°C to
1400°C using SEM-EDX and EPMA-WDS techniques. EDX mapping of the reduced
chromite gave qualitative chemical composition and structural characteristics of the
phases. These pnases were then quantified by the EPMA-WDS technique. No significant
reduction of the chromite ore was seen at l000°C and 1100°C. At I200°C, iron was
being reduced, resulting in zoning of chromite particles as reduction proceeded. At higher
temperatures, chromium was being reduced simultaneously with the iron in the chromite.
This was followed by some silicon reduction. Carbon was not found in the chromite grains
which suggested that reduction of chromite ore by coal occurs mostly through carbon
monoxide as a reaction intermediate. Various ferroalloy phases containing silicon and/or
carbon were found and quantified. The slag was found to contain chromium, iron and
carbon.

Introduction

SEM-EDX (Scanning Electron Microscope-Energy Dispersive X-ray) is an
important tool for studying the structure and composition of solid phases. When electron
images are used in conjunction with the EDX technique, quantitative information of the
phases can be determined. However, this technique is not as accurate as the EPMA-WDS
(Electron Probe Microanalysis-Wavelength Dispersive Spectrometry) technique which has
come under increasing use in the past few years. Its usefulness in quantifying the
elemental composition of microphases gives advantage over other X-ray techniques such as
XRF and it can quantify light elements such as carbon.

The mechanism of solid state reduction of chromite is very complex since
the reaction system is heterogeneous and involves many elements. The interfacial
reactions prevailing in the reduction process may involve gas-solid, solid-slag, gas-slag and
gas-solid-slag equilibria. Reactions take place at the interface regions and diffusion within
the various phases also takes place. There have been numerous studies on the solid-state
reduction of chromite ore by carbonaceous materials and many mechanisms have been
suggested. These include solid-state ionic diffusion1'2-3, carbon diffusion^ and gaseous
diffusion^ mechanisms. This study attempts to clarify the reduction mechanisms and
identify the composition of the phases present.

Experimental

Chromite ore

Details of the procedure and experimental conditions for carrying out the
solid-state reduction of Coobina chromite ore (Western Australia) with coal has been
described?. Some of these samples from that study were used in this study. The reduced
chromite samples were fixed in a resin and polished. Final polishing was carried out in a 1
micron AI2O3 powder medium. The samples were then coated with a thin layer of pure
carbon. In the quantitative study, carbon coating on the standards and on the chromite
samples were carried out under the same conditions.
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SEM-EDX

A Cambridge SI50 Scanning Electron Microscope equipped with an Energy
Dispersive X-ray spectrometer (SEM-EDX) was used to obtain chemically sensitive
backscatter scanning electron images and EDX maps. Filament current was set at 2.4 mA
at an accelerating voltage of 20KeV. EDX maps were acquired using a Link Analytical
software package with a resolution of 128 by 128 pixels and 10ms dwell time. Mapping
images were stored digitally and were processed using an NIH Image software package.

EPMA-WDS

The chemical composition of the chromite samples were determined by
electron probe microanalysis (EPMA-WDS) using a Cameca SX50 instrument. This
instrument is equipped with four vertical wavelength spectrometers with LiF, PET, TAP,
and PC2 signal detectors. The instrument was operated at an accelerating voltage of
25KeV with current intensity of 25nA. The electron beam diameter was 5 m. Counting
time was 10s. The measured chemical quantities were treated with a PAP (Pouchou and
Pichoir) correction procedure supplied with the instrument. The detection limit was around
±5%. The total error on weight concentration was below 5%.

Results

There was no significant structure and compositional change to the chromite
particle for reduction carried out at 1000°C and 1100°C as seen in the EDX maps. This
showed that reduction had not yet started at temperatures below 1100°C.

Chromite ore reduction at 1200°C

Figure 1 shows clear zoning of the chromite particle with the outer layer
(dark grey in the electron micrograph) corresponding to the reduction of the iron
component in the chromite. This phase appears to be porous. Most of the iron was
reduced at the surface of the chromite particle and within the cracks. The core of the
chromite (light grey) is the unreacted chromite. At this temperature, slag formation was
found to be minimal. It may have just formed as analysed at spot 3 in Figure 1. The
metallic phase (bright areas) consists mainly of iron. Qualitative distribution of the main
elements present in the chromite sample can be clearly seen in the EDX maps. Bright areas
indicate high X-ray counts of the element. Dark areas correspond to the resin.

Quantitative composition of the phases identified in Figure 1 are:-

(i) Chromite ore (spot 1), found in the core of the chromite particle,
(ii) Partially reduced chromite ore (spot 2) surrounds the chromite core. This phase

consists mainly of picochromite (MgCr2O4),
(iii)Slag (MgO.Al2 O3-SiO2) (spot 3), just beginning to form at this temperature occupies

outer areas of the chromite particle,
(iv)Iron (bright areas in the electron micrograph), found mainly within the cracks of the

chromite grains at this temperature,
(v) Iron carbide, located around the surface areas of the chromite grains.
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Table 1 shows that no carbon was present in the ore or partially reduced ore and a
concentration of around 1.5wt% was in the slag. This carbon could be in form of
carbonate.

Chromite ore reduction at 1300°C

Figure 2 shows no distinct zoning in this chromite particle, indicating that
most of the iron in the spinel has been reduced to iron/iron carbide. Chromium reduction
has already begun and chromium has coalesced with the metallic iron to form a metallic
alloy located outside the slag layer (see spot 6 in the electron micrograph of figure 2).

Quantitative composition of the phases identified in Figure 2 are in Tables 1
and 2. Except for the metallic phase these are similar to those described for reduction at
1200°C. The metallics now contain either high iron ferroalloy (spot 7), found inside the
chromite grains, or high chromium ferroalloy (spot 6), found on the outside of the slag.
Forsterite (Mg2SiC>4) was also found within the well defined slag phase (spot 5).

Chromite ore reduction at 1400°C

Figure 3 shows extensive reduction of chromite at 1400°C. The
micrographs show the original chromite and partially reduced ore, the completely reduced
ore is now replaced by the slag. This is shown quantitatively in Tables 1 and 2. These
phases have similar chemical composition to those described at the previous reduction
temperatures. Various phases within the metallic particles were also seen (spots 11 & 12),
probably formed during the sample cooling.

The metallic phases containing silicon and carbon were mainly found
outside the slag (spot 10, 11 and 12). The Cr/Fe ratio in the alloy phase varied between 0.2
and 2.7, depending on where the alloy was found (Table 2). Low Cr/Fe ratio corresponded
to trace amounts of carbon. The concentration of carbon and silicon present in the metallic
phases were inversely proportional to each other (spot 6, 10, and 11). The CrFeCSi phase
was also identified (spot 12).

Discussion

Chromite ore reduction mechanisms

Negligible reduction of the chromite ore was observed at temperature below
1100°C. At 1200°C, the reduction of iron by carbon monoxide was extensive. The
metallic iron eventually formed iron carbide as it came in contact with carbon monoxide.
As the reduction became more extensive the product zone expanded inward resulted in the
zoning of the chromite particle. The outer zone was depleted in iron and mainly consisted
of the MgCr2C<4 phase, while the core was unaltered chromite ore. The added silica acted
as a fluxing agent forming Mg2SiO>4 and slag. The streams of metallic ironand iron
carbide were formed by carbon monoxide diffusing into the product zone. The rate
controlling step of the reduction was likely to be the coal gasification reaction confirmed
by measurement with an oxygen partial pressure probe*.
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At 1300°C, the iron and chromium were reduced simultaneously. The silica
extensively interacted with the MgCr2O4 and the MgO.Al2O3 to form slag, and enclosure
of the partially reduced chromite ore by the slag dramatically decreased the rate of
reduction?. It appears that for the reduction to occur inside the partially reduced chromite
particles, carbon must diffuse through the slag to the reaction areas. The presence of
carbon in the slag supports this mechanism. Chromium and iron must have dissolved in
the slag and then been reduced by carbon monoxide at the gas - slag interface.

At 1400°C, both iron and chromium are reduced simultaneously to form an
CrFeC alloy. Some of the reduced silicon probably reduced within the slag then entered
this phase. The reduction mechanism was probably a combination of the mechanisms
occurred at 1200°C and 1300°C. The slag formed quickly around the chromite ore
particles at this temperature and many small metallic particles can be found within the slag
indicating that some reduction had also taken place within the slag by the carbon dissolved
in it.

Conclusion

The combined use of SEM-EDX and EPMA-WDS techniques has been
shown to be very useful in identifying and quantifying microphases in a bulk sample, in
particular, the quantitative distribution of iron, chromium, aluminium, magnesium, silicon
and carbon. During the reduction, the chromite spinel undergoes composition changes
from the chromite ore (Mg,Fe)(Fe,Al,Cr)2O4, to picochromite (MgCr2O4) and to
MgO.Al2O3- Surrounding these phases are various forms of iron chromium alloy at low
reduction temperatures and a slag also forms at high reduction temperatures. The metallic
phase contained silicon, carbon or both.
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Temp.
°C

1200

1200

1200

1300

1300

1400

1400

Figure

1

1

1

2

2

3

3

Spot

1

2

3

4

5

8

9

Phase

ore

p.red

slag

p.red

slag

ore

slag

Coobina chromite ore

Meas.
C

2.4

3.1

4.1

2.0

3.9

2.4

4.3

2.5

FeO

24.2

17.5

1.5

9.7

0.6

25.9

0.1

24.0

Cr2O3

48.7

55.0

2.9

58.9

0.7

48.7

0.4

51.2

MgO

13.4

13.6

29.4

17.6

55.6

11.6

42.8

9.9

AI2O,

9.1

6.4

15.9

9.3

0.8

9.3

11.7

10.0

SiOj

0.0

0.2

48.3

0.0

42.3

0.0

47.1

0.0

Total
Oxides

95.4

92.7

98.0

95.5

100.0

95.5

102.1

95.3

Table 1: Chemical composition (wt%) of Coobina chromite ore reduced between 1200°C
and 1400°C; p.red indicates a partially reduced phase.

Temp
°C

1300

1300

1400

1400

1400

Micro
graph

2

2

3

3

3

Spot

6

7

10

11

12

Meas.
C

10.6

4.7

10.9

4.7

11.0

Fe

31.2

73.6

25.0

70.5

39.6

Cr

60.5

28.4

67.5

15.4

52.0

Si

0.0

0.0

0.0

14.1

3.2

Total

102.3

106.7

103.4

104.7

105.8

Cr/Fe

1.9

0.4

2.7

0.2

1.3

Metallic Phase

CrFeC

FeCr

CrFeC

FeCrSi

CrFeCSi

Table 2: Chemical composition (wt%) of the metallic phases for Coobina chroniite ore
sample after reduction.

Figure 1: Electron micrograph and EDX maps of Coobina chromite ore reduced at
1200°C for 3 hours.
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Figure 2: Electron micrograph and EDX maps of Coobina chromite ore reduced at
1300°Cfor3hours

Figure 3: Electron micrographs and EDX maps of Coobina ore reduced at 1400°C for 3
hours
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APPLICATION OF ENERGY-DISPERSIVE XRF TECHNIQUE IN THE
HYDROMETALLURGY STUDY OF LOCAL ZIRCON

Meor Yusoff Sulaiman , Kamarudin Hussin and Azizan Aziz MY9700785
School of Material and Mineral Resources Engineering,

USM Perak Branch Campus.

Abstract

In this study, energy-dispersive X-ray Fluorescence (EDXRF) was used to analyse the
elemental composition of the starting zircon mineral as well as that of associated
elements in the leaching solution. Besides analysing the major elements i.e.of zirconium,
silicon and hafnium, trace elemental analysis for iron, titanium and the naturally
occurring radioactive element thorium and uranium are important in establishing the
grades of Malaysian zircon. The technique was also used in determine the optimum
conditions for zirconium and hafnium recovery during the leaching process.

Introduction

Energy-dispersive X-ray Fluorescence (EDXRF) is a qualitative and quantitative
instrumental technique for elemental analysis. The technique is based on the fact that
when a sample is being excited by a x-ray source, electron shell transitions tend to occur.
This will eventually result to the release of photons, whose energy is characteristic to that
of its elemental contents. Detection limit is from ppm to 100% and this normally "is more
sensitive as the atomic number is greater . It is normal for this technique to determine
elements from sodium (atomic no. = 11) to uranium (atomic no. = 92) but of late this
could even be enhanced to detect fluorine using windowless x-ray tube and operated
under vacuum. One of the advantages of this technique is its capability of analysing all
the elements simultaneously and the spectrum acquisition can be done in less than 100
seconds. In most instances, samples are analysed with minimal sample preparation and
the sample could be either solid, powder, liquid or thin films. The nondestructiveness of
the method is also important when analysing precious and small samples, also this will
help to do repeatitive analysis on a given sample.

Besides cassiterite (tin ore), Malaysian alluvial tin mines also produce a by-product of
mixed heavy minerals that is locally termed as amang. One of the major heavy mineral
that is found in this by-product is zircon (ZrSiO4). Even though zircon is widely used in
both the traditional and high technology applications, most of its export from Malaysia is
in the form of raw mineral. Production of zircon reached its peak in 1989 where 25,671
tons were produced 1 . Thereafter the volume dropped and this may be attributed to the
low market price, low demand of this mineral and also the closing of tin mines in
Malaysia 1 $-.

A study was done to process local zircon into value-added zirconia products by means of
hydrometallurgy. Malaysian zircons from different localities have to be analysed for its
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grade and also impurities present. The elements of interest are zirconium, silicon and
hafnium as the major elements and also iron, titanium , uranium and thorium as its
impurities.

One of the important stages in hydrometallurgy study is the leaching process. The amount
of associated element that is being leached out will directly relate to its elemental
recovery. Various parameters such as acid concentration, temperature and time are
incorporated in this process for maximum recovery . The leaching process for the
dissolution of sodium- zirconyl silicate, a product formed after the alkaline fusion of
zircon, can be represented by the reaction below^ ;

Na2ZrSi05 + 4HC1 -> ZrOCl2 + 2NaCl + SiO2 + 2H2O

The accuracy of the investigation is much depends on the elemental analysis technique.
As hafnium is also present in substantial quantity and has properties similar to zirconium
, the analyses of these two elements are carried out by the EDXRF technique.

Experimental Method

a) Zircon sample

The zircon samples used in this study are collected from tin mines and amang plants
throughout the country. Only drying and grinding was carried out for the samples to
produce a sample of 150 micron particle size. This is to ensure a better homogenous
sample during the analysis 4 . Parameters used for the acquisition of the spectrum are
shown in Table 1.

Quantitative analysis of the zircon samples was based on reference materials of the same
minerals produced by British Chemical Standards (BCS 388 zircon) and Standards
Association of Australia (ASCRM-008 zircon). Quantitative method of analysis was by
using a software called NBS-GSC Fundamental Parameters Technique. The technique
that was developed by the U.S. National Bureau of Standards and the Geological Survey
of Canada is suitable for analysis involving minimum number of reference standards 5.
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Table 1 : Parameters used in determining zircon

Element
(atomic no.)

Zirconium
(40)
Hafnium
(72)
Silica (14)
Iron (26)
Titanium
(22)
Thorium
(90)
Uranium
(92)

K,L,M lines

Ka

La

Ka
Ka
Ka

La

La

Absorption
Energy
(KeV)
15.774

11.264

1.740
6.403
4.510

20.460

21.753

Low energy
range (eV)

15050

7680

1610
6210
4330

12720

13520

High energy
range (eV)

16400

8160

1920
6670
4800

13170

13820

Counting
technique

Net

Gross

Gross
Net
Net

Gross

Gross

b) Zirconium and Hafnium in leaching solution

A 10ml leaching sample is drawn from the leaching reactor for every 30 minute. The
sample is then filtered through ashless filter paper before being placed on prolene covered
sample cups.

Quantitative analysis was done by the regression method and 10,000 ppm standard
reference material solutions of zirconium and hafnium produced by National Institute of
Standard and Technology, U.S.A were used as the stock solutions. Different
concentrations of zirconium and hafnium are then used as calibration standards. The
concentration ranges of the standard solutions and the regression data from the calibration
graphs are shown in the table 2.

Table 2
solutions

Concentration ranges and regression coefficients of standard Zr and Hf

Elements
Zr
Hf

Concentration range (ppm)
500-10,000
100-1,000

Regression coefficient (R)
0.9980
0.9983

c) EDXRF analysis

A Baird Ex-3000 EDXRF instrument located at Malaysian Institute for Nuclear
Technology Research (MINT), Bangi was used for the analysis. Different acquired
conditions were applied for the mineral and leach solution samples. For the zircon
sample, the x-ray tube was operated at 30 kV and 0.12 mA. The time of irradiation for the
standards and samples was 100 seconds. While for the leach sample, the x-ray tube was
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operated at 20 kV and 0.5 mA. Here, the sample was placed under normal condition for
an irradiation time of 50 seconds. Background peaks are corrected by using Rh filter.

Results and Discussion

Figure 1 shows a zircon spectrum with peaks of the elementsof interest obtained by
using the EDXRF instrument. Accuracy of the quantitative method was established by
comparing the result of this analysis with that of the certified values for a zircon standard
reference material produced by South East Asia Tin Research and Development Centre
(SEATRADC). The result is as that shown in Table 3.

Table 3 : Comparisons of certified 6 and measured values of SEATRADC zircon
standard reference material

Oxide

ZrO2

HfO2

SiO2

TiO2
Fe2O3

ThO2

U3O8

EDXRF result (%)
62.44

1.47
31.00
0.61
0.13
0.17
0.16

Certified value (%)
61.21
1.43

31.87
0.72
0.15

not available
not available

% error
1.2
2.8
2.7
15.3
1.6
-
-

Only small differences occur between the EDXRF result with that of the certified value
for most elements except titanium. The higher error in Ti may be due to its low content in
the zircon sample compared to lighter element like Si. Another factor that may contribute
to this is that the energy peak of titanium seems to overlap possibly by that of rare earths
that is also present in similar energy range .

Analysis of zircon samples from different mining districts was also carried out and the
result is as that shown in the table 4.

Table 4 : EDXRF results for different Malaysian zircon samples

Content for different zircon samples (%)
Oxide

ZrO2

HfO2

SiO2

Fe2O3
TiO2

ThO2

u3o8

Zircon
Kemaman
51.92
1.60
25.65
1.37
6.75
0.07
0.06

Zircon
Puchong
58.15
1.54
28.85
0.11
0.03
0.06
0.16

Zircon Dengkil

63.07
1.56
34.16
0.09
0.12
0.02
0.15

Zircon Lahat

63.12
1.51
31.99
0.08
0.27
0.06
0.18
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The above result shows that different zircon samples have different elemental
composition. Contents of Zr in samples from Kemaman and Puchong are much less due
to low grade material. These two samples also have higher impurities of Fe, U and Th.
Naturally occurring radioactive elements, U and Th seems to be present in all the local
samples and this may be attributed to the presence of radioactive minerals like monazite
and xenotime in among 7 .

Analysis of the leaching solution was done to determine the amount of Zr'and Hf present.
To obtain maximum recovery for these two elements, different conditions had been tried.
Temperature is one of the conditions that can effect the recovery of the elements, increase
in temperature will help in improving the dissolution of these elements. Thus as shown in
Table 5, Zr and Hf contents increase as a higher temperature is used in the leaching
system.

Table 5 : Recovery of Zr and Hf as a function of temperature and time

Leaching Time
(minutes)

30
60
90
120
150
180

Elemental recovery at different temperature ( ppm )

Temperature = 70 ° C

Zr
17,339
18,521
20,247
20,542
21,672
21,740

Hf
677
692
705
779
817
826

Temperature = 90 ° C

Zr
17,902
20,053
20,809
22,264
22,465
22,836

Hf
716
848
860
885
921
989

Conclusion

EDXRF has proved to be a very important tool in the hydrometallurgy of zircon. The
technique can be used to analyse solid mineral as well as leaching solution in a relatively
short time, with little sample preparation and good accuracy.
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Figure 1 : EDXRF spectrum of a local zircon
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ABSTRACT

The microstructure and chemical properties of industrial Portland cement clinkers
have been examined by SEM and XRF methods to establish the nature of the clinkers and
how variations in the clinker characteristics can be used to control the clinker quality. The
clinker nodules were found to show differences in the chemical composition and
microstructure between the inner and outer parts of the clinker nodules. Microstructure
studies of industrial Portland cement clinker have shown that the outer part of the nodules
are enriched in silicate more than the inner part. There is better crystallization and larger
alite crystal 9ize in the outer part than in the inner part. The alite crystal size varied
between 16.2-46.12um. The clinker chemical composition was found to affect the
residual >45um, where a higher belite content causes an increase in the residual >45um in
the cement product and will cause a decrease in the concrete strength of the cement
product. The aluminate and ferrite crystals and the microcracks within the alite crystal are
clear in some clinker only. The quality of the raw material preparation, burning and
cooling stages can be controlled using the microstructure of the clinker product.

INTRODUCTION

Examination of manufactured industrial clinkers using the Scanning Electron
Microscope (SEM) is usually conducted to study problems that can't be defined by the
normal quality control procedures. Such a study can be used to give better information
and knowledge about clinkers characteristics and how variations in the clinker
characteristics are affected by variations in the various stages during the manufacturing
process.

Portland cement clinker nodules usually show differences in the chemical
composition and microstructure between the inner and outer parts1"3. The outer part is
always enriched with A12O3 and Fe2O3, while the inner part is enriched with SO3, K2O +
Na2O and free lime2. Microcracks within alite crystal occur by shrinkage of the volume
during the crystallisation of the interstitial liquid "aluminate and ferrite", and it depends on
the rate and the extent of crystallisation during the cooling0 '2).

The degree of the raw meal grinding is affected by the cluster of free lime and
belite. It can be shown by the presence of large clusters of free lime or belite if the
grinding of the raw meal is not enough4. One5 concluded that the alite crystal was an
indication of the ratio of heating to the clinker temperature. Which if high, will result in
smaller crystals. Slow cooling will increase the alite crystal, cause resorption of alite, with
deposition of small crystals of belite as fringes on the alite crystal and in the interstitial
material, and also cause larger aluminate and ferrite crystals6. While fast cooling will
decrease the alite crystal size and cause small crystals of ferrite and aluminate, which will
be mixed on the small scale.(6'7)
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Beke and Opoczky8 and Meric9 have ground separately synthetic preparation of
alite, belite, aluminate and ferrite in a ball mill and found that alite was easier to grind,
while belite was more difficult to grind, aluminate and ferrite have intermediate behavior,
ferrite similar to belite and aluminate close to alite.

EXPERIMENTAL

Material
Twenty different industrial Portland cement clinker samples were collected over a

period of time. Five clinker samples were then selected from the twenty samples after
determining the chemical composition for all the samples using XRF. The five samples
chosen cover a wide range of chemical composition (amount of alite, belite, aluminate and
ferrite). Two clinker samples from the five samples taken have the same chemical
composition to examine the relationship between the chemical composition, and the
microstructure of the clinker products.

Method and Results

Chemical analysis
The chemical analyses of the clinker samples were determined using X-ray

fluorescence spectroscopy, then the mean phases (alite, belite, aluminate and ferrite) were
calculated according the Bogue10 equations. Results from the chemical analysis are shown
in Table 1.

The two parts of the clinker nodules were separated mechanically from each other.
Table 2 shows the chemical composition for the inner and the outer parts of the clinker
nodules, the inner part is enriched in belite content which make the inner part more
difficult to grind, while the outer part is easier to grind. The outer part is also enriched in
silicate( alite + belite) more than the inner part. The chemical composition of the clinker
product was found to affect the residual percentage >45um. Higher belite content will
increase the residual >45um, and will cause a decrease in the concrete strength of the
cement product. Figure 1 shows the relationship between the belite content and the
percentage of the residual >45um in the cement product.

Table 1. Results of the chemical analysis and the alite crystal size.

Chemical Composition

CaO
SiO2

SO3

A12O3

Fe2O3

F.CaO

Alite

Belite

Aluminate

Ferrite

Alite Crystal size

Clinker 1

66.89

21.07

0.06

5.15

3.82

1.05

67.8

9.34

7.2
11.61
46.12

Clinker 2

65.7

21.52

0.00

5.47

3.60

0.74

59.11

17.19

8.41

10.94

30.8

Clinker 3

65.5

21.55

0.65

5.25

3.56

0.60

58.73

17.56

8.40

9.91

39.7

Clinker 4

65.42
21.24

0.02

5.8
3.78

2.28

51.31

22.27

8.98
11.49

27.24

Clinker 5

65.18

21.21

0.52

5.8
3.75

2.94

46.46

25.84

9.03
11.4

16.2
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Table 2. Chemical composition of the inner and the outer parts of the clinker nodules.

Chemical composition
CaO
SiO2

SO3

A12O3

FeA
F.CaO
Alite
Belite

Aluminate
Ferrite

Inner part
65.07
21.72
0.25
5.68
3.33
4.2

39.16
32.82
9.43
10.12

Outer part
68.30
21.85
0.01
6.18
3.7

0.56
62.92
15.28
10.14
11.25

Microscopy

Polished section of the clinker nodules were prepared and coated with an
electrically conducting layer. The samples were then examined under SEM. The SEM
examination was carried out to examine the main phases, alite crystal size, belite clusters
and microcracks within alite crystal.

The crystal size was measured by taking the average diameter of more than 500
crystals for each sample, where the crystals covered small, medium and large nodules.
Typically, the average size of alite crystals is believed to be 15-20 um. But in practice,
they are much larger. The alite crystal size was found to vary between 16.2 - 46.12 urn.
Alite crystal size and belite clusters varies between samples (Table 1) and between the
inner and outer parts in the same nodules. In the inner part of the nodules, the alite
crystal size is smaller and the belite crystals aggregate to form large clusters, while in the
outer part of the nodules, the alite crystal size is larger and the belite crystals are
distributed without any clusters.

Microcrackes within alite crystals occur during the volume shrinkage as shown in
Figure 2. The SEM examination result can be used to estimate about the rate and the
extent of the crystallisation in the interstitial liquid during the nodulization.

Large cluster of belite crystals as shown in Figure 3, may mean that the degree of
the grinding of the raw material is not enough. The same clinker samples also show
different sizes of alite and belite crystals and the phases are not mixed properly
together(large clusters of belite crystals) as shown in Figure 4, and it can be estimated that
all of these may be caused by the burning condition. When the burning is not enough, the
material will not mixed properly together and will also cause different sizes of the same
phases in the same clinker sample. The larger alite crystal and the deposition of small
crystal of belite as fringes on the alite crystal is shown in Figure 5, and the larger
aluminate and ferrite crystals is shown in Figure 6. All of these can be used to estimate
that this clinker was processed under slow cooling.
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CONCLUSION

There is a difference between the inner and the outer parts of the clinker nodules.
The outer part contains larger alite crystal size and the belite crystals are distributed
without any clusters comparing with the inner part. Also there is a difference in the
chemical composition between the two parts. The outer part of the nodules are enriched in
silicate more than the inner part^Higher belite content in the clinker product will cause the
clinker product more difficult to grind, will increase the residual percentage >45u.m in the
cement product, and will cause a decrease in the concrete strength of the cement product.
SEM technique can be used to examine the microstructure of the clinker product, and both
SEM and XRP techniques can be used to control the raw material preparation, burning and
cooling stages during the manufacturing process of the clinker product.
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13 14 15 16 17 18 19 20 21

Residual >45//m %
Figure 1. Relationship between the percentage of the belite content and the

percentage of the residual >45p.m

Figure 2. Photomicrograph of a polished section of Portland cement clinker,

showing the microcracks within the alite crystal.
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^

Figure 3. Photomicrograph of a polished section of Portland cement clinker,

showing larger clusters of belite crystals (the rounded crystals).

Figure 4. Photomicrograph of a polished section of Portland cement clinker,
showing different sizes of alite and belite crystals; alite (the angular
crystals), belite (the rounded crystals).
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Figure 5. Photomicrograph of a polished section of Portland cement clinker,
showing the larger alite crystal and the deposition of small crystal of
belite as fringes on the alite crystal.

Figure 6. Photomicrograph of a polished section of Portland cement clinker,
showing the larger aluminate and ferrite crystals.
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ABSTRACT : The "monazit" analytical program has been set up for routine work of Rare
Earth Elements analysis in the monazite and xenotime minerals' samples. Total relative
error of the analysis is very low, less than 2.50%, and the reproducibility of counting
statistic and stability of the instrument were very excellent. The precision and accuracy of
the analytical program are very good with the maximum percentage relative are 5.22%
and 1.61%, respectively. The mineral compositions of the 30 monazite samples have been
also calculated using their chemical constituents, and the results were compared to the
grain counting microscopic analysis.

1. INTRODUCTION

The Rare Earth Elements (REE) and yttrium are essential constituents in more than 100
minerals, however, only a few minerals occur in sufficient concentration to qualify as an
ore. Monazite, bastnasite and xenotime are the most important rare earth bearing ore
minerals. Monazite and xenotime are produced as byproduct of tin ore (cassiterite)
processing, at Banka tin mine. The REE usually called lanthanide is a homogenous group
of metallic elements occupying the area from lanthanum to lutetium in group III of the
Periodic Table of the elements. Other elements that have similar chemical properties and
are also grouped into the same family are yttrium (Y, atomic number 39), thorium (Th,
atomic number 90) and Scandium (Sc, atomic number 21).

The REE have been classified into two subgroups l, namely the light and the heavy
subgroups. The light cerium subgroup, consist of: lanthanum (57), cerium (58),
praseodymium (59), neodymium (60), promethium (61), samarium (62) and europium (63).
Promethium, a fission product of uranium, has no known naturally occurring stable
isotopes. The heavy or yttrium subgroup, is comprising of gadolinium (64), terbium (65),
dysprosium (66), holmium (67), erbium (68), thulium (69) ytterbium (70), lutetium (71) as
well as yttrium (39). Despite its low atomic weight, yttrium is categorized with the heavy
rare earth because its occurrence, ionic radius, and behavioral properties are closer to those
of the heavier rare earth elements than to the lighter subgroup.

1.1. Rare earth uses and typical analysis of monazites

The industrial uses of REE are diversified in several areas: metallurgy, glass, ceramics,
illuminations, electronics, chemical, magnets, nuclear and miscellaneous uses. The
application of REE has been tabulated by Vijayan et.al.2-4

Monazite is the principal source of thorium and the rare earth elements but its composition
and the distribution of its component elements may vary within very wide limits. Table 1,
shows typical chemical analysis of monazite from the western and eastern coast line of
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Australia, black monazite from Taiwan and reference standard monazite that has been
prepared by Seatrad Centre from Malaysia.2-3 The model analysis of Seatrad Centre
reference sample is shown in the Table 2,

1.3. Objective

The aims of this activity are:

. To study and prepare a standard analytical method of rare earth elements containing
minerals (monazite and xenotime), by using X-ray fluorescence spectrometry
technique, which can be used for routine work.

• To develop a method of quantitative mineralogical analysis of monazite sample by
using its chemical formula and it's elemental content so that the calculated
concentration can be used for routine work.

. To compare the mineral composition of the monazite samples that has been analyzed
by microscopic grain counting method with the chemical formula calculation.

2. EXPERIMENT

2.1. Standard Calibration

It has been known that the XRF technique is a comparative method. Therefore, the
accuracy and precision of the analysis depend upon the quality of the standard calibration.
The "monazit" program uses 30 standards when plotting the calibration curve by mixing
the monazite and xenotime of Seatrad Centre reference sample. To get the series of
appropriate REE concentration and to wider the area of the calibration, ultra pure chemical
reagent of RE spex-mix 1031-2 ex LABSPEC and gold label of CeO2, P^O] i, Nd2C>3,
EU2O3, Tb4O7, HO2O3, Tm2O3, LU2O3, ThO2 and U3O8 FROM Aldrich chemical
Company were added to these reference samples above.

2.2. Error of Analysis
In the analysis with the XRF technique, a random error could happen in association with
each reading of the intensity (count-rate) and defined as precision of the measurement
(Table3).
This error comprises of three major sources:

• Counting statistic, which is dependent only on time of the exposed X-ray radiation
• Instrumental error (generator, X-ray tube stability)
• Sample preparation error.

2.3. Precision and accuracy

The precision of an analysis is the degree of agreement among the replicate determinations
made under SAME conditions as nearly as possible. Quantitatively, it is the difference
between the individual analysis and the mean values of a large number (in this experiment
10 times) of independent replicate analysis, usually expressed in percentage. The greater or
better the precision, the smaller is its numerical value.( Table 4).
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The accuracy of an analysis is the degree of agreement of the analysis result with the
"true", accepted or most reliable known value. Quantitatively the accuracy is the difference
between the individual analysis result and the "true" value, usually expressed in
percentage. Numerically, the greater or better the accuracy, the smaller is its numerical
value.

2.4. Analytical Results

Thirty monazite samples which had been prepared by PPBT Mentok of PT Timah, were
analyzed by using a created analytical program "monazite".

2.5. Mineralogical Analysis

On the basis of chemical formula of monazite, its mineral content was calculated as
following formula:

Method 1: (La, Ce, Nd, Th) PO4
Method 2: (Cei.714 Lai.305 Tho.43O Ndo.350 Pr o.lio) (PO4)4
Method 3: (La, Ce, Nd) PO4.

3. DISCUSSION

3.1. Chemical composition

The concentrations of REE constituents in the 30 analyzed monazite samples are much
lower than the Australian.monazite (Table 1). This might be due to the fact that monazite
produced is contaminated with xenotime (Y, Er) (PO4).

The Y2O3 and Er2O3 content, in the analyzed samples are still very high. The
concentration of Y2O3 and Er2O3 in the sample are (2.297-8.858%) and (0.24-1.12%)
respectively, while the Australian monazite has (0.03-0.60%) for Y2O3 and no available
data is available for Er2O3.

Figure 1 shows the diffractograms of sample codes VII and XXX with the monazite
content 70.35% and 35.58%, respectively. In the diffractogram XXX, the xenotime has
very intense peak compared to monazite peak, while the diffractogram VII has monazite
peak height, nearly twice of the XXX difractogram.

3.2. Mineralogical composition
The grain counting analysis is assumed as the most reliable one for monazite content in the
analyzed samples. The difference of the third chemical calculation method compared to the
respective grain counting result, is less than 10 % for the method 3.
The accuracy of chemical calculation methods could be increased by using a series of
standards as reference samples. In the experiment the analyzed samples were compared
directly to the Seatrad Center's reference sample, therefore, the analytical accuracy depends
on the quality of the reference sample.
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4. CONCLUSION

(1) Sample preparation plays an important role in XRP technique to achieve high precision
and accuracy of the analysis. The fusion method of the preparation of beads shows that
the total relative error is less than 2.50%, counting statistic error is less than 0.15% and
the instrumental error < 0.1%. The error during preparation of the sample such as
weighing, ignition, fusion etc. is less than 2.0%.

(2) The "monazit" analytical program has been set up and the program shows an excellent
precision and accuracy of the analysis. This program can be used for routine work
monazite analysis.

(3) The mineral composition of monazite sample can be calculated using its chemical
composition and the experiment shows that 70% of the analyzed sample have relative
error less than 10%.

(4) It is recommended to apply the chemical calculation method for mineralogical
monazite analysis from a series of reference standards to observe the accuracy of the
created analytical program.
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Table 1. Typical analysis of monazite

%0*^'U*A5B§
La2O3
CeO2
Pr60] ]
NCI2O3
S1T12O3

EU2O3

Gd2O3

Tb4O7
Dy2O3

HO2O3
Er2O3

T1T12O3

Yb2O3
L112O3

P2O5
Y 2 O 3

TI1O2

16.20
26.70
2.60
11.00
1.30
0.02
0.30

-
0.20
trace

-
-
-
-

27.00
0.60
6.80

15.60
27.50

3.50
11.80
2.70
0.03
1.60

-
0.40
0.05

-
-
-
-

28.90
0.03
7.30

25.41
23.18
1.27
7.95

-
-
-
-
-
-
-
-
-
-

20.55
1.07

trace

11.98
26.07
2.90
11.84
1.90

<0.10
1.37
0.06
0.62
0.04
0.20
0.05
0.07
0.04

22.99
2.07
7.47

Table 2. Model analysis of monazite reference sample

•Mineral
Monazite
Zircon
Ilmenite
Tourmaline
Iron hydroxide
Nb/Ta rutile
Cassiterite

%-Weight
89.00

4.50
4.00
1.50
0.50
0.50

Trace

Table 3. The relative analytical error of the experiment (%)

Source of error

Total error
Counting statistic
Instrumental
Sample preparation

Yttrium

1.508
0.142
0.030
1.501

€t-i ium i

1.743
0.099
0.084
1.737

- m '•

im
2.490
0.356
0.130
2.461

an <
1.545
0.086
0.095
1.540
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Table 4. Precision and accuracy of the analysis monazite using "monazit" program

La2O3
CeO2
Pr6On
Gd2O3

Dy2O3

Y2O3

ThO2

12.096
26.030

2.873
1.35
0.61
2.074
7.46

; '4Mi\i , '

11.659
25.095

2.723
1.31
0.59
1.969
7.25

Maximum^
12.268
26.403

1.945
1.40
0.62
2.121
7.62

3.61 - 1.42
3.59- 1.43
5.22-3.22
3.18-3.47
2.96- 1.98
5.06-2.26
2.80-2.15

•m - -
11.98
26.07

2.90
1.37
0.62
2.07
7.47

A«eurs«¥
/̂o> "

0.97
0.15
0.93
1.46
1.61
0.19
0.13

Figure 1: Diffractogram of sample codes VII and XXX
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Behaviour of Aluminum and Titanium
by
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University of Windsor
Windsor, Ontario, Canada

N9B 3P4

ABSTRACT

Dry sliding wear tests were performed on polycrystalline f.c.c. Al and h.c.p. Ti
specimens using a block-on-ring type wear machine with a rotating ring made of 52100
bearing steel. The sliding speed was 0.13 m.s1 and the applied normal load was ION. The
wear tests were performed on a single specimen in ambient conditions and the texture was
evaluated during wear using an X-ray diffraction inverse pole figure technique at a range
of sliding distances. Pole density distributions for the [0001] and [111] poles for of Ti and
Al, respectively, were then determined from the inverse pole figures. The texture evolution
during sliding wear was subsequently related to the friction and wear behaviour. For the
aluminum sample, a (111) texture developed parallel to the worn surface with increasing
sliding distance (a 6 fold increase in the (111) pole density as the sliding distance increases
from 0 to 2714 m). The titanium sample (normal section) which had a preferred orientation
with the basal poles, [0001], parallel to the contact surface prior to testing, an increase in
wear, i.e. sliding distance, did not change the texture. However, for the transverse section
of titanium, the basal pole, [0001], density parallel to the worn surface increased with
increasing sliding distance. The shape of the coefficient of friction versus sliding distance
curve is strongly influenced by crystallographic texturing. A drop in the coefficient of
friction with the progressive development of the [111] and [0001] texture was observed for
both Al and Ti (transverse section) specimens, respectively.

Introduction

Although, friction is a time dependent phenomenon, it is commonly reported as an
average single value. Friction versus sliding distance (time) curves give the variation of the
coefficient of friction as a function of time1"4. Until recently4'9 the time-dependant friction
behaviour had not been explored and was still not well understood. Factors such as
evolution of crystallographic texture10 and near-surface work-hardening5 that takes place
during the wear process are reported to influence the friction curve. Only a limited amount
of research has been conducted to determine the influence of texturing on friction and wear.
Texture evolution during wear often resembles that of a rolling texture11. It has been
reported101213 that for hexagonal metals, sliding tends to produce an alignment of basal slip
planes (0001) parallel to the worn surface. For fee metals, Wheeler and Buckley14 found
a (111) texture (the slip plane in fee) for rubbed copper and nickel. A similar texture
evolution during sliding wear for stainless steel and aluminum has been observed by Hirth
and Rigney10. The influence of texture on the abrasion resistance of Ti-8.5%A1 was
investigated by Zum-Gahr15. Higher wear rates were recorded on surfaces with a basal
texture than those with a transverse texture. Similar results were obtained on hexagonal
cobalt15 which suggested that plastic deformation during wear is easier on surfaces showing

86



ACXRI '96

basal textures. Static friction between two oriented crystals of copper16 showed that the
coefficient of friction on the (100) face was more than 4 times larger than that on the (111)
face. The lower coefficient of friction was attributed to the ease of shearing the crystal
parallel to its slip planes.

In the present work, both the crystallographic evolution and tribological properties
were examined in order to study the effect of texture development on time-dependent
friction and wear transitions.

Experimental Methods

The materials tested were coarse-grained Al and Ti and nanocrystalline Al and Ti
films produced by r.f. sputtering method. The grain size of the as-sputtered nanocrystalline
Al was varied by annealing at 573 K for the time interval of 10 hrs. in a vacuum sealed
quartz tube. Hardness measurements were performed using a nanoindentation system
(UMIS 2000). The microstructural and mechanical characterization of all materials tested
is summarised in Table 1.

Friction and wear tests were performed under unlubricated sliding conditions using
a miniature pin-on-disc type tribometer . The tribometer consists of a specimen holder
(disc) rotated by an A.C. motor sliding against a stationary stainless steel (AISI 304) pin.
Tests were made under a constant load of 1.0±0.1N and a sliding speed of 1.3X10'2 m.s"1.
The instantaneous values of the calibrated normal (N) and tangential (T) forces were
measured and the coefficient of friction (u=T/N) as a function of sliding distance was
calculated.The width of the wear track was measured at a regular intervals during the test
and the volume loss (V) of the material during wear was calculated according to the ASTM
standard G9917.

Texture measurements during the wear process were made by an X-ray diffraction
inverse-pole-figure technique. The purpose of texture measurements was to relate changes
in the friction and wear behaviour to the microstructural changes. Dry sliding wear tests
were performed on Al and Ti specimens of 5x5 mm2. For the Ti, the tests were performed
on both normal and transverse directions of the disc. A block-on-ring type wear machine
was used for these particular experiments. The block-on-ring configuration was chosen over
the pin-on-disc wear machine because it provides larger wear surface area for the
subsequent X-ray texture analysis. The block-on-disc wear machine consists of a rotating
ring, made a of 52100 bearing steel. The sliding speed was set to a 1.3X10' m.s"1 and the
load was 10 N. The texture development of samples was investigated at selected sliding
distances using X-ray diffraction and (0001) and (111) inverse-pole-figures were
constructed18 for Ti and Al, respectively.

To plot an inverse pole figure, the intensities from the sample and those from
randomly oriented sample (taken from the Powder Diffraction File for both Al and Ti) were
determined. Then a texture coefficient (T.C.) for each (hkil) is calculated using the
equation:

where If is the intensity of the i* reflection for the textured sample and I°j is the intensity
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of the i* reflection from the randomly oriented sample. The T.C. values are then entered
on a stereographic projection. Pole density distribution curves, T.C.(#) versus $ (where the
angle * is the tilt of a diffraction pole from the [0001] (or [111]) pole), were then
determined from the inverse pole figures19. A texture index is calculated and plotted as a
function of sliding distance for 0<$<30°,i.e.,

35°

Texture index =J] T.C.(#)average 2

Results and Discussion

The coefficient of friction curves (Fig. 1) were characterized by two friction
regimes; initially, the coefficient of friction increases rapidly until reaching a peak value
| i p . This was followed by a gradual decrease to a steady-state value \iss. The cumulative
volume loss versus sliding distance curve also exhibited two distinct regions; initially, the
wear rates (slope of the cumulative volume loss versus sliding distance curves) were high
(severe wear) but after a certain sliding distance, the slope decreased to a lower value
(mild wear). The transition from severe to mild wear generally corresponded to a similar
(i.e., about the same sliding distance) transition from the peak to steady state coefficient of
friction regime. Friction and wear results are summarised in Table 1.

A preferred crystallographic orientation evolved near the worn surfaces during the
wear process. A strong (111) texture progressively develops in the coarse-grained
aluminum in the material adjacent to the contact surface (Fig. 2). While the number of the
(111) planes making large angles with the contact surface decreases rapidly with increasing
sliding distance. Formation of a (111) texture parallel to the worn surface reduces the
resistance to the sliding motion since the (111) plane is a slip plane in the fee aluminum
crystal and deformation occurs by shearing of surface layers. In turn, this causes the
coefficient of friction to drop to steady state (Fig. 1). A (111) texture parallel to the worn
surface is found in aluminum with grain sizes of 16.4 and 43.1 nm even prior to wear (Fig.
3). In fact, the initial texture of nanocrystalline aluminum resembles that of the 1 mm
grain size aluminum at a sliding distances > 4000 m. Consequently, the drop in the
coefficient of friction (A/np in Table 1) of nanocrystalline aluminum is smaller than that of
coarse-grained aluminum.

On the other hand, there is no significant textural changes during wear for coarse-
grained titanium. This is expected in light of the fact that prior to wear, the "normal"
section of the titanium disc has a strong (0001) texture (Fig. 4). The (0001) planes, being
slip planes in the hep titanium crystal, are parallel to the worn surface and remain at this
orientation throughout the wear process. This, in part, explains the constant coefficient of
friction (Ajtp=0, see Table 1) exhibited during sliding. On the other hand, sliding wear
experiments performed on the "transverse" section of the titanium disc indicate a
development of a (0001) texture as sliding progresses. The increase in the texture index
(0<$<30°) reveals that the texture of the normal section remains essentially constant while
the transverse section (initially having no (0001) texture) has undergone a 30% increase
(Fig. 5). Hence, a drop in the coefficient of friction (A/x^O.4) for the transverse section
(Table 1) as a consequence of the (0001) planes become parallel to the contact surface,
which in turn, reduces the resistance to sliding. The increase in the texture index for coarse
grained aluminum is about 550% (Fig. 5) this is accompanied by a larger drop in the
coefficient of friction, A/*p=1.22, in comparison to coarse-grained titanium.
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The initial texture of the as-sputtered titanium (prior to wear) is characterised by a

large number of [0001] poles oriented at 90° from the contact surface as opposed to the
normal section of coarse-grained titanium. Therefore, as expected, it shows a corresponding
drop in the coefficient of friction (Ajnp=0.21) at large sliding distances (Table 1). It should
be mentioned here that other factors20 such as work hardening, topographical and
microstructural changes during the wear process would also contribute to the wear and
friction transitions.

Conclusions

1. Friction and wear properties of Al and Ti sliding against stainless steel were studied.
2. An inverse-pole-figure technique was employed to monitor the crystallographic texture
evolution during wear.
3. The shape of the time-dependent coefficient of friction is strongly influenced by
crystallographic texturing of material in the wear track.
4. In general, it is commonly observed that the coefficient of friction rises to a peak value
(pip) after a short sliding distance then settles down to a steady-state value (/xs s). Similarly,
the wear rate versus sliding distance curves show a transitional behaviour from severe wear
to mild wear above a critical sliding distance corresponding to the transition from /JIP to fxss.
5. (0001) and (111) textures develop parallel to the worn surface during the sliding wear
of titanium and aluminum, respectively. This texture development contributes to the
transition from peak to steady state coefficient of friction.
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Table 1. Summary of results on mechanical and tribological properties of materials tested.

Grain size /xp

(nm)

Aluminum
16.4 0.62±0.06*
43.1 O.58±O.O3
106 1.34±0.02
Titanium
30 0.75±0.04
2xlO4 0.69±0.03
(normal)
6xlO4 1.01 ±0.04
(transverse)

0.25±0.05
0.14±0.03
0.12±0.06

0.54±0.03
0.69±0.04

0.61 ±0.06

0.37±0.11
0.44±0.06
1.22±0.08

0.21±0.07
0.00±0.00

0.40±0.10

H
(GPa)

1.70±0.06
1.05±0.12
0.30±0.06

10.96±0.20
2.57±0.10

2.15±0.12"

W,(X10'3)
(mm3/m)

1.82±0.37
2.37±0.38
10.08±1.78

0.09±0.02
2.34±0.66

W.CXIKT5)
(mm3/m)

2.77±0.39
U.3±0.69
342.4±6.9

0.32±0.01
9.83±0.52

Ms.s

peak coefficient of friction,
steady-state coefficient of friction.

H
W,

= Hardness using UMIS.
= severe wear rate.

Wm = mild wear rate,
'denotes fluctuation around the mean.
" Vickers hadness.
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Coefficient of friction versus sliding distance curves obtained using a normal
^m.s'1 under unlubricated sliding conditions0 N-'and a sliding speed of
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Figure 2. Average texture coefficient versus Figure 3. Comparison between the average
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(normal to the worn surface) at different && of nanocrystalline Al.
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APPLICATION OF X-RAY METHOD FOR MEASURING INTERNAL STRESS IN

THE GEAR TEETH SURFACE LAYER

Tadeusz ZABOROWSKI
Institute for Scientific Research and Expertises

66-400 Gorzow Wlkp., St . Lokietka 29, Poland

ABSTRACT

This paper presents the methodics of the internal stress measurements concerning the
cylindrical gear teeth of involute profile. There are the method selected, relation between
stress and strain presented and conditions of investigation discussed in the study, including
preparation of samples for investigation and conditions of the strain measurement.
Exemplifying results of stress measurements for teeth of gears made of 40H steel are
shown. Suitability of the developed investigation method is indicated.

1. INTRODUCTION

Some difficulties exist when measuring internal stresses in a gear teeth. Therefore the
X-ray method should be employed to measure them. This method is a time-consuming one
but it enables to have results of measurement along and deep into an involute profile at a
tooth point, reference diameter and tooth root. Obtained measurement results make it
possible to evaluate a stress value, sign and pattern. That is why assuming specific
methodics for internal stress measurements is so important.

2. METHODICS OF INTERNAL STRESS MEASUREMENTS

2.1. Selection of a measurement method

Considering a sample profile (a gear teeth), the measurements of a strain were
performed with X-ray method.

The following relationship [4] was used when measuring a distortion of a crystal
lattice:

j (1)
a

where:
A0 = 0 - 0 r )

0 - Bragg angle
0O - angle of deflection for the undistorted lattice
d - interplanar distance

To ensure an adequate accuracy of the distortion measurements a family of the lattice
planes was chosen which had given the deflection of the X-ray beam for Bragg angles
situated above 75 grades in the 0 scale. For the crystal lattice of the Fea iron this
condition can be accomplished with employment of radiation emitted by the X-ray tube
with the chromium anticathode and by the measurement of diffraction at planes with {211}
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indexex. From among recognized methods of measuring the X-ray deflection angle, the
three-point method [5] was chosen, shown on Fig.l, where the maximum position of the
diffraction line is determined on the base of the intensity measurement at three points
around the maximum. Measured intensities were cerrected with the PLA factor (Lorentz's
polarisation-absorption factor). The 0max angle was determined from the formula:

0 raax=0, A0
4/2 3(7,

(2)

• Intensity

h

h
I.

maximum

Fig. 1. Three-point method for
determination of the
deflection line

©, 0 3 Angle 0

2.2. Measurement of the strain pattern

To obtain the information on the strain occurance at different depths of a surface layer,
measurements were taken after removal of the layer of specified thickness (0; 0.02; 0.04;
0.06; 0.08; 0.10 mm) assuming that removal of the such layer will not significantly
influence a change of existing strain state. To avoid introducing additional strain resulting
from the method of removal when removing layers of specified thickness, chemical
etching was used. Etching time was controlled with the measurement of the etched layer
thickness.

2.3. Relation between stresses of the first type and the strain

For the plane state of tension, relation between stress and strain is given by the
dependence [4]:

where:
e,p_v - strain in the cp,v̂  direction

a b a2 - principal stress in the plane state of tension
Sj, l/2s2 - material constans, s,= - v/E, l/2s2 = 2(l+v)/E

a,,, - stress in the <p direction in the plane state of tension
v - Poisson's ratio
E - Young's modulus

(3)

Dependence of e
on Fig. 2.

upon sin2\\i for constant direction is the linear one, what is shown
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upon sin'

pv2
asin vy+b

Fig. 2. Dependence of the
strain

The slope of the straight line is proportional to a,,, and the ordinate on the s^ v axis is
proportional to (c^ + a2). Factors of proportionality are l/2sj and s2, respectively. To
determine dependence between £<pi|/ and sin2i|/ in accurate measurements, strain is
measured for several values of the \\) angle and next the equation of a straight line £<p v =
f(sin2vj;) is determined. Constants st and l/2s2 in X-ray measurements of strain differ from
mechanical constants and depend on deflecting X-rays family of planes as well.

3. CONDITIONS OF INVESTIGATION

3.1. Preparation of samples for investigation

Teeth were cut out from gears, three of each [1,2]. To avoid introduction of additional
stress state, cutting out operation was performed on a spark erosion cutting-off machine.
Samples were cut out in a such way as to have flat and parallel surfaces of section.

Etching particular layers [2] at a tooth thickness was performed by immersion of tooth
in the 15% solution of HNO3. The etched layer thickness was measured using a special
gauge with a minimum of 2 urn. The Bragg angle was measured at the tooth point,
reference diameter and the tooth root. Then one of samples was annealed in the
temperature of 923 K for 4 hours. This sample was slowly cooled together with a furnace
down to the ambient temperature. It was the standard sample and it was used to determine
0O angle.

3.2. Conditions of strain measurements and calculation results

Measurements were done on the X-ray diffractometer TUR M-61 (Fig. 3) with
employment of filtered radiation of the chromium tube, powered with 31 kV voltage. The
Bragg angle measurements were done with the HZG-3 goniometer (Fig. 4).

Exit gaps were selected so as the section of the incident X-ray beam would be 5*1
mm2. Measurement of the diffraction line intensity was done with a step method by 0.2 of
the grade in the range 78.70V77.10 grades. The \\i angle was 0; 27.79; 33.21; 42.13 and
47.89 grades for which sinV takes values of 0; 0.15; 0.30; 0.45; and 0.55. The PLA
factor was calculated from the formula [4]:

PLA =
1 +cos2 20

sin ©cos0
(4)
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The deflected beam intensity was registered with the detector-analyser-electronic
computer-printer arrangement. The analyser gate was positioned so as to remove K^
component of the radiation. Time of the couting was one minute.

The X-ray material constants were: l/2s2=6.23*10"5 (mm2/kg), s,=-l.45*10"*
(mm2/kg). The measured 0O angle for the standard sample was 78.076 grades. The
equation of the straight line e(pM,=a*sin2y+b was determined with least squares method
[6]. The stresses a^ and the sum of pricipal stresses (crj+a2) was calculated from the
following dependence:

a
a , +CT, = (5)

Exemplifing results of measurement and calculations are shown in the following Table:
Depth
h[mm]

0

0

Tooth
No

1

1

Measure-
ment site

Tooth
point

Tooth
root

Angle
[°]
0

22.79
33.21
42.13
47.87

0
22.79
33.21
42.13
47.87

Angle
[°]

77.687
77.780
77.800
78.012
77.820
77.844
77.843
77.742
77.795
77.964

Coefficients of the regression line
a*10"4 b*10"4

-13.973 13.495

- 4.206 10.006

CT«p l
MPa]

-222

-67

MP]

-931

-690

Printer Amplitude analyser

Goniometer

Self-register

High voltage stabilizer

Fig. 3. The TUR M-61 diffractometer
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X-ray tube Exit gap

Sample

Goniometer circle

Impulse counter
Fig. 4. The HZG-3 goniometer
4. CONCLUSION
The methodics of the stress measurement in gear teeth have been developed, used
for investigations of the stress pattern both deep into the tooth and along the tooth.
Thus there is a possibility to evaluate the stress pattern in the surface layer of the
gear teeth. Such evaluation is necessary because the gear teeth are important
member of a movement transmission and the transmission life depends on the gear
durability.
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immediately adjacent to a weld simply because the HAZ is left in a state of very high residual
tensile stress as a result of the shrinkage and differential cooling occurring in most welds.
Tensile stresses (residual or applied) are the main component of the stress corrosion cracking
triangle: the other two are a susceptible metal and an environment that often needs to be only
slightly corrosive to that metal. For instance, grade 316 stainless steel is essentially inert to
the corrosive effect of common salt unless tensile stresses are present, when it becomes very
sensitive to chloride induced SCC. There are a number of possible solutions. The obvious
one is to change the environment, but that is rarely possible. The next is to change the metal,
but usually that is expensive and if the equipment is already built, impractical. Thermal
stress relieving is a partial solution at best because, to relieve all the tensile stresses in the
HAZ, it is necessary for the heating to reach the annealing temperature and the material
properties will be lost.

Corrosion engineers have long recognized that an effective solution for the retardation
or even prevention of SCC is the introduction of compressive stresses in the HAZ. This can
be done using controlled shot peening. Surface residual tensile stresses in the HAZ may
approach or even exceed the yield strength of the material but if the surface is shot peened,
the dimpling action of the shot bombardment can reduce out the tensile stresses and even
replace them with residual stresses that are in compression if properly done.

Hence, there is a clear need for accurate nondestructive residual stress
characterization of welds to verify the residual stress state of weld HAZs in components that
may be susceptible to SCC. This type of weld characterization can be performed
nondestructively on components that are already in service and ideally, on welded
components before they go into service.

Advances in XRD Technology
Accurate characterization of residual stresses in welds has been difficult and often

impractical since most residual stress measurement techniques are destructive and lack the
resolution to accurately characterize the steep stress gradients that exist in weld HAZs.
Recently, the measurement of residual stresses using x-ray diffraction techniques has become
both practical and efficient. In addition, the introduction of stress mapping techniques has
allowed the quick and precise characterization of entire welds, including areas of interest such
as steep stress gradients and their associated tensile residual stress maxima. The stress map
display has given engineers a complete and accurate visual analysis of the magnitude and
distribution of residual stresses in their welded components.

Since surface stress measurements using x-ray diffraction techniques are non-contact
and nondestructive, measurements can be performed at the same point before and after a
process such as post weld heat treating or shot peening, so that residual stresses can be
characterized at all steps of the manufacturing process. This can help in the optimization of
these manufacturing processes and the management of their associated residual stresses.

Measurement Apparatus
The residual stress measurements were performed at the Proto Mfg. Ltd. x-ray

diffraction laboratory and in the field using a dual solid state detector diffractometer with
automated stress mapping hardware and software.
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Abstract : Neglect of residual stresses created during welding processes can lead to stress
corrosion cracking, distortion, fatigue cracking, premature failures in components, and
instances of over design. Automated residual stress mapping and truly portable equipment
have now made the characterization of residual stresses using x-ray diffraction (XRD)
practical. The nondestructive nature of the x-ray diffraction technique has made the residual
stress characterization of welds a useful tool for process optimization and failure analysis,
particularly since components can be measured before and after welding and post welding
processes.

This paper illustrates the importance of residual stress characterization in welds and
presents examples where x-ray diffraction techniques were applied in the characterization of
various kinds of welds including arc welds, TIG welds, resistance welds, laser welds and
electron beam welds. Numerous techniques are available to help manage potentially harmful
residual stresses created during the welding process thus, the effects of a few example post
weld processes such as grinding, heat treating and shot peening are also addressed.

Introduction
The advantages of XRD and three areas of concern regarding residual stress and weld

quality, stress corrosion cracking, fatigue, and stress concentrations, will be briefly discussed.

Fatigue and Stress Concentrations
Tensile residual stress fields created during the welding process often contribute to

decreases in the fatigue life of welded components, especially when they exist in the HAZ.
The residual stress state existing in certain weld toes and undercuts can also be critical when
stress concentration geometries exist which can magnify the effects of applied loads. When
issues of fatigue cracking are considered, potentially harmful tensile residual stresses alone or
in combination with stress concentrations can lead to fatigue crack initiation and propagation.
This means that accurate residual stress characterization must be performed in key areas such
as the toe and the HAZ of welds to understand fatigue failures, help in the experimental
verification of stress concentration factors predicted by finite element models and to reduce
instances of over-design and unneeded increases in weight.

Environmentally Assisted Weld Cracking
Also known as Stress Corrosion Cracking or SCC, environmentally assisted cracking

is a major source of potential failures in the process industries, in pulp mills, in storage
vessels, and even in aircraft. Most often, SCC occurs in the heat affected zone (HAZ)
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Basics of the X-Ray Diffraction Stress Measurement Technique
The x-ray method does not measure stress directly but measures strain from which

stress values are calculated. The x-ray method rather elegantly takes advantage of the
crystalline structure of the material itself, by using the atomic lattice spacing as a strain gage.
As a result, thousands of "built in strain gages" within the crystals which compose the
material are available for strain measurement by the x-ray diffraction method. To phrase it
more exactly, the surface strain present can be determined by the measurement of the elastic
atomic lattice spacing or "d-spacing" as it is commonly called. This lattice spacing, the
distance between the planes of atoms, is dependent upon the material and the stresses present
in the material. The x-ray diffraction angle q for a given x-ray wavelength A. can be used to
determine the material "d" spacing by means of Bragg's law:

nX=2dsin9 (1)

For x-ray diffraction to occur, i.e. constructive wave interference, the path difference
traveled by the diffracted beam through the material, as compared to a non-diffracted beam,
must be equal to nX. (Noyan and Cohen, 1987). The presence of residual stresses in the
material produces a shift in the x-ray diffraction peak angular position (Cullity, 1978) which
is directly measured by the detector.

Once the lattice d-spacings are measured for the unstressed (do) and stressed (di)
material conditions, the atomic lattice strain can then be calculated by the following
relationship (Hilley et. al., 1971):

strain = (d,-do)/do (2)

For isotropic materials, strains can be converted to stress values using the equation shown
below.

stress (a)= ^ - ^ ( _ ^ ) _ j _ (3)
do 1 +u siny

£

where: (i+u) ls the x-ray elastic constant, \\i is the angle subtended by the bisector of the
incident and diffracted beam and the surface normal, dM, is the lattice spacing at a given y tilt
and do is the unstressed lattice spacing.

Residual stresses are measured using either of two techniques. The first is the single
exposure technique (SET), whereby a stress measurement is performed using only one \\i tilt
angle. This technique gives the user a very quick and efficient method to perform a stress
measurement and is particularly suited to cases where many measurements are needed
quickly. The second is the multiple exposure technique (MET), whereby multiple vj/ tilts are
used in the analysis.

The MET method is more revealing for material conditions for which the d vs. sin \\i
relationship is not linear, as assumed in equation (3), but takes much longer than the SET
(Klug and Alexander, 1974). Techniques are also available that deal with phase changes that
may exist through the weld, the HAZ and the parent material (Noyan and Cohen, 1987).

Results and Discussion
The following examples illustrate various applications of x-ray diffraction based

residual stress characterization of welds.
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Arc Welded Monorail Box Girder
An area of concern in the installation of monorail girders is the residual stresses due

to welds. These are of particular interest because high stress gradients can be created by the
large amounts of differential heating and cooling inherent in the welding process. A stress
gradient profile was performed across a weld splice where two monorail girders were welded
together.

This particular section of the box girder was also heat straightened. Looking at
Figure 1 reveals the tensile stresses in the weld and in the heat straightened area and how they
are different from the baseline compressive residual stresses in the parent material. These
areas of tensile residual stress will be susceptible to SCC and fatigue cracking. The effect of
the tensile residual stresses will be increased since the rolling stock passing over these
locations will add an additional tensile load to the already tensile residual stress state at these
locations.

Laser Welded Stainless Steel Pipe
The residual stresses in a 316 stainless steel pipe that was laser welded were mapped

through the weld and parent material. The concern was that the laser weld had created tensile
residual stress levels near yield which could decrease the burst strength of the pipe while in
service.

The residual stress map in Figure 2 reveals a slightly tensile residual stress field in the
center of the laser weld. If this section of pipe were placed in service, the tensile residual
stress maxima already existing in the center of the weld would be increased even more so due
to the applied stress of the working pressure on the pipe thus making this area highly
susceptible to SCC. Should SCC be a concern, some post weld residual stress management
process would be recommended to introduce compressive surface stresses in the weld and
HAZ.

Electron Beam Welded Inconel
Residual stress profiles were measured at the surface and at depth in the weld metal,

in the heat affected zone and on the parent material of an Inconel sample that was electron
beam welded. Because the surface of the weld and the adjacent parent material were
machined, surface measurements were affected significantly by the cold working of the
material (see Figure 3).

Here tensile residual stress maxima exist in the center of the weld. These stresses
should also be managed to increase the service life of this weld.

Resistance Welded Stainless Steel Saw Blades
Stainless steel band saw blades, resistance welded, "annealed" and ground were

failing prematurely under normal service. It was suspected that residual stresses created
during the welding, post welding heat treatment and grinding processes were causing the
failure.

Residual stress mapping techniques were used to identify at which stage in the
process harmful residual stresses were introduced. Figures 4, 5 and 6 show blades in the
welded, welded and heat treated, and welded, heat treated and ground conditions respectively.
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It can be seen in figure 4 that no significant tensile residual stresses are present in the weld or
HAZ. After heat treat (see Figure 5), the low compressive stresses in the HAZ are pushed
into residual tension. When the entire area is ground, slightly lower tensile residual stresses
are present in the HAZ (see Figure 6).

This information can be used to adjust the post weld' heat treat and grinding to
optimize the process parameters and thus will help make the blades less susceptible to fatigue
failure in service.

Arc Welded and Ground T-Butt Weldment
T-butt weldments in marine structures are an important issue in the service life of the

structure. With high service loads on failure critical components, it is essential to understand
the stress levels in welds, particularly at the toe of welds where stress concentrations exist.

An HY-80 T-butt weldment was incrementally loaded and the residential or total
stress (residual + applied stress) was measured at the weld toe at each of the known applied
loads. The plot in Figure 7 shows the results of these measurements. From the slope of this
plot the experimentally measured stress concentration factor was derived for this particular
geometry. This kind of information is invaluable in fine tuning finite element models which
have difficulty with the complexity found at material discontinuities such as weld toes.

Shot Peened Stainless Steel TIG Weld
Two stainless steel plates were butt welded together. A stress map was collected

from the toe of the weld out into the HAZ and parent material (see Figure 8). This sample
had a much larger HAZ than the other samples that were analyzed. The origin of this map
was set at the toe of the weld to concentrate on the weld toe and HAZ. Because the small
band of tensile residual stress in the HAZ follows the contour of the weld toe, the plot
exhibits residual stress maxima varying from tension to compression. No post weld stress
management processes were applied to this weld leaving tensile residual stresses in the HAZ
and in the weld toe

Shot Peened Stainless Steel TIG Butt Weld
A similar sample was prepared with two 316L stainless steel plates butt welded with

Hastelloy C-22 filler. In this case however, the welded coupon was shot peened with CW-22
shot at 8-10 A intensity and 100% coverage. A portion was masked off prior to peening so
that only part of the weld was shot peened and the remainder was left in the as welded
condition. The plot of this stress map can be seen in Figure 9. In this case, the peening
parameters used were sufficient to put the weld's surface stresses into compression. This can
be seen by looking at the left hand side of the map shown in Figure 9 where the tensile
residual stress level peaks. This region of tension is in the area where the weld was masked
from peening. All other areas that were not masked and hence peened were found to be in
compression. This is an example where residual stresses due to welding and the effects of a
post weld stress management process can be characterized simultaneously.

Shot Peened Inconel TIG Butt Weld
A heavy L plate was fabricated by TIG welding two pieces of Inconel 825 plate with

Inconel 625 filler. Since tensile residual stresses were expected in the weld and the HAZ,
shot peening was introduced to manage the potentially problematic tensile residual stresses.
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The weld and parent material were shot peened with CW-28 shot at 16-18A intensity and
125% coverage. To verify the effectiveness of the peening, a section of the weld was masked
off and not peened so that the peened and as welded conditions could be compared. A
residual stress map was performed on an area encompassing both peened and unpeened
portions of the weld.

It can be seen in Figure 10 that the shot peening technique used had a significant
effect on the stress state of the weld and parent material as seen by the "step" or drop in
residual stress near the center of the map. On the left hand side, a typical weld stress map is
observed with tensile residual stresses in the weld and in the HAZ and then dropping off in
the parent material. The right side of this map was the peened portion. Here the
characteristic profile is much more compressive (or less tensile) and smooth however, tensile
residual stresses still exist. This indicates that the peening process had the effect of reducing
the tensile residual stress field in the weld and HAZ and introducing a much more uniform
compressive residual stress level in the parent material. However, it was not sufficient to
make the surface stresses in the HAZ entirely compressive. This would suggest that the
peening parameters could be changed to increase the compressive residual stress imparted
upon the weld and HAZ. This kind of information cannot be obtained using the standard
Almen strip test.

Conclusions
It has been known for some time that tensile residual stresses in welds that undergo

tensile cyclic loading suffer from a reduction in fatigue life. It is also known that components
with tensile residual stresses will suffer from SCC under the right conditions. Managing
tensile stresses properly using post weld processing techniques such as shot peening, heat
treatment, grinding, rolling, etc... can increase the service life of welded components
significantly or even decrease the service life if applied improperly . As seen in the previous
examples, no single post weld treatment will necessarily successfully manage residual
stresses in all cases. When full residual stress characterization has been performed, it may be
determined that more than one post weld process may be required for a given weld condition
hence the importance of verifying the effectiveness of post weld processing at each step to
ensure the desired residual stress levels have been achieved.

The applications previously described also exhibit the practicality and advantages of
using the nondestructive x-ray diffraction method. It is the only method available presently
which can characterize stresses and stress gradients in welds with the resolution required to
solve the problems.

Characterization of residual stresses in welds provides the information the engineer
or manufacturer needs to properly manage the welding process, optimize product quality,
minimize the effects of fatigue and SCC and help minimize production costs while enhancing
component performance.
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Note : Regarding Stress Map Plots
Stress map displays are normally presented in a color plot with tensile stresses shown

as red lines and compressive stresses shown as green lines. This of course is not possible in
this black and white article. It should also be noted that on the z-axis or stress scale of the
stress map plots that the scale is often multiplied by a power shown as (ksiEl) which
indicates that the results are in ksi (1000 psi) and are multiplied by 1x10 .

References
1. B.D. Cullity, 1978, "Elements of X-Ray Diffraction", 2nd Edition, Addison-Wesley

Publishing Co. Inc., Reading, Mass.
2. M.E.. Hilley et. al.., 1971, "Residual Stress by X-Ray Diffraction - SAE J784a", Society

of Automotive Engineers, Inc., Warrendale, PA.
3. H.P. Klug, L.E. Alexander, 1974, "X-Ray Diffraction Procedures", 2nd Edition, Wiley-

Interscience, U.S.A.
4. I.C. Noyan, J.B. Cohen, 1987, "Residual Stress Measurement by Diffraction and

Interpretation", Springer-Verlag, New York.
5. J.A. Pineault, M.E. Brauss, 1993, "Measuring Residual Stress Using X-Ray Diffraction

on Shot Peened Components", MAT-TEC, France.

103



ACXRI *96

20

10

E 0
CO

j.,0
E"-20

WELD Heat Applied Area

-30

/

A ,

n /
I

If

' \

\

\

-20 -10 0 10 20 30
Distance From Weld Splice (inches)

40

Figure 1 - Welded and heat straightened box girder

BTJtESS HAPPING S t r « l » ( h i t ) VS. X View) PLPOtC

Figure 2 - Laser welded 316 stainless steel pipe

Electron Beam Welded Inconel

|

80

70

,60

.50

40

30

20

10

-Weld
Edges

-0.4 -0.2 0 0.2 0.4
Distance From Weld Center (in.)

Figure 3 - Electron beam welded Inconel specimen

104



ACXRI '96

SUosfbCI)

5

•

-r

-»

•s

•10

•n

Figure 4 - As welded saw blade
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Abstract : Cold work introduces residual stresses and increases internal stored energy.
Plastic deformation also causes slip steps on the surface. All these factors effect corrosion
rate as corrosion is controlled by surface reaction. The residual stresses are caused by
inhomogeneous deformation in cold rolling and are maximum at low deformation and then
decrease as the samples get thinner on further rolling. In the absence of CO2 the corrosion
rates are found relatively low in brine solution with or without addition of Na2S, with only
slight variation with % total deformation. However simultaneous presence of CO2 and
Na2S has synergic effect increasing the corrosion rate appreciably. Presence of sulphur is
also found to increase the pitting tendency in the steel.

Introduction : Deep sour wells often contain CO2 and H2S along with high levels of
chlorides necessitating demand for steel with good corrosion resistance in these
environments. Due to its practical importance, the area is receiving a great deal of interest
not only for generating data base but also for elucidating the corrosion mechanisms [1-18].
On the other hand there is very limited information available on the effect of cold work on
the corrosion behaviour of steels used in oil and gas industry. In addition to bending and
handling, severe cold work regions with large residual stresses are encountered during
installation procedures.

Out of the several mechanisms proposed for corrosion in aqueous sour gas
environments, hydrogen evolution and anodic dissolution in acidic solutions involves an
important aspect of chemisorption process. Plastic deformation results in increase of
internal stored energy and causes slip steps on the surface. The slip steps and residual
stresses change the chemisorption process both at the anode and cathode affecting the area
of steel for hydrogen coverage. It has been stated that cold work increases active sites of
low activation energy for anodic dissolution [19]. The cold work is found to affect
corrosion of iron and steel differently with no effect on iron but increase in corrosion rate
in case of steel as a result of combination of imperfections introduced by plastic
deformation and interstitial carbon atoms producing lower H2 overvoltage on these
specific sites [20].

In general, the information on the effect of cold work on corrosion behaviour is
rather conflicting with reports of increase, decrease or no effect [21]. Recent work on the
effect of cold work on electrochemical aspects of mild steel in sour gas environments has
been reported [22]. The authors indicate that cold work affects hydorgen coverage on the
corroding electrode and promotes FeS2 formations. The corrosion rate is found to increase
with cold work but decreases to some extent when FeS2 is formed with cold work in
excess of 20%. The cathodic current density is found to increase with cold work while the
anodic polarization is reported to be independent of cold work. The authors [22] did not
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take into account the effect of variation of residual stresses and texture with cold work.
There is another publication [23] on the effect of cold rolling on corrosion rate of
aluminium in alkaline solution where the authors show a nice relationship between
corrosion rate vs total reduction and residual stresses vs total reduction. The residual
stresses are shown to decrease with rotation of grains in the texture formation resulting in
two peaks in the corrosion rate vs total reduction.

Thus it becomes clear that the effect of cold work not only involves elctrochemical
aspects but also crystallographic aspects and residual stresses. Therefore it is expected that
the effect of cold work on corrosion behaviour will differ from material to material. Since
420 type steel is important for oil and gas industry, so it is desirable to investigate the
aqueous corrosion behaviour of this steel in the presence of CO2 H2S and chlorides.

Experimental : The material used in this investigation is 13% chromium (420 type) steel
with the following composition ;

Ni Mo Cr Fe

0.47 0.188 0.48 0.01 0.006 0.90 0.05 12.5 Balance

The cold working was done in steps of 10% reduction from 10% to 50% from
annealed condition with a hardness of 11R,.. The cut samples of 20 x 20 x 5 mm in size
were cold set in resin with one side exposed (4 cm ) by grinding. The samples were
polished to 600 grade emery paper and cleaned. Polishing even on fine 600 grade emery
paper will introduce some minor change in residual stresses and the results reported in this
investigation will involve some error due to this unavoidable factor. Potentiostaic tests
were carried out in Princton Applied Research Model 273. Polarization measurements
were conducted at a scan rate of 0.5 mV/s after half an hour rest for each experiment for
the equilibrium to be established. The aqueous environment was 3% NaCl solution (30
g/L of NaCl). The solution was deareated by bubbling N2 before inserting CO2 gas under
pressure (0 bar to 3 bar) and Ns2 S addition from 0 to 5 ppm.

Experiments were conducted at room temperature. A few corroded samples were
examined by SEM and EDX analysis. Residual stresses were measured by XRD before
conducting the polarization tests. The residual stresses were measured by X-ray
diffraction by taking diffractograms at *F = 0, 15, 30 and 45°. The peak values in the
broad reflections were obtained by parabolic fitting.

Result and Discussion : Tables 1 to 4 show the relationship between Na2S content, CO2

pressure, corrosion rate, Icorr and Ecorr for 10 to 50% reduction in steps of 10% reduction.
Ecorr is found to increase with increase in percent reduction. The observation is consistent
with those reported in the literature. In the absence of Na2S, the corrosion rate increase
with increase of CO2 pressure (Fig. 1) for all the conditions of cold reduction from 10 to
50%. In the absence of CO2 and Na2S the corrosion rate is more for 30% reduction and
minimum for 50% reduction. The variation of residual stresses with total percent
reduction is shown in the Figures 1 to 8. It is expected that the residual stresses will
initially increase with cold rolling but then the grains will rotate giving rise to deformation
texture with some decrease in residual stresses. Since residual stresses result from
inhomogeneous deformation, the residual stresses should decrease from rolling to thinner
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samples. 10% cold reduction is found to give maximum residual stresses. The decrease in
residual stresses with more than 10% reduction upto 50% is found to decrease linearly
within the experimental erros. However, it should be pointed out that standard
deviation in stress measurement due to X-ray line broadening is around 30%.

Figure 5 shows the variation of corrosion rate versus total percent reduction in 3%
NaCl solution and 0 to 5 ppm Na2S addition at zero bar CO2 pressure. For all the
conditions, corrosion rate is low from 1.5 to 3 mpy, maximum variation being observed
for 30% reduction. Therefore it can be said that in the absence of CO2, addition of Na2S in
the range of 0 to 5 ppm to 3% NaCl solution does not increase the corrosion rate
appreciably with defermation/residual stresses. In the presence of both Na2S and CO2 in
the chloride solution, the overall corrosion rate is found to increase appreciably with all the
four conditions of solution as shown in the Figures 6 to 8. The NaCl solution containing 1
bar CO2 shows slight decrease in corrosion rate from 10 to 30% total reduction in all the
four conditions but then it is found to increase abruptly about 2.5 times for 3 ppm Na2S
addition. The corrosion rate is initially more upto 30% reduction for the solution
containing 5 ppm than the condition for 3 ppm Na2S but then the trend changes for the 30
to 50% deformation range (Fig. 6). The results are quite similar with those obtained by
A.M.Y. Taher et al [24] in 420 type steel even in the absence of deformation. The
combination of Na2S and CO2 in the chloride solution containing 2 and 3 bar CO2 is found
to increase the corrosion rate in general with deformation. For 2 bar CO2 condition, the
increase in corrosion rate is almost linear with deformation for 0, 3 and 5 ppm Na2S
conditions but with 1 ppm Na2S it shows a peak at 30% reduction (Fig. 7).

Since the cold working provides active sites of low activation energy for anodic
dissolution and also changes the chemisorption process by increasing the density of
imperfections and internal stored energy, the corrosion rate shows increase with cold work.
However, formation of iron carbonate and/or iron sulphide at the surface should bring
down the corrosion rate. It has been observed that the corrosion rate in chloride solution
containing either CO2 or Na2S alone is relatively low but it increases when both CO2 and
Na2S are present.

Since the crystal structures of FeCO3 and FeS are not compatible with each other
i.e. the two structures do not have any common plane. Therefore, simultaneous deposition
of these two phases result in high energy interface which is strained and involves high
stresses. The net result of simultaneous deposition of these two phases will provide
synergic effect with increase in corrosion rate.
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Table (1) Shows corrosion rate, Icorr and corrosion potential results for 13% Cr (AISI 420)
steel samples (10% reduction by cold rolling) in different environmental conditions.

! Na2S contents
! o

1 P
1 p

m
! 1

1 P
[ P
! m

I 3
1 P
1 P

m
1 5
i p
i p

m

CO2 pressure
Obar
lbar
2 bar
3 bar

Obar
lbar
2 bar
3 bar

Obar
lbar
2 bar
3 bar

Obar
lbar
2 bar
3 bar

C.R (mpy)
2.10
5.32
4.50
4.40

2.94
4.90
5.63
7.60

2.17
5.50
3.85
4.90

2.76
6.40
4.97
4.15

Icorr (uA/cm j
4.55
11.53
9.70
9.55

6.37
10.78
12.11
16.50

4.70
12.00
8.35
11.75

6.00
13.87
10.78
9.00

Ecorr (mV)
-467 - -320
-607 - -505
-575 - -490
.545 . .473

-406--317
-616--512
-685 - -574 j
-683 - -571 |

-521 - -367 j
-693 - -583 i
-664--517
-667 - -548

-432 - -350 !
-628--514 i
-662 - -553 !
-620--514 !
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Table (2) Shows corrosion rate, I corr and corrosion potential results for 13% Cr (AISI 420) steel samples (30% reduction by cold
rolling) in different environmental conditions.

j Na2S contents
1 o

1 P
I P
i m

; l

i P

i p
i m

• 3

1 P
i P
1 m

! 5

! P
i PE

CO2 pressure
Obar
lbar
2 bar
3 "bar

Obar
1 bar
2 bar
3 bar

Obar
1 bar
2 bar
3 bar

Obar
1 bar
2 bar
3 bar

C.R (mpy)
3.50
4.90
4.82
5.44

2.35
3.40
8.70
8.00

3.29
4.55
5.30
5.00

1.43
5.35
5.38
6.50

7.61
10.66
10.44
11 88

5.10
7.33
18.80
17.50

7.13
9.8"5
11.48
10.80

3.12
11.60
11.67
14.10

£«,„ (mV)
-580- -415
-645 - -547
-651--557
-648 - -538"

-477 - -350
-631--537
-683 - -573
-634 - -502

-582 - -420
-664 - -585
-611 --508
-600 - -487

-554 --478
-699 - -627
-707 - -620
-707 - -625

Table (3) Shows corrosion rate, I , ^ and corrosion potential results for 13% Cr (AISI 420) steel samples (40% reduction by cold
rolling) in different environmental conditions.

j Na2S contents
: 0

: P
: P

m
1

P
P
m
3
p
p

: m
i e

I P
: p

E

CO2 pressure
Obar
I bar
2 bar
3 bar

Obar
1 bar
2 bar
3 bar

Obar
lbar
2 bar
3 bar

Obar
lbar
2 bar
3 bar

C.R (mpy)
2.40
5.65
5.30
7.98

2.80
3.90
5.64
5.21

2.52
7.30
6.30
9.64

2.31
4.00
6.60
7.74

ie^GiA/cm7)
5.18
12.24
11.50
17.30

6.10
8.50
12.20
11.20

5.50
15.80
13.50
21.00

5.00
8.64
14.40
16.81

Ecorr(mV)

-570 - -452
-600 - -490
-587 - -483
-595 - -493

-534 - -409 :
-634 - -533
-591--'505
-560 - -467

-580 - -478
-624--551
-708--618
-753 - -668

-540 - -461
-640 - -525
-622- -517
^50-- '550

Table (4) Shows corrosion rate, I corr and corrosion potential results for 13% Cr (AISI 420) steel samples (50% reduction by cold
rolling) in different environmental conditions.

: Na2S contents

; o
: P

p
m

i I

i P
i P
; m

! 3

i P
! P

m
5

1 P
: P
: m

CO2 pressure
Obar
1 bar
2 "bar
3 bar

Obar
1 bar
2 bar
3 bar

Obar
1 bar
2 bar
3 bar

Obar
Thar
2 bar
3 "bar

C.R (mpy)
1.34
4.32
5.50
5.50

1.70
5.33
4.97
6.50

1.85

.....?,!7.
7.37
6.50

2.80
4.16
7.94
7.68

i^^A/cm7)
2.94
9.35
11.80
11.60

3.69
11.57
10.77
14.00

4.00
19.35
16.00
14.00

5.50
9.00
17.23
16.70

E»(«V) i
-703 - -666 !
-617--535 !
-597-491 !
-560 - -473 j

-708 - -663 j
-596--491 j
-563 - -452 :
Jsi'9 - -500 i

-714 --638
-714- -602 j
-633 - -555 j
-688 - -565

-570 - -522
^649 - -538
-632--516
-647 - -533
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Fig. 1 Graph showing variation of residual stress & C.R vs. % total deformation at
0 ppm Na^S.
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Fig. 2 Graph showing variation of residual stress & C.R vs. % total deformation at
1 ppmNaaS.
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Fig. 3 Graph showing variation of residual stress & C.R vs. % total deformation at
3 ppm NajS.
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Fig. 4 Graph showing variation of residual stress & C.R vs. % total deformation at
5 ppm
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Fig. 5 Graph showing variation of residual stress & C.R. vs. % total deformation at
0 bar CO; pressure.
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Fig. 6 Graph showing variation of residua) stress & C.R. vs. % total deformation at
1 bar CO2 pressure
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Fig. 7 Graph showing variation of residual stress & C.R. vs. % total deformation-at
2 bar CO.? pressure.
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Fig. 8 Graph showing variation of residual stress & C.R. vs. % total deformation at
3 bar CO2 pressure.
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Mechanical Characterisation of Surface Layers by X-ray
Diffraction - Application to Tribology

•

G. H. FARRAHI

Faculty of Engineering, Bu-Ali Sina University, Hamadan 65174, Iran

Abstract - The results presented in this paper show that X-ray diffraction can be employed for
the characterisation of surface layer damage through residual stresses and work- hardening by
some tribological actions such as fretting and dry sliding X-ray diffraction technique can also be
employed for a rapid and non-destructive measurement of hardness of hardened steel The
diffraction profile analysis can offer a good indication about the material's characteristics and the
microstructural evolution caused by heat treatment or by mechanical loading.

Introduction
The mechanical and chemical state of a surface have an important role in tribological

phenomenon and may be characterised by a number of parameters, including:
(i) micro-geometry (surface roughness), (ii) physico-chemical nature of the surface, (iii)
mechanical characteristics (hardness, work-hardening, residual stresses. ) of the surface.
One of the methods allowing us to determine these mechanical parameters is the X-ray
diffraction technique This method being non-destructive makes it possible to study the
surface layers of 5 to 100 urn dependent on the material and the nature of the employed
X-ray tube. By X-ray diffraction, we can measure the residual stresses, also obtain some
information on the material's characteristics or the microstructural evolution induced by
heat treatments Since an X-ray diffraction line broadens considerably when steels change
into martensitic structure on quenching, therefore, X-ray diffraction technique can be
employed for a rapid and non-destructive measurement of hardness of hardened steel

Steel and Spence's investigation confirms the fact that the extent of plastic
deformation in steel can be estimated with hardness test [ 1 ] Marburger and Koistinen [2]
showed that the hardness of certain quenched and tempered steels is related to the breadth
at half-maximum intensity Kurita [3] also showed that X-ray diffraction technique using
the Gaussian curve parameter allowed the measurement of hardness of hardened steels It
has been recognised, since Warren-Averbach's method appeared in the fifties, that the
analysis of broadened X-ray diffraction profiles could be used to study the microstructures
of crystalline materials [4]

This paper introduces the technique for measuring the residual stresses as well as the
hardness by X-ray diffraction By employing this method surface layer damage caused by
some tribological phenomenon such as fretting and sliding is characterised through
residual stresses and work- hardening

X-ray Diffraction Method

Residual stresses measurement
The X-ray method measures strains in the surface layers of a material These strains

are then converted into stresses using various assumptions. The basic principle of
obtaining the strain is simple [5] The interplanar spacing of a specific form of planes is
obtained from grains of different orientations to the surface normal. This is determined by
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tilting and rotating the specimen with respect to the incident beam This spacing is then
converted into strains using the formula :

- do)/do (1)

where d0 is the interplanar spacing for a stress free material, and EA^ is the spacing in
the direction (J)V[/, defined by the angles $ and \\) (Fig. 1) The spacing 8 ^ in Eq (1) is
obtained from the angular value of the Bragg peak corresponding to the diffraction planes
using the formula:

2d sin0 = X (2)

where 1 is the wavelength of the radiation Differentiating Bragg's equation and
substituting into Eq.(l) gives

e = - 1/2 (cotg 9) A26 (3)

with A26 = 26 - 20O , where 6 0 is the angular position of the diffraction for a stress-

free material The strain 8 ^ in the direction $\\i can be related to the stress G by:

e«j,H/ = [(l+v)/E]a()).sin2vi/ (4)

where E is Young's modulus and n is Poisson's ratio for the material Substituting
Eq (4) into Eq (3) results in

A29 = - [(360/TC) tan6] {[(l+v)/E] Cfy . sin2\|/} (5)

where (l+v)/E = 1/2 S2 is the X-ray elastic constant which depends on the material
and the orientation of the diffracting planes By measuring the value of 20 at different
incident angles (|), a linear relationship is found (for an isotropic material) of A20 against
sin2v|/. The slope gives the value of the stress GA. The measurement of 8 ^ for at least
three directions of (j> together with the 3D-stress strain relationship enables us to obtain the
stress tensor

Diffraction profile analysis
When a steel is hardened by quenching, the X-ray lines become very broad because of

the martensite formation and the presence of a very high dislocation density in the
quenched material. The corresponding hardness is also important With annealing, the
quenched steel releases its internal micro-stresses Due to the thermal effect the initial very
high dislocation density decreases and subsequently the hardness decreases compared with
the quenched steel In order to explain the modification of the diffraction line after having
undergone plastic deformation, we consider that the material is divided into small crystal
domains called coherent diffraction domains Each domain is formed from series of unit
cell columns These columns of the length L are perpendicular to diffraction planes The
average of the lengths L of these columns is the average coherent domain size D. Each
domain, itself, can be deformed elastically of a length AL, which enables us to introduce
the distortion eL = AL/L for each column ( Fig 2 ) Considering all columns with L length,
from 6L we can define root mean square strain S^ ^ ^ Regarding the line form, it is
accepted qualitatively that a diffraction line is broader when coherent domain is smaller
and deformed elastically. Moreover, several analysis methods can give a semi-quantitative
or quantitative description of the microstructure evolution in the material such as stacked
energy and dislocation density[6,7] The quantitative analysis involving Fourier analysis of
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the diffraction lines from the unknown and from the standard can be done on several
orders of diffraction such as hkl, 2h2k21, ... [4] or on a single peak[8, 9]. After smoothing,
theoretical corrections and background subtraction of the peak, the computer can
eliminates the instrumental broadening by the Stokes correction. For further details refer
to the previous work[10]

The diffraction line breadth is a global indicator of the microstructural state of the
material In the case of heat treatment, the line breadth is in close relation with dislocation
density and its distribution and also with work hardening capacity The diffraction line
breadth is usually referred to the breadth measured at half-maximum intensity However
some investigators prefer to determine the integral breadth of a diffraction line I w The
integral breadth is given by the ratio between the integral intensity and the maximum

intensity The mentioned above parameters Iw , D and e^ are associated with distribution
of the crystallographic defects when there is a microstructural change or a mechanical
state modification This current study is mainly concentrated on one parameter, the
diffraction line breadth, to follow the microstructure evolution in relation with the
hardness values for quenched and annealed steels However a few profile were analysed
for distortion measurement

Experimental Details
The study of fretting and sliding was performed on an construction steel of

composition (wt%) 0 49 C, 0.73 Mn, 0 18 Si remainder Fe The measurement of hardness
and diffraction profile analysis were performed on two steels , one of composition
mentioned above and another of composition (wt%) 0.36 C, 0 4 Mn, 0 36 Si, 3.85 Ni,
1 75 Cr, 0 4 Mo remainder Fe Specimens were cut and tempered at various temperatures
after quenching from their austenitized temperature After the heat treatment, they were
ground and finally polished with emery papers. The diffraction profile was recorded with
an automated X-ray stress measurement apparatus using a computer Chromium radiation
( >*Ka= 0 22895 nm; 25 kV, 22 mA) was employed to examine the {211} peak (26 =
156°) For each stress-tensor 50 peaks (5 <j) angles by 10 vj/ angles) were examined. In
order to determine the stress distribution by depth, the surface layer of specimens was
removed by electrolytic polishing.

Results and Discussion
Normalised material was selected for the study of fretting as it is free of any initial

stress Measurement of residual stress components by depth showed that the residual
stresses introduced by fretting was compressive in nature and it was higher in the

transverse O22 t n a n in t n e longitudinal direction <5\ \ . These stresses were maximised on
the surface. The parameter b characterising the micro-strain, increased on the surface (Fig.
3). This increase was due to a work hardening of the superficial surface layer affected by
the contact and its thickness was about 100 u.m The shear stress component (7] 3 was
present in the direction of the fretting This is similar to results found for sliding
wear[12,13].

Since the properties of crystals are directionally dependent, the crystallographic
orientation of the crystallites within the polycrystalline aggregate (i.e. texture) plays an
important role Texture may be the consequence of mechanical and/or heat treatments.
The Pole figure is a common method for representing the texture. The Pole figure
represents the orientation distribution function which is not directly measurable However
the calculation of the orientation distribution from the Pole figure requires mathematical
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and computational analysis[14]. Analyses of the surfaces of contacting bodies during
sliding[15] or rolling contact[16] has showed the development of textures; the intensity
and magnitude of which changes during a test The Pole figure of the initial surface of an
annealed fretting specimen (Fig. 4) shows the absence of any preferential orientation
before fretting because of a negligible variation in intensity and a random distribution The
subsequent fretting motion led to the formation of a {110} texture parallel to the surface
of the specimen. This has already been confirmed in the case of rolling contact
experiments [ 16]

Fig. 5 shows the residual stresses G22
 an<* the width of the diffraction line on surface

and in depth Both parameters are presented for two different distances As we can see,
the residual stresses increase on surface but attains a limit value However at an equal
depth, residual stresses and the width of the diffraction line (characterising the micro-
strain) increase with the distance of sliding

Fig. 6 shows a variation of the integral line breadth I w as a function of hardness Hv.
One notices that the line breadth I w increases linearly with the increasing hardness
whatever the steel chemical composition. From our results, the value of surface hardness
is given by the following equations

Hv = 32.386 +0.986 I w (6)

In the above equations, Hv is the Vickers hardness number and I w is 10^ times of the
integral breadth in nm Fig 7 gives a linear relationship between distortion factor and the
material hardness

Conclusions
X-ray diffraction technique may be employed for a rapid and non-destructive

measurement of residual stresses and hardness of steel In fact, due to a very little
penetration of X-ray in steel, this technique can be employed for the characterisation of
superficial layers Therefore, tribology is one of the privileged fields for the application of
this method Some results were presented as examples showing the suitability of this
technique in contact actions This technique may also be useful for hardness
measurement on thin films
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Fig 1: definition of parameters (a) Definition of § and \\i (b) Orientation of planes to the surface

Fig 2: Schematical representation of a coherent diffraction domain
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Abstract
Traditionally, the analysis of low atomic number has been a challenging task for

wavelength dispersive x-ray fluorescence spectrometry. Among the most important factors
influencing analysis of the low atomic number elements (from Z=ll downwards) are the
fluorescence yield, absorption and the dispersion. The effect of each of these factors on the
overall performance will be illustrated.

The long wavelengths involved (longer than 1 nm) used to pose severe problems
concerning the monochromator used. Early instruments relied on lead stearate or Blodgett-
Langmuir soap films for the diffraction of the characteristic radiation. Nowadays, synthetic
multilayers are commonly used. The performance of these multilayers is determined by the
reflectivity, the resolution and the absorption of the characteristic radiation to be diffracted.
These parameters can be optimised by adequately selecting the composition of the materi-
als involved. The sensitivity of the modern instruments is sufficient to allow quantitative
analysis. However, this aspect of WDS XRF is still met with considerable scepticism. Ex-
amples of quantitative analysis will be given to illustrate the current capability.

Introduction
Modern wavelength dispersive x-ray fluorescence is a non destructive elemental

analysis method, with a high element specificity. It is very reproducible, accurate and pre-
cise. It can analyse almost all elements in liquids and solids. It can also be used for the
elemental analysis of gases, though this is a somewhat neglected area of application.
Analysis of the low atomic number elements, however, has always been a challenge.

The term iow atomic number' element is somewhat arbitrary. For this paper, ele-
ments with characteristic K-lines with energies below 1 KeV are labelled low atomic num-
ber elements. This will limit the elements to those with atomic number, Z, less than 10.
These are also often referred to as light elements, although the density by itself is not an
applicable criterion in this context. Nowadays, the elements Na (Z=l 1) and Mg (Z=12) are
not posing more problems than other elements with higher Z. The limit on the atomic
number of the element that can be analysed satisfactorily is pushed downwards. It must be
noted that many elements with higher atomic numbers have many characteristic lines be-
low 1 KeV. This radiation suffers in general from the same (or similar) limitations as the
K lines of the low atomic number elements do.

Limiting factors in analysis of low atomic number elements
The analysis of low atomic number elements has been a problem throughout the

years. There are several reasons for this, but the most important limitations are the fluores-
cence yield, dispersion and absorption.

- Fluorescence yield
The fluorescent yield, GO, is a physical quantity expressing the fraction of initial va-

cancies in the shell of interest that yield a characteristic photon upon relaxation. This fluo-
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rescence yield is element dependent, and, for a given element, it also depends on the shell
considered. Values for the fluorescence yield for the low atomic number elements are given
in Table 1. The data shown is taken from Bambynek et.al}. The fluorescence yield for the
low atomic number elements is very low, and it increases rapidly with the atomic number
of the element. For comparison, 005 = 0.08 and COR; = 0.34. The emitted intensity is roughly
(excluding absorption effects) proportional to the fluorescence yield. So, under identical
conditions, the sensitivity of the spectrometer will decrease with decreasing values for the
fluorescence yield.

- Dispersion devices for long wavelengths
Wavelength dispersive x-ray fluorescence spectrometry uses single crystals as mono-

chromators to select a particular, characteristic wavelength from the total spectrum emitted
by the specimen. For the shorter wavelengths naturally occurring crystals can be used as
the monochromator. Popular crystals are LiF, Ge and PE. From Bragg's law

(where n is the order of diffraction, A, is the wavelength of the radiation to be diffracted, d
is the interplanar distance of the crystal used and 8 is the angle of diffraction) it follows
that the longest wavelength, "kmax, that can be diffracted is given by the d spacing of the
crystal and the maximum angle, Qmax, allowed by the goniometer of the instrument:

For wavelengths longer than roughly 1 nm very few suitable crystals exist. Crystals
such as ADP (ammonium dihydrogen phosphate, 2d 1.06 nm) allow the analysis of Mg
while TIAP (thallium hydrogen phosphate, 2d 2.6 nm) can be used for the determination of
Mg, Na and F. For the longer wavelengths, naturally occurring crystals with a high reflec-
tivity are not available. Langmuir-Blodgett films (soap films, such as lead stearate) have
been used for the determination of carbon and other low atomic number elements. Such
films now have been largely superseded by synthetic multilayers.

- Absorption and reflectivity
Synthetic multilayer structures2 are made of a sequence of two layers with different

electron densities. This sequence is then repeated 150 to 250 times. The reflectivity of
such devices is determined by, among others, the composition and the thickness of the lay-
ers and the structure of the interfaces between the layers. The overall performance in terms
of reflectivity is also affected by the absorption of the radiation within the multilayer.

As an example, the attenuation coefficient of different elements for boron Ka is
shown in Figure 1. Clearly, elements with a low attenuation coefficient are to be preferred
to minimise absorption. From the graph (Figure 1), it follows that H and He, B and C, Cl
and Ar, and the elements between Zr and Sn are better suited than others.

The reflectivity of multilayers increases if the difference of the electron density be-
tween the layers increases. For that reason, the two types of layers should be made of ma-
terials with large difference in electron densities. A multilayer consisting of alternating lay-
ers of B4C and Mo is commonly used for the analysis of boron: B, C and Mo have a rela-
tively low mass attenuation coefficient for boron Ka and the electron density between B
and C on the one hand and Mo on the other is quite large. The reflectivity of some multi-
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layers is shown in Figure 2, for the Koc radiation of several low atomic number elements.
(The reflectivity for a given wavelength is defined here as the intensity of a given wave-
length in the diffracted beam compared to the intensity of the same wavelength in the
beam, incident on the multilayer.) Data is shown for three commonly used multilayers:
W/Si, Ni/C and M0/B4C. The reflectivity for boron Koc, for example, is high with a
M0/B4C multilayer. A W/Si multilayer, however, has a very low reflectivity for the same
wavelength. Most of this behaviour can be explained in terms of absorption within the
multilayer. Boron Ka radiation is readily absorbed by the silicon and, to a lesser degree, by
the tungsten in the W/Si multilayer : the large value of the mass attenuation coefficient of
silicon for boron Ka (84x103 cm2/g) can be seen from the graph in Figure 1. From the
graph, it can also be seen that there is not a single multilayer exhibiting a high reflectivity
for all the low atomic number elements between beryllium and fluor. M0/B4C multilayers
can be used for the analysis of beryllium and boron, Ni/C for carbon and W/Si for oxygen
and fluor. Figure 2 also indicates why certain multilayers such as M0/B4C and Ni/C are
referred to as element-specific : they are very good for the analysis of a single element, and
their reflectivity decreases rapidly for others. The multilayers shown in Figure 2 are not the
only ones commercially available. There are currently element specific multilayers avail-
able for the analysis of nitrogen and beryllium that yield a superior performance over
'general purpose' multilayers.

Absorption and reflectivity are not the only parameters to be reckoned with when de-
veloping multilayers. Factors such as thermal and mechanical behaviour must be com-
patible with the environment of the spectrometer and interdiffusion (diffusion of the ele-
ments between the layers) must be avoided.

- Problems associated with multilayers
There are some problems associated with multilayers. They exhibit refraction effects,

(which make Bragg's law more complex by adding a correction for refraction3) and they
have a low spectral resolution, which leads to increased line overlap. The spectral resolu-
tion (AAA) of the multilayers is generally far inferior compared to that of crystals. This
leads to increased line overlap. The spectral region near the characteristic wavelengths of
the low atomic number elements is quite densely populated with radiation from other ele-
ments. For example for, there are 50 to 60 lines listed in the wavelength region between 3.5
nm and 5.5 nm, which is around the carbon Ka. Some organic crystals, such as OHM
(octadecyl hydrogen maleate), with a 2d spacing of 6.3 nm, and OAO (dioctadecyl adipate,
2d 9.2 nm) can be used for the analysis of long wavelengths, with a 10 fold better resolu-
tion than multilayers, but their reflectivity is two orders of magnitude lower. The resulting
sensitivities are in general too low for practical application. These crystals have been used
in combination with a low energy windowless tube for the study of the chemical state and
valence effects of the transition metals4.

All multilayer structures are deposited on a very flat substrate, which is often a
monocrystalline silicon wafer. This substrate can therefore diffract higher energy radiation.
Modern detector electronics can adequately discriminate against these higher energy pho-
tons but care must be taken. Finally, most multilayer structures do have considerable
amounts of the analyte element, for which they have been optimised. This again is a con-
sequence of the need to minimise absorption. The high concentration of the analyte ele-
ment in the multilayer, however, causes considerable 'crystal' fluorescence.
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Specimen absorption
Another factor limiting the performance is the absorption within the sample. The ab-

sorption by the specimen is always present, and it can not be avoided. For the radiation of
the low atomic number elements, with large attenuation coefficients, this absorption be-
comes very important. This is illustrated in Table 2, where some data is collated for the
analysis of carbon in steel. For comparison, the corresponding data for the analysis of sul-
phur in steel is also given. For the calculations in Table 2, a specimen diameter of 30 mm
is assumed. The exit angle of the spectrometer is taken as 40 degrees. The mass attenua-
tion coefficients are from the work from Henke et.al.5 The concentration of the analyte is
taken arbitrarily at 0.1 %; this allows quick recalculation for other concentrations. The data
in Table 2 clearly indicates the minute masses involved in the determination of low atomic
number elements: for the analysis of carbon, the analysed depth of the sample is limited to
0.25 |im, for sulphur this depth is already increased to 2.7 nm. This depth will increase
linearly with decreasing mass attenuation coefficient. If the analysed depth increases, more
of the specimen is analysed, and the measurement becomes less and less surface sensitive.
X-ray analysis, however, is 'never' a true bulk analysis; except if the analyte radiation is
very energetic (for example Sn Ka) and the matrix is very light (composed of low atomic
number elements). In this case, the analysed depth can be of the order of a few centime-
tres. A consequence of the latter requirement is that the analyte itself is present at low con-
centrations.

Applications
Analysis under these conditions raises a few questions, such as whether the surface

layer analysed is representative for the bulk of the material. Also, the specimen prepara-
tion method used must be such that the surface layer is prepared reproducible. This obvi-
ously will also depend on the homogeneity of the material itself. If the material is not ho-
mogeneous, successive preparations will expose layers with different compositions. Let us
focus on the analysis of carbon in low alloy steel. Over a period of 10 years, the same suite
of standard specimens was analysed for carbon. The concentrations of carbon found for
two specimens of this suite are given in Figures 3 and 4. The data presented was obtained
using a variety of x-ray spectrometers. Furthermore, the configuration of these spectrome-
ters was not identical; they have been fitted with different tubes, different monochromator
crystals and so on. Both simultaneous spectrometers (with curved crystal optics) and se-
quential spectrometers (with flat crystals and a collimator system) were used. Also, the
specimen preparation and the subsequent analysis were done by different operators. The
data is thus not restricted to a single determination, or to single, fixed configuration. The
specimens were prepared by grinding them at least twice shortly before the measurement
with 60 or 120 grid paper (either alumina or zirconia based).

The data for the specimen containing 0.34 % C is given in Figure 3. The 'chemical'
value is represented by the first column on the left. The individual data columns are the
concentrations found for each of the measurements. The last column represents the aver-
age of the XRF determinations. The results are in good agreement with the chemical value;
the average is exactly equal to the stated value of 0.34 %. This data indicates that the
specimen is homogeneous. It indicates that after each preparation of the specimen, the sur-
face layer is quite similar, that its composition is quite constant, and that the composition is
close to the certified value.

The data for the specimen containing 0.03 % carbon (Figure 4) offers a quite differ-
ent view. The earlier results (to the left of Figure 4) are scattered quite dramatically; only
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the results obtained after February of 1991 show more consistency. This behaviour is
caused by the fact that the lower limit of detection for carbon did not permit adequate de-
termination of carbon at the concentration level of 0.03 % : the lower limit of detection was
not sufficiently low. For the last set of measurements, which were performed by more
modern spectrometers with far better performance, the lower limit of detection is no longer
the limiting factor. As a result of that, the determination becomes more accurate and the
deviation between the XRF value and the given value decreases.

From the data in Figure 3, it follows that the accuracy of the determination (at 0.34
%) has not been improved dramatically over the years; at this concentration level, the
counting statistical error could easily enough be reduced to negligible levels by using
longer (yet still practical) counting times. The spread of the data is not caused by the sta-
tistical error on the intensity. The improvements made over the years concerning the sen-
sitivity have affected the speed of the analysis; it is now possible to obtain reliable carbon
Ka intensities in 40 seconds counting time. More important, the gains have been translated
in reductions of the lower limit of detection. The benefit of this is shown in Figure 4,
where the accuracy of the determination at the level of 0.03 % carbon for the more recent
measurements is a lot better, reflecting a higher accuracy.

Limits of detection
The common applications for analysis of low atomic number elements are the de-

termination of carbon in steel and cast iron, boron in borosilicate glass and in BPSG and,
more recently, beryllium in copper alloys. The detection limit (100 seconds, 3 a) for carbon
in low alloy steel is better than 100 ppm; lower than 1000 ppm B in BPSG glass and lower
than 1000 ppm for beryllium in copper alloys. These data have been obtained using opti-
mal excitation, collimation and specially designed flow counter windows, with minimal
absorption for the characteristic radiation. Further developments will no doubt improve on
these lower limits of detection.

Conclusion
Both qualitative and quantitative analysis of low atomic number elements is feasible

by wavelength dispersive x-ray fluorescence spectrometry. Multilayers have contributed
significantly to pushing downwards the limit of the lightest that could be analysed. Other
factors that have contributed, though less visible, are the improved detector and the associ-
ated electronics, the detector windows, the tube technology and the overall systems inte-
gration. These factors have not been discussed in this paper.

The preparation of the specimen, as well as the subsequent handling, must be done
with care since the analysis is limited to a thin surface layer due to the low energies meas-
ured.
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Table 1: Fluorescent yield, 0), for low atomic number elements
(dataexref. 1).

Element
Mg
Na
Ne
F
O
N
C
B

Be

Fluorescent yield
0.033
0.026
0.018
0.013
0.009
0.006

0.0026
0.00056
<0.0001

Table 2: Analysis of carbon and sulphur in steel: analysed specimen
depths and masses. The Ka line is measured for both analytes.
The exit angle is assumed to be 40 degrees.

Analyte
Attenuation coefficient
Analysed depth (99 %)
Analysed volume
Analysed weight of specimen
Analysed mass of analyte (0.1 %)

Carbon
14xl03cm2/g
0.25 urn
0.19 mm3

1.5 mg
1.5xlO"3mg

Sulphur
lxlO3 cm2/g
3.8 pin
2.7 mm3

21 mg
21xl0"3mg
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Figure 3: analysis of carbon in a low alloy steel specimen. The chemical value is repre-
sented by the column on the left. The column on the right is the average value of the 20
measurements (shown in the middle). A variety of different spectrometers have been
used.
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Figure 1: Mass attenuation coefficient for boron Ka as a function of atomic number of the
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X-RAY CRYSTALLOGRAPHIC STUDIES AT SCHOOL OF
PHYSICS, UNIVERSITI SAINS MALAYSIA

Hoong Kun Fun
X-Ray Crystallography Laboratory, School of Physics

Universiti Sains Malaysia,
11800 Penang, Malaysia

ABSTRACT: This paper outlines the facilities available for X-ray diffraction studies at
School of Physics, Universiti Sains Malaysia and the researches being conducted at our
laboratory. Both single crystal as well as powder diffraction studies are undertaken at
room temperature and at low temperatures (up to liquid nitrogen temperature). Single
crystal studies involves the three dimensional structure determination of organic,
organometallic and inorganic compounds. Rietveld analysis of high temperature
superconducting materials and ceramics, using powder diffraction data, were also
performed. In addition, 'ab inito' structure determination from powder diffraction data
was successfully carried out. Regular consultancy work involving both powder and
single crystal diffraction studies are also routinely carried out.

INTRODUCTION: The X-Ray Crystallography Laboratory, School of Physics,
Universiti Sains Malaysia has the state of the art facilities for X-Ray diffraction studies of
both single crystal and powder samples. The facilities include a Siemens P4 single crystal
diffractometer and a Siemens D5000 powder diffractometer. Both these systems are
capable of operating at room temperature and at low temperatures (up to the liquid
nitrogen temperature). Other instruments include the Weissenberg cameras, the Buerger
precession camera, the reciprocal lattice explorer, the Debye-Scherrer cameras and the
flat plate Laue cameras. Apart from training students in the X-ray diffraction methods for
materials characterization, extensive research is also carried out. Research work can be
classified under two major headings such as single crystal diffraction studies and powder
diffraction studies.

SINGLE CRYSTAL DIFFRACTION STUDIES: Three dimensional structure
determination using single crystal X-ray diffraction methods play an important role in the
understanding of the chemistry involved in the synthesis of materials. More interestingly,
the physico-chemical properties of the compounds are better explained with crystal
structures and their packing modes in the solid state. In biology and medicine, the
knowledge of the three dimensional structures of the molecules is necessary to understand
the probable sites of action; it also leads to the synthesis of new drugs with potential
biological activity. In our laboratory, we have determined the crystal structures of more
than 200 new compounds of organic, organometallic and inorganic nature. Most are them
are studied for potential applications in chemistry, pharmacy and agriculture. Some of
them are described below.
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Thiourea Derivatives: Crystal structure analyses of many metal complexes of thiourea
and a few of those with substituted thioureas have been reported in the past. There is no
structural report exclusively on the substituted thiourea derivatives; this may be due the
difficulty in getting good crystals suitable for X-ray diffraction studies. These thioureas
find applications as rubber accelerator and intermediates for dye preparation; they are
also very useful agrochemical intermediates. We are interested in the molecular
conformations and N-H...S hydrogen bond formation details of these molecules in the
solid state. We were able to crystallize more than fifteen thiourea derivatives and
determined their molecular structure by X-ray diffraction methods1"2. We have classified
them as symmetrically substituted and unsymmetrically substituted thioureas. The
structural information we observed are highly interesting with respect to various
substitutions. The packing of the molecules in the crystal lattice are governed mainly by
N-H...S hydrogen bonds and leads to one dimensional chains of molecules, dimer
formation and two dimensional nets.

Organic dyes: Coumarin dyes are well known photosensitizing agents having wide
applications in biology and physics. They have been found to be useful in the field of dye
laser because of their high gain and wide tunability. Under nitrogen laser excitation, certain
aminocoumarin dyes give dual amplified stimulated emission. This is attributed to twisting
of the amino group and to be due to what is called Twisted Intramolecular Charge Transfer.
Hence the crystal structure determination of a number of aminocoumarin derivatives were
carried out to give a structure-based correlation3"4. A new series of acridine dyes and
imidazonaphthyridine derivatives showing good DNA binding efficiencies are taken up for
structural studies as a part of a new project .

Organometallic compounds: Crystal structure determination of organometallic
compounds like transition metal complexes6"10, tin complexes", metal clusters12,
ferrocene complexes and heteropolyacids1 are being undertaken in our laboratory. The
results are useful in understanding the synthesis processes and catalytic action. More
useful information are obtained about the mode of binding of the ligand molecules to the
metal atom site. Crystal structures of new supercomducting molecular systems with
different cation environments have also been studied.

Disordered molecular systems: During the course of our studies on the crystal structure
determination of molecular systems, we have come across many disordered structures.
Nowadays crystal structure refinement has become a routine work with high speed
computers and software packages being available. Even then it is not a routine work in
the scientific sense, in that many problems are faced in individual cases particularly when
the structure has some form of disorder. Hence one has to be careful in analyzing the
intermediate results of the refinement procedure and in carrying out the next step with
reasoning. Analysis of the modes of disorder and to suitably carrying out the refinement
with constrains and restraints come with experience. Some examples encountered in our
laboratory are rotation of a group of atoms with respect to a bond15, disorders due to the
conformational flexibility of certain rings16 and mixture of two isomorphous structures17

A detailed survey of all such disordered cases encountered in our laboratory and how
each such structure was refined to give a good model, will be discussed. The presentation
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will also include how to identify the minor conformational components present in the
structure and model them to get better structural information.

Miscellaneous: Studies are also conducted on high Tc superconductors18, ternary alloy19

and on natural products and its derivatives such as flavanones , lactones and
grandisin22.

POWDER DIFFRACTION STUDIES: As it is well known now, powder diffraction
studies play an important role in many aspects ranging from identification of unknown
compounds to 'ab initio' structure determination. Our research is focused mainly on the
Rietveld refinement of crystal structures from powder data " 5. 'Ab initio' structure
determination from powder data is becoming a viable tool of the day due to the
availability of highly intense synchrotron radiation sources. Considerable success has
also been achieved using the data taken from the laboratory diffractometer by many
research groups. We were also successful in demonstrating the possibility of solving the
crystal structure 'ab initio' from our Siemens D5000 powder diffractometer26. An
interesting aspect of our Rietveld analysis was on the study of Pr ordering leading to
antiferromagnetic ordering mechanism in Tl(Ba2.xSrx)PrCu207.y (1212) compounds. This
is probably an unique case whereby a magnetic phenomenon is being elucidated by a
crystallographic study27"28. This study shall be discussed during the presentation.

SUMMARY: This paper present the facilities available at the X-Ray Crystallography
Laboratory, School of Physics, Universiti Sains Malaysia. It also describe the past and
current researches being done here in collaboration with various research groups inside
and outside Malaysia. The paper is intended to be as comprehensive as possible and any
omission is greatly regretted.
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Abstract: The Small Angle Neutron Scattering (SANS) Instrument has been developed at
Malaysian Institute for Nuclear Technology Research (MINT) for studying structural
properties of materials on the length scale lnm to 100 nm. This is the length scale which
is relevant for many topics within soft condensed matter, like polymers, colloids,
biological macromolecules, etc. The SANS is a complementary technique to X-ray and
electron scattering. However, while these later techniques give information on structures
near surface, SANS concerns the structure of the bulk. Samples studied by SANS
technique are typically bulk materials of the sizes mm's to em's, or materials dissolved in
a liquid. This paper described the general characteristics of SANS instrument as well as
the experimental formulation in neutron scattering. The preliminary results obtained by
this instrument are shown.

Introduction:

The TRIGA MARK II research reactor at the Malaysian Institute for Nuclear
Technology Research (MINT) was commissioned in July 1982. Since then, various
activities have been done to utilise neutrons produced from this steady state reactor. The
vast applications of this reactor are to produce isotopes for medical and industrial use.
Another applications of this reactor are delayed neutron analysis(DNA) and neutron
activation analysis(NAA) which also utilise an irradiation facility inside the reactor core.
In order to increase the utilisation of the reactor, especially in the uses of its neutron beam
ports, a neutron radiography(NR) facility have been constructed and commissioned in
January 1985. The NR facility utilised a beam port #3 which is a radial beam port with a
void in the graphite reflector as inlet. The available neutron fluxes at the entrance are
approximately 1-2 x 1012 neutrons cm"2 s"1. Although the neutron flux is low but with
some limitation, this low flux neutrons can also be used in the neutron scattering
experiment. With this reason and the availability of the beam port, therefore neutron
scattering instrument was proposed to be constructed as a first neutron-beam
experimental facility. Among the different neutron scattering techniques, a small angle
neutron scattering(SANS) is perhaps, the one that can closer the gap between applied and
basic research.

The SANS instrument is the realisation of an IRPA project, initiated in January
1986 to provide a national facility for carrying out neutron scattering experiment in
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Malaysia. Detailed engineering design1 commenced in 1989 and the construction and
installation are completed by the end of 1994. The instrumental detailed will be discussed
in the following topic. The SANS technique has been developed for studying structural
properties of materials on the length scale 1 nm to 500 nm. In principal, SANS measures
the scattering from inhomogenities in material. The measured scattering function provides
information on the average structure such as surface area, volume and shape of the
inhomogenities, on their size distribution function and on the inter particle distances.

The ability of neutrons interact with nuclei and the different scattering length of
isotopes of the same atom make the SANS technique a unique method for structural
studies. This 'contras variation' in the SANS technique is widely used in the polymer2 and
biological3 studies, in which hydrogen can be substituted by deuterium or H2O is
substituted by D2O. The range of topics currently studied by SANS technique extends
from matter within basic physics to applied metallurgy4, polymer5 and colloidal science6

and biology7. The SANS technique is not stand alone. Others techniques such as high-
resolution electron microscopy(EM), scanning tunnelling microscopy(STM) and atomic
force microscopy(ATM) are among complementary techniques to SANS which also give
information on the same length scale. Since neutrons can penetrate more deeply in the
bulk materials compare to X-rays or electrons, the thickness of the sample studied by
SANS can be varied from mm's to em's or in a liquid form.

Main hardware features

An isometric view of the SANS instrument is shown in figure 1. The instrument
consists in principle of a neutron source, a monochromator system, a collimator, sample
holders and detector system. Moreover, the data acquisition system is normally an
integrated part of the instrument. This instrument is connected to 1 MW research reactor
via a radial piercing beam port. Details of the instrument parts and their functions are as
follows:
Coarse collimator : This is an aluminium tube 110 mm diameter and 1.5 m long. Annular
lead blocks are fitted to the ends of the tube and the space between lead is filled with
paraffin-boric mixture. This collimator is placed inside the beam port #4 of the reactor
and serves to collimate the incoming neutron beam to within a divergence angle just
sufficient to illuminate the monochromator and at the same time suit the mosaic width of
the monochromator crystal. This will ensure that shielding requirement is minimised due
to the removal of unused neutrons.
Biological shielding : The biological shielding houses the monochromator and beryllium
filter assemblies. It is a concentric layers of lead and concrete with dimension 2.6 m(L) x
3.0 m(W) x 2.3 m(H). Unwanted neutrons and Gamma radiations are stopped by a beam
trap made up of borated paraffin and lead.
Be filter : The filter consists of 16 bars of pure polycrystalline beryllium block, each 3 x 3
x 15 cm2, each assembled in a pigeon-hole mesh of 1.0 mm Cadmium. The design
ensures a small cross-sectional area relative to the length of each element which make it
an effective neutron filter by the absorption of highly-scattered neutrons. The matrix
structure ensures a large surface area sufficient to cover the entire beam size. The filter is
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cooled by thermally linked to a LN2 reservoir and inserted in a cryostat chamber. The
cooled(77K) Be filter removes all neutrons below 0.4 nm.
Monochromator : The neutron beam from the reactor passes through the Be filter consists
of multiple neutron wavelengths. Wavelength selection with a mechanical velocity
selector8 which often being used at many places, is not feasible in MINT, due to the high
contamination of the beam with fast neutron. Therefore, 9 crystal pairs of highly-oriented
pyrolitic graphite are used as monochromator. This monochromator reflects neutrons with
an average wavelength of 0.5 nm. The monochromator can be positioned along the beam
axes by stepper motor and controlled remotely from outside the biological shield.
Neutron monitor : The neutron monitor is placed at the entrance of the main collimator,
after the monochromator assembly. The monitor which is consists of a uranium fission
chamber and NIM modules is used to measure the incoming neutron flux before entering
the main collimator.
Main collimator : An evacuated shielded steel tube, 4 m long and 100 mm diameter. It is
made in 2 x 1.0 m and 2.0 m sections to enable length adjustment. A sample can be
placed at the exit of the collimator and the entrance and exit aperture diameters can be
varied between 1 mm to 10 mm.
Sample area : At the moment, a sample is placed in air at the exit of the main collimator.
In the future, a sample chamber will be fitted to accommodate standard samples and
specialised ancillary equipment. Automatic slit positioning and sample stage positioning
are also planned to be fitted in this area.
Secondary flight-tube : An evacuated shielded steel tube, 1.0 m in diameter. It is made in
2 x 0.5, 1.0 and 2 m sections to enable length adjustment. A neutron position sensitive
detector(PSD) is placed at the end section of the flight-tube to measure the scattered
neutrons from the samples.
Neutron detector : The PSD with an active area of 128 by 128 cm2 and resolution element
dimension of 0.5 by 0.5 cm2 is used for neutron detection. A beam stopper is placed in
front of the detector to prevent a direct beam and the detector efficiency is 83%.
Data acquisition : An IBM PC computer is used for acquisition and display of all data
obtained on-line. The scattered neutron data are displayed both in 2D, 10-colour contour
and 3D isometric views. The software have been developed to permit the user to interact
with the dedicated PC in a simple and direct fashion.

The instrument is rather flexible, as the effective length can be varied between 2 and 8
m. The specification of the instrument is shown in table 1.

Performance

The instrument performance is calculated1 in terms of the minimum observable
momentum transfer, Qmin, operable Q-range, maximum resolvable dimension, D and
neutron intensity, I at the sample position. The maximum momentum transfer range
covered by the instrument is limited by half detector size, i.e. 32 cm at neutron
wavelength 0.5 nm and the minimum sample-detector distance of 1 m can be achieved to
obtained larger Q-range. With a minimum Q given by half the size of the beam stop, i.e.
10 cm for the given wavelength and maximum sample-detector distance is 4 m, that give
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a total momentum transfer range of 0.08 nnr1 < Q > 3.6 nnr1. Table 2 summarised the
expected performance of the instrument.

Experimental Formulation in SANS

The theory and experimental practise of small angle scattering have been
presented in excellent review papers910 else where. In the following, only a short
introduction is given which emphasis on a simple experimental formulation. The
interaction between neutron and matter is dominated by the interaction with the nuclei.
The intensity of the scattered neutron is given by

= K.P(Q).S(Q)

where Q is a momentum transfer, with length

Q = (47c/X)sin(9/2)

A, is a neutron wavelength and 6 is an angle between incident and the scattered beam. K is
a prefactor which contains information on the particle volume, concentration and
scattering length density. P(Q) is a form factor which gives information on size and shape
of the particle and S(Q) is called a structure factor which describes the inter-particle
correlations such as the average distance between the particles. The scattering function
I(Q), gives information of inhomogenities (difference in mass density) in the sample
studies. In general, the interpretation of I(Q) needs a fitting procedures of the structural
models to the scattering data. However, approximation can be made through Guinier's
law9 in low Q and Porod's law9 at high Q-range. At small values of QD, where D is the
linear dimension of the particle, for dilute solution (i.e. S(Q) —> 1), P(Q) is given by

P(Q) = exp(-Rg2Q2/3)

and

P(Q) =

for Guineir and Porod plots respectively, where Rg is the radius of gyration, S is the total
surface area and n determines the shape of the particles. The Guineir plot of In I(Q) vs.
Q2, has a slope giving the particle size and an intercept giving the product of the volume
fraction, the particle volume and the square of scattering length density difference. The
Porod plot of In I(Q) vs. In Q, is linear and the slope giving the total internal surface area.
In the case of less dilute system (high scatterer), where S(Q) not equal 1, the Fourier
transformation of the I(Q) will predict the distance between the particles. More ever, the
first peak in I(Q) vs. Q occurs giving the average distance between the particles by D = 2rc

/Qo-
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First results and discussion

Various measurements have been made in order to test the data acquisition
programme as well as the instrument performance. Figure 2(a) shows the on-line
scattered neutron data obtained from water sample. The data are simultaneously displayed
in 10-colour contour and isometric views. Scattering without sample in placed is also
shown in figure 2(b) for comparison. It is noted that, water shows incoherent scattering
which is independent of Q and its normally used to measure a background counts. The
direct measurement from the collimated beam (figure 2(b)) were made for beam-stop
adjustment. Note that, the high neutron intensity at the centre (beam-stop position) of the
detector may be due to the contamination of the fast neutrons which transmitted through
the collimator hole.

The iso-intensity contour maps of water and fine SiC>2 powder are shown in figure
3(a) and (b) respectively. The isotropic scattering of SiC>2 particle formed the rings which
showed spherical symmetry about the incident beam. The S1O2 data were obtained from a
138-minute run in the standard instrument set-up and 316 812 neutrons were detected at
the fixed neutron wavelength of 0.5 nm. The data were radial averaged to obtain ID plot
of I(Q) against Q, as shown in figure 4. Note that, the peak of the curve is obtained at Q =
0.245 nm"1, which gives the average distance between the particles, D = 26.0 nm. Further
work on analysis and interpretation of the SANS data is in progress and will be presented
during this conference.

Conclusion

The design, construction and installation of the SANS instrument at MINT are
completed. Measurements of machine performance have shown that the instrument can
resolve between 5 nm to 80 nm. Although limited in range and intensity, the instrument is
expected to be usable in the study of alloys, ceramics and polymers. Planned future
improvements through optimisations of its components and data analysis softwares will
make it useful to an even broader spectrum of scientists.
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Table 1 : The SANS Instruments Specifications.

Beam tube :

Flux at the entrance :

Nonochromator :

Incident wavelength :

Warelength resolutions :

Source-to-detector distance :

Sample-to-detector distance :

Beam size at specimen :

Q range :

Detector :

Flux at specimen :

Radial piercing beam port ( 1 MW TRIGA Reactor )

2xlO 1 2 n c m V

9 pairs of pyrolitic graphite crystals
(coupled with Cold Beryllium filter )

0.5 nm.

ДХ/Х = 2 0 %

1 - 4 meters.

1 - 4 meters.

0.12 - 1.0 cm.

0.08 s Q s 3.6 Â"1

128 by 128 cm2.

10 - 103 n cm'V1 depending on the slit size and the reactor
power.

Table 2 : The expected performance of the small-angle neutron scattering instrument in terms of
the minimum Q, maximum Q, minimum resolvable dimension and intensity at the
sample position for collimator and secondary fight-tube lengths of 1,2 and 4 m, with inlet
collimating aperture diameters of 50, 25 and 12 mm.

Lm

1

2

4

Rtrran

50
25
12

50
25
12

50
25
12

Qmjn Ш П 1

1.26
0.63
0.38

0.63
0.31
0.15

0.31
0.16
0.08

ОпихШП1

3.6

1.9

0.9

d„„ nm

5
10
21

10
20
42

20
40
83

I ns1

3.3 x 103

2.1x10"
1.1 xlO3

8.3 x 104

5.2 x 103

2.8 x 102

2.1 x 104

1.3 xlO3

6.9 x 101
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Figure 2(a & b) : (Photographs) Output screen of the data acquisition system for the
SANS instrument displays accumulated data in 10-colour contour and
isometric views.
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Figure 3(a & b) : (Photographs) The iso-intensity contour maps of H2O and fine SiO2

powder.
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Abstract : We report small-angle X-ray scattering (SAXS) studies on the system
dodecylethyl dimethyl ammonium bromide-water-dodecane in and around the cubic
phase region. Geometric constraints on the molecule put the region to be between 40-50
percent weight in water and less than 10 percent weight in dodecane. The cubic phase
found is consistent with an Ia3d symmetry. Quantitative arguments are given to support a
monolayer rather than a bilayer structure.

Introduction

Cubic surfactant systems have been intensely studied in recent years not only
because it is now believed to be a true stable phase but also because of its polymorphisms
and connecting role between real crystals with that of lyotopic liquid crystal systems.
Structural studies in the lyotropic cubic crystals have shown that geometric packing
constraints would allow two bicontinuous topologies viz. a bilayer and a monolayer
membranes. For some systems as exemplified by the ternary system didodecyl dimethyl
ammonium bromide/water/alkane, bilayer topology is chosen (1,2). This is due to the
already bilayer nature of this surfactants in water (vesicular phase). In the ethoxylated
surfactants denoted by CmEn, it was found that a bilayer to monolayer transition is
possible in the cubic phase (3). Here we report the formation of a monolayer cubic phase
in the system dodecylethyl dimethyl ammonium bromide (DEAB)/dodecane/water. The
geometry of the surfactant molecule is shown in fig. 1.

Experimental procedure

Dodecylethyl dimethyl ammonium bromide were bought from Fluka and used as
received. Dodecane is from Sigma (HPLC grade) and distilled water prepared in a clean
room with resistivity of 18.2 Mohm. The surfactant powder were weighed, dissolved in

144



ACXRI '96

water and later mixed homogeneously with dodecane in Kimmax 10 ml culture tubes.
The samples were also warmed to 60 deg. C for complete homogenisation and phase
diagram determined using an optical microscope with polarising filter and visual
observations. The cubic phase was determined from optical isotropy and ringing
behaviour (when tapped in the culture tubes).

Small-angle x-ray scattering measurements were made at the Farris Engineering
Center, University of New Mexico, Albuquerque, New Mexico, USA and was in a
pinhole geometry. The samples undergo a series of heating and quenching in the culture
tubes 10 minutes before being delivered using a spatula into a teflon ring and sandwiched
in between Kapton tapes. This heating and quenching cysles were made to prevent large
crystallite formations which would prevent powder scattering from the samples. Most
samples were put in the X-ray beam for a total of one to two hours after several sample
rotations. Samples that showed anisotropy (shown by its two dimensional spectrum)
were discarded and other samples (heated and quenched several times) were used. A
short geometry was used throughout since the scattering peaks occur in the Q range
covered by this geometry.

Experimental results and discussions

Description of the phase diagram. The phase diagram is shown in fig. 2 with the
cubic phase subtended by two crossing grids namely 0-10% dodecane and 45-55% water
fractions. Below the cubic phase (containing more water) there is an oil-in-water
microemulsion region consisting of a clear isotropic viscous phase. Separating the
lamellar and the cubic phase at 40-50% water fraction is a mixture of cubic and lamellar
phase where the samples look faily rigid and slightly birefringent, characterised by their
translucent or turbid appearances. In the denoted lamellar region, its existence is noted
by excess oil, showing the existence of fairly strong van der Waals force that prevent oil-
swelling of this phase. The cubic phase is characterised by : I) single (presumably of
Ia3d) symmetry (no transition between symmetries as in didodecyl dimethyl ammonium
bromide-water-alkane systems which are cubic bilayer systems), II) lower melting point
when compared to the DDAB/water/alkane system and III) its small lattice parameter-
therefore it is possible to have a large genus - this can be confirmed either by determining
the diffusion constants of the oil or water using NMR techniques or direct observation
using cryo- or freeze-fracture electron microscopy.

Examples of the scattering spectra showing Ia3d arrangements are shown in
figures 3 and 4 for samples DEDD32, DEDD33, DEDD37 and DEDD6. Only two peaks
are discernible. The Ia3d symmetry (space group 230) should give a peak at J 6, j 8, J 14,
J16, J20 corresponding to relection planes of (211), (220), (321), (400) and (420). It
should be noted that spacegroup 220 (I43d symmetry) also gave the same peaks but
following Luzzati's notation, the group with the highest symmetry is chosen, especially
when higher distingushing peaks do not appear or become too weak. Some samples
showed only a single peak, probably due to overlapping of the two close peaks due to a)
comparable intensity and b) occurrence of crystallites that orient at the right direction.
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Table of Samples

Sample

DEDD 1
DEDD4
DEDD 5
DEDD 6
DEDD 9
DEDD 12
DEDD 16
DEDD23
DEDD25
DEDD32
DEDD33
DEDD37
DEDD38

Compositions (S

65.04/24.05/10.9
52.18/38.98/8.84
50.46/42.34/7.2
44.65/51.83/3.52
54.6/40.78/4.62
39.13/57.61/3.26
47.97/48..37/3.65
45/45/10
42/45/13
48/50/2
45/47/8
50/48/2
45.5/53.5/1

'O) d=2n (Qmax) (Angstroms)

40.5
43.3
46.5
52.4
44.9
48.3
44.9
48.3
52.4
48.3
52.4
46.5
41.9

The peak positions gave a characteristic distance that corresponds to the average size of
the surfactant molecule consistent only with a monolayer packing.

Conclusions

We have shown that monolayer cubic phase can occur in dodecylethyl dimethyl
ammonium bromide/water/dodecane system. It would be interesting to compare the
rheology and melting behaviour of this monolayer system with a bilayer system like in
the DDAB/water/alkane system.
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The single-tailed dodecylethyl dimethyl ammonium bromide surfactant molecule.
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cubic, microemulsion and lamellar regions.

n- Dodecune

147



ACXRI '96

DEDD32A.INT

c
<D

10 ' -

1 0

DEDD33.INT
1 0

2 .

10' -

)

1

0

I—!—I—

i j

1 !

f

-

\

i

i—

V

j

1 j

>
%
4
v M•

\

1

*\

i—

i
«V

i—|—

K
%

' ! ! ! ! !

Er>

T~

' nJ M

T—I

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Q(ang -1)

1

0 ' ' i

•• i '•

] I j «

N !

I \ \

i

• i

h

f i

i i

• \ \

> i

, i i j

M ! 1 i 1 I r
l i i l I i i i .

i ! ! ! M M i i ! J

1 I I 1 i i I I 1 | I 1

! i i i i 1 i i 1 i ! !10
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Q(ang -1)

Figure 3

SAXS profile for sample DEDD32 and DEDD33 (see texts for compositions) showing
two close peaks with a 1: 1.154 spacings consistent with an Ia3d symmetry.
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Figure 4

SAXS profile for sample DEDD6 and DEDD37 (see texts for compositions) showing two
close peaks with a 1:1.154 spacings consistent with an Ia3d symmetry.
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EFFECTIVE APPLICATIONS OF AUGER ELECTRON
SPECTROSCOPY

H. Golnabi
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Abstract : The goal of this study is to explore different aspects of the AES process
and to present the new techniques which can be used effectively for analytical
purposes. More emphasis is given to AES data acquisition, sensitivity factor and
Auger intensity. The experimental details of a typical scanning Auger microprobe
(SAM) is also presented. Applications of AES to selected systems such as
microelectronic devices, supperconductors, and in metallurgy are described.

Introduction
When a sample is excited with x - ray or energetic electrons, core electrons may

be ejected from an energy level Ex and core hole Ex is then filled by an internal
process in which electron from energy level Ex fall into the core holes E^. Energy
blanced is achieved either by x - ray emission or by ejection of a third electron from
energy energy level Ez. The energy of the third electron (Auger electron), EAis given
by:

EA= Ez+Ey-Ex (1)

which is unique for each element. If the Auger energy spectrum frm 0-2 keV is
measured, then all the elements present on be sample can be identified. AES is a
surface sensitive technique because of the intense inelastic scattering that can occur
for electrons in the energy range of 0-2 keV, illustrated in Fig. 1. only Auger electrons
from the outmost 0.5-3 nm of a solid survive to be ejected and measured in the
spectrum.

With the modified Auger electron spectrometer it is possible to obtain both
Auger and secondary images of the sample under study. The modified apparatus is
known as a scanning Auger Microprobe (SAM), which provides Auger spectra of
localized areas of about 25 nm-l^m. A SAM system can also function as a medium -
resolution SEM.

Experimental Arrangement.
A typical SAM consists of a stainless-steel ultra-high-vaccum chamber, which

contains the electron gun and electron kinetic energy analyzer, a data-acquisition and
analysis computer with associated displays and printer system. There are two main
reasons for UHV environment, first the Auger electrons must not be scattered by the
ambient gas and second the rate of sample contimination must be slow for a good
analysis.

The electronic and mechanical stability of the electron gun are of utmost
importance. The lack of stability, or drift, of the electron gun can severely limit the
ability to analyze small samples (o.lyum) over long period of time (lh). Two types of
thermoionic emitters and field emissision gun are used in AES electron gun. The
developemet of the beam quality over 20 years is shown in Table 1. The electron
kinetic energy analyzer is the heart of Auger spectrometer. Most systems use
electrostatic analyzer and two types are the cylindrical mirror analyzer (CMA) and
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the hemispherical sector analyzer (HSA).

For current detection multistage or continnuousus dynode electron multipliers
(CDEM) are employed. A new development is the use of position sensitive detectors
in electron specroscopy. As mentioned, a secondary electron detector is added to the
Auger electron spectrometer which permits to be used as a SEM. A semiconductor
x-ray detector is also added to the AES system which permits energy dispersive x -
ray analysis (EDX) to be perfomed. However, EDX analysis is not surface sensitive,
because x-ray emanate from a region l-2/«n in diameter. Thus with the combined
system the number and identitiy of electrons in the sample block may be rapidly
identified.

All modern spectrometers are equipped with a sputter ion gun, which allows for
bombardment of the specimen surface by an energetic beam of rare gas ions. Sputter
ion guns are used both to clean and erode the surface by energetic ion impact. The
sample handeling includes : sample stage, sample carousel, and sample heating and
cooling. It is suggested that 5 degrees of freedom in sample movement should be
available (3 translationnal and 2 tilts). A carousel - type sample holder, allowing
multiple samples to be located into the vaccum chamber. Sample heating may be
useful (600 °C) for several hours, and cooling is usually done by liquid nitrogen.
Sample fracture stages use an impact hammer or chisel to fracture the sample, which
places the sample in both tension and compression. All practical fracture stages
provide for liquid - nitrogen cooling of the sample to attempt a brittle fracture.
Another method operating a clean surface is by mechanical removal of the original
surface and its associated contimination (scribe or scratch).

Sensitivity Factor and Auger Intesity
The emitted Auger electrons are detected by an electron analyzer with a

transmission efficiency T (EA) and a detector of efficiency D(EA). Thus, the current,
IA, may be written as

IA= Io^Ep) [l+rM(EA,a)] T(EA)D(E)J NA(Z)exp[-Z/Am(EA) cos 9] dZ (2)

where <rA is the ionization cross section, rM is the backscattering term, a is the
angle between the surface normal and the incident electron beam. NA(z) is the
A-atom distibution with depth z into the sample surface. AM is the the inelastic mean
free path, and 9 is the angle of emission. The current is integrated over the
appropriate angular enterance aperature of the electron spectrometer.

At the present Eq.(2) is not used directly for the data analysis. Instead it is used
as a starting point and various simplifications are made to determine the work
function of the specimen.

Considering a homogenous binary system,AB, the number of unknowns in
Eq.(2) can be reduced by considering the ratio of intensities for the pure element
standards IA°° /IB°° , recorded on the same AES instruments,

2k = F A B
A JA/JAL (3)

XB ^ IB / IB00 V '
where XA and XB are the mole fractions of A and B, respectively, in the solid

AB, and FAB
A are the Auger electron matrix factors. For the case that the matrix

factor are ignored, then Eq.(3) reduces to

= I A

i =0 An / In
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In the absence of a large number of pure elemental standards from which
values for IA°° and IB°° etc. may be obtained, the Auger signal from the sample may
be normalized relative to both(l) the signals of all the sample Auger peaks present in
the spectrum and(2)the signal of the pure sample element compared to the signal
from a pure elemental target,typically silver. Thus we can write

where IA is the intensity of the Auger peak associated with element A, and SA is the
Auger sensivity factor for element A at the particular ionization potential employed.
The choice of Auger intensities IA and IB is a matter of some debate, but usually
peak-to background ratios are used. More recently the major sources of errors in
AES measurements have been reported1.

Data Acquisition and Analysis

l.Techniques: Data acquisition system includes AES spectrometer digital
control,SAM data analysis computer and ancillary SAM capability. Digital system
facilitates system automation and contributes to faster analyses and improves data
accuracy. The function of the analysis computer are as follows: (1) spectral display
and expansion(2) smoothing,(3)derivative spectra,(4)peak integration and area
measurements,(5)analysis of overlaping spectral features,(6)addition and subtraction,
of spectra and (7) noise spike removal.

AES experimental techniques include, Auger data acqusition, Auger point
spectra, Auger line spectra, and Auger mapping. The electron energy
distribution,N(E) vs E, is recorded by pulse counting(Ip <10'7 A)or by
current-to-digital conversion methd(Ip>10"7 A). The most common are single or
multiple point spectra, in which the electron beam remains at one point I(Xj,yj) on the
sample for the duration of the data collection. Similarly multiple data points,
Ii=in(xj,yi) can be obtained in which I is the Auger signal at one point and n is the
number of points. Often line scan is usefull,specially when the sample is presented
such that a cross sectional view of an interface is observable.

By scanning the electron beam across the sample, and measuring intensity I
(x,y), an image may be constructed in which the intensity of each pixel represents the
amount of the element present. A two-dimensional view, or Auger map, of the
concentration across a surface can be constructed.

2. Depth Profile Analysis: The combination of an Auger spectrometer and an ion gun
can be employed to obtain a compositional depth profile of a surface. This may be
done either seqentially or continuously. In the continuous method, the chemical
composition of the surface at each depth , for each time, is slightly different and a
simultaneous analysis is possible. Specimen rotation during sputtering has shown an
improved interfacial resolution for multilayer samples2.

The data obtained consists of Auger signal intensities,I, as a function of
sputtering time,t, and must be converted to concentration C vs. depth,z. The sputter
rate Z (m/s)is described by

Z= (M/pNe) S JP (6)

where M is the atomic mass number, p is the density (kg m'3),N Avogadro's number,
e electron charge, S is the sputtering yield(atom/ion), and Jp is the primary ion
current density(A m2). From Eq.(6) Z can be calculated by knowing S from
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literature3 and measuring Jp.

A better method to obtain Z is to measure the time required to sputter through
a layer of known thickness(anodized tantalum foils). A third method is to measure
the actual sputter depth after depth profiling by conventional interferometry or stylus
method.

3. Depth Deconvolution Techniques: An efficient method is the factor analysis4 which
can be applied to Auger line shape spectra to determine the presence and number of
new chemical states formed at interface. This technique can provide information
about the number of components, qualititative analysis from overlaping spectra,and
extraction of spectra for unidentified components with a good speed of analysis.

Figure 2 shows a conventional Auger depth profile of Pt-Zirconia, while it is
compared with a chemical state depth profile computed from Auger line-shape
information, Fig. 2b. Spectra of the three individual components Pt,Pt Zr, and Zr O2 ,
have been calculated by the factor analysis technique.

Depth profiling of multilayers has been accomplished by using a logistic
function. For a solid/solid interface the Auger depth profiling can be determined by a
logistic function of the form

Y= A+a(T-T0) B+b(T-To)
l+ex l+e x ^ ;

where Y is the surface elemental concentration of the components that defines the
interface. A is a measure of the preinterface and B is for the postinterface
concentration,where" pre" and "post" are taken in the sense of time. To is the
midpoint of the interface region,and x is a dimensionless reduced time defined as
(T-To)/D. D is the characteristic time for sputtering through the interface region. A
least-squares fitting program has been employed which fits the Eq. (7) to the
measured Auger spectral intensities.

Applications
A list of AES applicatins to a variety of problems is given in Table 2. A

scanning Auger microprobe, because of its high lateral (50 - 100 nm) and depth
resolutions (0.5 - 3 nm) and inherent capability to function as a SEM, is ideally suited
to identify and correlate submicrometer features with elemental analysis of these
features. By combining AES with ion - beams sputter etching, depth profiling on
small scale ( 2 nm resolution in < 100 - nm depths) may be performed.

There are several applications of AES in microelectronics. In metallurgy, grain -
boundary segregtion, thin film interdiffusion studies and historical metallurgy can be
accomplished. Alloyed superconducting Nb3 Sn - bronze wire filaments were
fractured under UHV (3xl0~10Torr,4xl0~7pa)and struture and elemenrtal composion
of the individual wire filaments were examined. Other applications of AES conserns
with corrosion, insulating samples and mineralogy and also surface extended energy -
loss fine structures. AES also can be used as a valence - band spectroscopy that is
surface sensitive. Observed changess in Auger line shapes have been useful in
identifing chemical states of elements at surfaces, particulary carbon, sulfur, nitrogen,
and oxygen.

A summary of the capablities of AES is presented in Table 3. In order to
recognize the strong aspects of the AES and to take full advantage of the system its
potentials are explained in terms of the sample form, size, topography and prepration
process.
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Table 1. Progress in AES beam diameter.

Date
Early 1970s

Mid 1970s

Mid 1980s

Late 1980s

Beam

diameter

Cam)
400

40

0.5

0.1

Beam

current

(nA)
2xl04

5X103

10

1

Beam

voltage

(keV)
2.5
5

10

25

Table 2. Selected applications of Auger electron spectroscopy (Ref. 5)
(1) Microelectronics

(2) Grain - boundary sgregation

(3) Superconductors

(4) Thin - film interdiffusion

(5) Ti - 6A1 - 4V Powder for aerospace

structural components

(6) Historical metallurgy

(7) Corrosion

(8) Mineralogy and insulationg samples

(9) Surface extended energy - loss fine

structure

(10) Chemical effects

Incident Electron Beam

sample surface

Auger electrons
• 0 A - 3 run Sputter Depth (nm)

2500

secondary electrons
50 nm

backscauered electrons
-SOOnm

primary x-ray excitation
• 1000 nm

100

Sputter Depth (tun)
2500

Fig. 1. Diagram comparing Auger
electron escape with emission
depths for backscattered electrons. 154

Fig. 2. (a) Conventional Auger depth
profile and (b) chemical state depth
profile from Auger information.
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Table3. Summary of capabilities (Ref. 5)

Use
(1) 0-3 nm surface elemental analysis

for all elements except H and He.

(2) Depth vs composition profiling and

thin-film analysis.

(3) 20-nm lateral resolution surface

chemical analysis.

(4) Grain-boundary and other interface

analyses facilitated by sample

fracture.

(5) Identification of phases in cross

sections.
Limitations
(1) Quantitative detection sensitivity is

from 0.1 to 1.0 at. %

(2) Accuracy of quantitative analysis

limited (±30%) when calculated

using sensitivity factors. Better

quantification (±10%) when

standards that closely resemble the

samples are available.

(3) Insensitive to H and He.

(4) Electron-beam charging may limit

the analysis of insulating materials.

(5) Electron-beam damage may limit

analysis of organic and biological

materials.

Estimated Analysis Time
(1) Survey spectra: " 5 min for a

complete scan from 0-2000 eV.

(2) Selected peak analyses:"" 15-30 min

depending upon the number of

peaks.

(3) Depth profiling: - 30-300 min or

longer.

(4) Auger elemental imaging: ~ 30-300

min or longer.

Samples
(1) Form: Solids with low vapor

pressure [< 1.33x10-* pa(108 Torr)

at 25 °C].

(2) Size: Limited by specific instrument;

2x1x1 cm is typical; powder may be

analyzed.

(3) Topography: Flat surfaces are

preferable; rough surfaces may be

analyzed either in small areas (= 1

//m2) or averaged over large areas

(- 200 ̂ m2).

(4) Preparation: Frequently none;

samples must be free of fingerprints,

oils, and other high-vapor-pressure

materials.
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DETERMINATION OF MOLECULAR PACKING IN LANGMUIR-BLODGETT
FILMS BY X-RAY DIFFRACTION

Norani M. Mohamed
School of Materials and Mineral Resources Engineering,

Universiti Sains Malaysia, Seri Iskandar, 31750Tronoh, Perak, Malaysia.

Abstract: This paper is intended to impart to the researchers unfamiliar to this field, a
general introduction to the fabrication of Langmuir-Blodgett (abbreviated as LB) films
with the focus on the techniques used to provide infomation on molecular arrrangement in
multilayers film of a metal substituted phthalocyanine. A molecular packing in LB films
for pure and mixed materials are proposed based on the isotherm and x-ray diffraction
studies. The results of the isotherm and x-ray diffraction for the pure material suggest that
in the region of ordered multilayers, the molecules are arranged with their planes
perpendicular to the substrate surface. For all the mixing ratios investigated in the mixed
LB films, d-spacings appeared to be determined by just one of the components.

Introduction

Monomolecular assemblies on substrates, now termed Langmuir-Blodgett (hereafter
abbreviated as LB) films, have been studied for over half a century. LB films are now an
integral part of the field of molecular electronics. It seems inevitable that they will play
some role in replacing inorganic materials in certain areas of application in the
microelectronics and optoelectronics industries. The ability for the synthetic organic
chemist to produce organic materials with tailored properties has been used to advantage in
several applications. The best example is that of liquid crystals and their use in displays
and digital thermometers. In the search for any new phenomena and possible practical
applications of LB films, one should not overlook the pressing need for a sufficient
fundamental knowledge of structure-property relationship. This paper reports the
determination of the film thickness of substituted nickel phthalocyanine and the mixtures
by x-ray diffraction technique. The results would provide a valuable insight into their
structural form in the pure and mixed LB films.

LB Technique of Film Deposition

The LB technique has three basic procedures: spreading a monolayer onto water
surface, compressing it and then removing it. Before spreading a monolayer, the material
is first dissolved in an organic solvent (also known as the spreading solvent) which should
be immiscible with water. As the solvent evaporates, a monolayer is formed as dictated by
the amphiphilic nature of the molecules with the hyrophilic headgroups immersed in the
water surface and the hydrophobic tailgroups remaining above the water surface in a
random manner. This is illustrated schematically in Figure la. At this stage the
monolayer is loosely packed whereby the interactions are small. If the monolayer is
compressed sufficiently with the aid of the barrier system, the hydrophobic chains which
are initially distributed randomly near the water surface are being lifted away (Figure lb).
Further compression will results the monolayer to undergo a change from a liquidlike state
as shown in Figure lb to an ordered solidlike arrangement of the two dimensional array
molecules as in Figure lc. Beyond a certain surface pressure which depends on such
factors as the rate of compression and the stability of the monolayer, further compression
would force the monolayer to buckle and collapse into a multilayer (see Figure Id).

The basic representation of monolayer behaviour at a given temperature is the
pressure-area isotherm. Studies of the pressure-area isotherm can provide a wealth of
useful information about molecular sizes and intermolecular force of monolayers on the
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water surface. However, it should be pointed out that the resurgence of interest in this area
has been largely due to the fact that films can be transferred from the water surface onto
solid substrate using what has become universally known as the LB technique.

To form a solid multilayer film, a suitable substrate is normally dipped repeatedly into
the compact monolayer resident at an air-water surface. The deposition of a solid film
from floating monolayer is usually carried out at a surface pressure just below the collapse
region. The initial deposition is dependent on the type of substrate used. Deposition onto
a hydrophilic substrate will occur when the headgroups attach to the substrate as it is
withdrawn from the water surface. Further deposition follows the sequence of events
shown in Figure 2a. This type of deposition, in which the monolayer is deposited each
time the substrate moves across the phase boundary is known as Y type. If the deposition
occurs only when the substrate enters the subphase, then the process is refered to as X
type. Z type deposition is refered to the deposition which occur only when the substrate
leaves the subphase.

Experimental Details

Preparation of the LB films was carried out using a double compartment
polytetrafluoroethylene (PTFE) trough. The two compartments are separated by a PTFE
rotating cylinder which acted as a substrate holder. The clockwise rotation of this
substrate holder allowed the substrate to be immersed in one compartment and withdrawn
from the other compartment. Water for the subphase (resistivity > 18Mohm cm) was
purified by reverse osmosis and then by passage through a milllipore Milli G Organex
water purifying system. The subphase temperature was maintained at room temperature.
The substituted nickel phthalocyanine [with the side chain of O(CH2)2CH3J was provided
by Dr.MJ. Cook, University of East Anglia, England. Details of this material is described
elsewhere '. The material was first dissolved in Analar-grade chloroform and then spread
onto the water surface. The surface pressure versus area isotherm was recorded after the
solvent had evaporated. The film was compressed to a surface pressure of 30 mNnr1 and
film transfer to clean hydrophilic glass slide was carried out at 3.0 mm per minute.
Constant pressure was maintained using an electronic servo-feedback system.

Evaluation of Film Thickness

The beauty of the LB technique is the ability to deposit organic layers with an ultrafine
control of the layer thickness. Therefore the evaluation of this parameter is of paramount
importance in any LB film study. Many techniques can be used for this evaluation, but it
is noted that some of these methods do not give an independent measurement of layer
thickness, in other words other physical parameters must also be determined accurately.
For instance, some optical techniques require the refractive index of the material to be
known; electrical measurements (e.g., reciprocal capacitance versus film thickness) require
knowledge of the permittivity.

X-ray diffraction techniques have been used extensively to determine the monolayer
thickness of LB films. Most of the work involved long chain (saturated and unsaturated)
fatty acids 2"8. However, other materials namely, long chain esters 9 1 4 , substituted
aromatics 15-17> performed polymers 18 and biological materials 19~21 have also been
investigated. X-ray scattering can occur for all atoms in the molecules but the process is
comparatively more efficient for heavier atoms such as metal ions than for lighter atoms
such as carbon and hydrogen. Thus in some molecules which have been substituted with
metal ions, the d-spacing measured by x-ray diffraction corresponds to the distance
between adjacent planes containing metal ions.

Past studies 22> 2 3 have shown that for some materials, only a few diffraction peaks can
be observed enabling only determination of layer spacing. However, together with the
isotherm data, a general idea about the packing of the molecules can also be derived. With
some other materials 2^ sufficient diffraction peaks are observed to allow a reasonable
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structure determination. Early works 25>26 on barium and cadmium salts of a number of
fatty acids have revealed that good agreement can be achieved between the x-ray d-spacing
and values obtained from optical techniques such as interferometry and ellipsometry: All
the values of d-spacing obtained are close to those calculated for the lengths of the
molecules, inferring that the hydrocarbon chains in transferred monolayers are oriented
with their hydrocarbon chains almost at right angles to the substrate.

However, in some other cases the X-ray d-spacings are noted to be significantly less
than those expected from the molecular length. Such evidence points to a tilt in the
transferred molecules. Researchers working with some long chain esters 27>28,
diacetylenes 29-30 and certain alternate layer structures 31<32 have also resorted to the tilting
of the molecular chains for explaination of their X-ray data. They 33' 34 found that the
angle of tilt depends on the LB material and also on the deposition conditions.

Results

Figure 3 shows the isotherm of substituted nickel phthalocyanine, the molecular
structure of which is shown in the inset. As can be seen, this reproducible isotherm is
curvy and does not possess the distinctive three-phase characteristic exhibited by fatty
acids materials. The shape of this isotherm is shifted slightly on recompression and was
found to be unaffected by the variation of ph over the range of 4 to 8 at 25 °C. The
experimental area per molecule determined by extrapolating the steeply rising region to 0
mNnr1 was found to be 99 A2. It is interesting to note that the calculated minimum area
per molecule for metal-free compound derived by M.J.Cook et al ' is 86 A2. This value
was obtained from dimensions estimated from CPK space-filling models and assuming
tight packing in the monolayer with the plane of the ring system perpendicular to the water
surface. No value is assigned to this nickel derivative because it is difficult to predict the
effect that, nickel ion should has on the area occupied by the molecule at the water surface.
However, we find the above experimental value for the substituted nickel phthalocyanine
correspond well with that of the corresponding metal-free analogue. It is therefore
possible that at 30 mNnr1 the molecules of this compound are arranged as closely packed
monolayer.

The monolayers formed on the water surface were deposited onto glass slides to form
LB films. Good coverage of an even green film on the glass substrates can be obtained
with Z-type deposition. Figure 3 shows the diffraction spectrum of 45 layers. The same
peak was also obtained for different layers of the material. In this X-ray diffraction
pattern, the layer thickness of 21 A was calculated from a distinct peak observed at 4.2 °.
The strong Bragg intensity is indicated by the high intensity measurement shown in the
diffraction pattern. This suggests that almost all part of each film is fabricated as ordered
multilayers parallel to the substrate. The layer thickness obtained from X-ray diffraction
agrees closely with the molecular length (obtained from space-filling molecular models)
when the molecules are standing upright on the four side chains. The value is also
agreeable with the dimensions of the molecules with overlapping side chains. These point
to the possibilities of either upright molecules standing on the four side chains or of
interpenetrated layers of molecules. The latter possibility is ruled out because in this type
of substitution pattern, the amount of free space between the side chains are limited and it
is believed ' that aggregation effects are very much reduced.

The x-ray technique has also been used to investigate fatty acids films of mixed(within
the layer) materials; in one case an intermediate d-spacing between the individual fatty
acids was obtained; but in the other, the d-spacing appeared to be determined by just one
of the components. The latter case was found to occur in the mixed LB films of
substituted nickel phthalocyanine and stearic acid investigated here.

With this mixed monolayer of substituted nickel phthalocyanine and stearic acid, it is
difficult to determine whether it forms a true mixed film by measuring the collapse
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pressure over a range of mixing ratios. This is because being a rigid monolayer the
collapse pressure of substituted nickel phthalocyanine is not easily detected. However the
spreading of the mixed solution on the water subphase does not show any evidence of an
immiscible components as there was no patches of one monolayer distributed in a
monolayer of the other. For this reason we can safely conclude that these mixed LB films
are formed from homogeneous monolayer though not necessarily molecularly well-
dispersed. The mixed film appeared to be less green depending on the mol. percentage of
the substituted nickel phthalocyanine added to the mixture. Better transfer ratios can be
achieved with the mixtures especially with 90 mol.percentage of stearic acid. This is
suspected be due to the reduction in the rigidity of the mixed monolayer in the presence of
stearic acid.

With small addition of stearic acid (i.e below 34%), the mixed films would consist of
small crystalline domains of substituted nickel phthalocyanine surrounded by irregular
distributions of stearic acid molecules. The regularity of the crystalline domains of nickel
substituted phthalocyanine are reflected by distinct peaks in the corresponding spectrum,
in Figure 5 and 6. The d-spacing calculated for these LB films correspond to the
monolayer thickness of nickel substituted phthalocyanine. Note that as the percentage of
stearic acid in the mixture is increased further, the peak associated with substituted nickel
phthalocyanine dissappeared and the new peaks (1st order at 1.80° to 2.25° ) appeared.
The appearance of the new peaks can be first observed in the spectra of 1:1 followed by
1:2 and 1:4, shown in Figure 7. The maxima in the spectra of 1:1 and 1:2 correspond to
layer thickness of 49 A and 45 A respectively. It is believed that the maxima in these
spectra are due to fatty acid present in the mixed films. In these mixed LB films, small
crystalline regions of stearic acid are produced and these are reflected by low X-ray
intensities of the peaks. Figure 7 shows 5 peaks very similar in intensity and spacing to
the pure cadmium stearate 2 2 but greatly reduced in sharpness. The d-spacing value of
49.0 A is calculated from higher order peaks. The latter being due to the suggestion 35

made that the values obtained for the second, third, fourth and fifth peak are more reliable
than the first peak. The layer thickness of 49.0 A for stearic acid agree closely with the
value measured by Vickers (1984) and Matsuda et al (1988). The above observations have
clearly shown that the structures seen are characteristic of either pure substituted nickel
phthalocyanine or pure stearic acid.

Conclusion

This paper is intended to show that x-ray diffraction data can be used to determine the
monolayer thickness of LB films. Together with the isotherm data, a general idea about
the packing of the molecules can also be derived. In the case of substituted nickel
phthalocyanine, the layer thickness obtained from the X-ray diffraction spectrum agrees
very well with the calculated molecular length, suggesting that in the regions of ordered
layers the planes of the phthalocyanine molecules are approximately perpendicular to the
substrate surface.

From the x-ray diffraction data of the mixtures, it is shown that d-spacings appeared to
be determined by just one of the mixing components. It is concluded that in the mixed LB
films, the structures have the characteristics of either substituted nickel phthalocyanine or
stearic acid depending on the amount of the components in the mixtures.
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IHydrophobic tailgroup

Hydrohilic headgroup
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Figure 1: Schematic representation of a monolayer on a water surface:
(a) expanded, (b) partly compressed (c) close packed (d) collapsed

(a)
I in 1

(i) first withdrawal (ii) first immersion (Hi) second withdrawal

(b)

first immersion

Figure 2: Deposition of multilayers onto a (a) hydrophilic (b) hydrophobic substrate
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Figure 3 : Pressure-area isotherm for substituted nickel phthalocyanine taken at room
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Figure 4: X-ray diffraction spectrum of 45 layers of subtituted nickel phthalocyanine
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Figure 5: X-ray diffraction spectrum of 40 layers of 1 : 0.25 mixed LB
film of substituted nickel phthalocyanine and stearic acid
deposited on the glass substrate.
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Figure 6: X-ray diffraction spectra of 45 layers of 1 : 0.5 mixed LB films
of substituted nickel phthalocyanine and stearic acid on the
glass substrate.
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Crystal Structure Studies of a-Agl Superionic Conductor by
Rietveld Profile Analysis Method

Nurdin Effendi1, P. Marsongkohadi2, Rochim Suratman3

Indonesian National Atomic Energy Agency ' , Departement of Mechanical

Engineering, Bandung Institute of Technology

ABSTRACT
Crystal Structure Studies of a-Agl Superionic Conductor by Rietveld Profile Analysis
Method
Silver iodide (Agl) has three solid phases, a,P, and y. Above the transition temperature Tc
= 147 °C it shows superionic conducting properties and forms an ct-phase. Powder X-ray
diffraction data at 180 °C - 450 °C have been obtained and analysed by Rietveld profile
analysis method. The results showed that the iodine ions formed a body centered cubic
lattice and the two Ag ions were distributed among 24 cry stall ographyc sites at
24g(x,0,l/2) of Im3m space group which were pairs of sites, displaced about 12d( 1/4,0,1/2)
tetrahedral sites. The difraction pattern also showed a comparatively strong diffuse
background due to the Ag ions liquid-like distribution, which qualitatively explained the
high ionic conductivity in the a-phase.

Introduction

Superionic conductor also known as the fast ionic conductor is a type of material wich has
a very high ionic conductivity (a ~ 10"1 Q'1 cm"1), which is almost equal to the molten salt
conductivity. The transition from isolator properties to superionic conductor takes place
above critical temperatures, and may proceed sharply as in the case of a-Agl at Tc = 147
°C, or gradually as in the case of PbF2. Crystal structure of a-Agl was derived from
powder diffraction measurements and at first was assumed that it has the cation distributed
randomly. Strock [1] was the first who studied the material and purposed an average
structure, where two Ag cations are distributed randomly at 42 sites 6b, 12d, and 24h in
Im3m space group among the bcc lattice points filled by iodine ions. The cations
distribution then was reinvestigated by X-ray diffraction and extended with the
observation of diffuse scattering [3,8]. From these data, analysis of the anharmonicity
effects and thermal vibrations of the cations were evaluated. The validity of the analysis
was reported for the case of CuCl [3] and CuBr [8], which were superionic conductor
materials. Previous researchers however, assumed that, since 12d sites were the center of
iodine distorted tetrahedral having 42m symmetry, hence the analysis should be based on a
model in which the Ag ions were distributed randomly at 12d sites in an anharmonic
potential. Recent reports on structural refinements by neutron diffraction suggested
different model in which the Ag ions were distributed around 24g (x,0,l/2) sites [1,8].

Experiment

Sample preparation of P-AgI was carried out according to the procedure written in the
Handbook of Preparative Inorganic Chemistry [4]. Agl sample has the following properties
: Between room temperature to 147 °C, Agl is in p-phase, whereas about 147 °C Agl
transform to a-phase or superionic phase. The diffraction experiments were carried out at
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the temperatures of, 180°C, 255°C, 35O°C, and 450°C using Shimadzu^ X-ray
Diffractometer type XD-5A, having Cu target. The detector's angular range 12° to 51°
with steps of 0.04° and counting time of each steps was 20 seconds. Continous counting
were carried out for several temperatures between 150°C to 450 °C , which were varied at
50°C intervals.

Results

The fast ionic theory shows that the superionic condition is obtained if a large
number of sublattice positions are available to conduct - in the case of a-Agl, the Ag
catiions. Hence it requires low occupation number. Futhermore , for jump as well as
molten sublattice conductions a large number of Frenkel defects are required and the the
defect positions should fulfill the space group of the crystal. Several model has been tried
giving the most suitable one. With Ag ions distributed around 24g(x,0,l/2) sites, in
accordance with the purposed model by Burher and Halg [1]. Table-1 shows refinement
paremeters at different temperatures obtained by means of the Rietveld Profile Analysis
Method.

Tabel-1 : Several Refinement Parameters

T(°C)
180
255
350
450

RWP(%)
20.92
17.7

17.79
17.0

RE(%)
15.55
13.7
14.0

13.82

R,(%)
28.62
15.7
16.65
16.78

x(A)
0.321
0.316
0.308
0.329

B, (A')
0.4
6.4
8.3
9.5

BAG (A')
13.4
13.23
15.1

13.62

Fig.-la shows refinement of a-Agl profile at 255 °C. It is shown that diffraction
peaks appeared at the scattering angles around 24.77°, 35.3°, 43.6°, and 50.8°, namely at
the reflection planes of (110), (200), (211), and (220).

Fig.-lb shows refinement of a-Agl at 350°C; it's shown that the diffraction peaks
appear around the same angles, with a little decrease of intensity and a little shift from that
of Fig.-la; due to the increase of the thermal vibrations effect which increased the thermal
diffuse scattering.

Fig.-lc shows refinement of a-Agl at 450°C; diffraction pattern at this temperature
was similar to that of Fig.-1 a and Fig.-1 b.

From the patterns of Fig.-la to Fig.-lc the following cases can be derived: first,
there are peak shifts leading to lower scattering angles with the increase the temperature,
an exception is for 180 °C to 255 °C where the peaks shift to the higher scattering angles;
the reason is due to the lattice parameters dilatation, whereas from 180 °C to 255 °C the
lattice parameters shrinked due to the anomalous property of the Agl during the transition
to the superionic material. Second, there is a tendency of having higher diffuse scattering
as the temperature increases. This is due to the increasing lattice vibration which tends
anharmonicity in the lattice vibration.

The oscillation in the backgound are remarkable indicating liquid-like behaviour of
the silver atoms, and higlrDebye -Waller factor reducing the (220) peak tremendously.

The temperature variation of the lattice parameters and the linear thermal expansion
coefficients have been deduced from the experiments, in order to observe anomalies around
the transition temperature. Unfortunately, the paucity of data around the transition
temperature rules out the observation of these anomalies.
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Accurate intensity measurements of the (110), (200), (211), and (220) at 180, 255,
350, and 450 °C, respectively were made as shown in Fig.-2. Experiments at temperatures
beyond 450 °C have not been performed because of a strong decrease in the peak intensities
at high scattering angles due to the increasing Debye Waller factors.

Fig.-3 shows the temperature variaton of the temperature factors (B) for Ag and I
ions. BAg is remarkable high and has a slight increment as the temperature raises whereas
B, has a steep increment. This suggest that the decrease in intensities may be caused not
only by the thermal vibrations but also by the disorder structure.

The Ag ionic displacements were deduced from the harmonic approximation BAg =
8rc<u2> and were found approximately to be 0.4 A as shown in Table-2.

Tabel-2 : Temperature factors and displacements of
Ag ions vs. Temperature

No.
1
2
3
4

T(°C)
180
255
350
450

BAe(A<)
13,39
13,23
15,1
13,62

<uV/2(A)
0,411
0,409
0,437
0,415

Discussion

The best fit by Rietveld method was obtained with a statistical distribution of the
silver ions on the 24g(x,0,l/2) sites, with x = 0.32 (average value). The present results

provide clear evidence against the Strock model and supports the purposed model
by Buhrer and Halg [2]. According to the purposed model, the silver ions were located in
the 24g (x,0,l/2) sites which are pairs of sites, namely (x,0,l/2) and (i/2-x,0,l/2) displaced
about 12d (1/4,0,1/2) tetrahedral sites in the <100> direction.

Neutron quasielastic scattering study by Eckold et. al [2] revealed that <100>
directions were indeed the direction of cations diffusion.

Although best refinements are obtained if Ag ions are asigned to 24g sites, the
remarkable large thermal motions of 0.4 A which is much larger than the 24g pairs distance
of 0.07 A causes doubt that the displaced pairs represent genuine discrete sites in the
structure.

Therefore, it is suggested that the thermal motion of the silver ions is confined in
ellipses.

It can be concluded that the thermal motion is anharmonic and anisotropic in the
<100> direction.
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Appendix -1
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Fig.- Ic : Diffraction Pattern of a-Agl at temperature 450°C
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ABSTRACT

Solid state ionics is a major scientific area of investigation driven not only by the
curiosity of fast ionic transport in solids, but also due to potentially important
technological applications in fuel cells, batteries, sensors, process control,
electrochromics, electrolysis and environmental protection. Characterisation of structure
and morphology of solid state ionic materials is of vital importance in order to optimise
the performance of devices based on these materials. Techniques range from the use of
electromagnetic radiation in the diffraction, scattering, absorption and reflection modes
and ac electric field in impedance spectroscopy to the application of imaging and
microanalysis at high magnifications. Some examples of application of these techniques
to novel solid state ionic systems are presented.

1. INTRODUCTION

Fast ionic transport in solids is an important area of scienific investigations and
technological applications. Ionic conductivities in solids approaching values greater than
10"3 ohm"1 cm"1 and activation energies less than 50 KJ/mole are achieved below the
melting point. Such values are more typical of liquids, and therefore it is not surprising
that the phenomena of high ionic conductivity in solids has generated great scientific
interest. Only a few decades ago, such materials were considered as special exceptions
in Materials Science and their discovery was seen as fortuitous events. In recent years,
however, fast ionic conduction has been observed and studied in several hundreds of solid
materials, ranging from ceramics to gels and polymers.

The recognition of practical application of solid state ionic conductors in a wide
variety of technology such as fuel cells, batteries, sensors, transducers in process control,
electrochromics and displays, electrolysis and environmental protection, has intensified
the effort in the field of solid state ionics. Development of practical devices have in turn
raised many interesting scientific questions relating to novel behaviour of solid state ionic
systems.

Characterisation of structure and morphology of materials is invariably of tremendous
significance in the optimisation of performance of solid state ionic systems. Wide variety
of techniques, ranging from the use of electromagnetic radiations such as X-ray and infra-
red ray to alternating electric field are used to probe the materials.

2. CHARACTERISATION TECHNIQUES

2.1 X-ray Microanalysis
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The most direct method of relating microstructure and chemical composition variations
in solid materials to properties is X-ray microanalysis, which is based on combining high
magnification imaging (electron microscopy) with X-ray analysis of chemical components
originating from a volume of a few cubic u below the surface1. X-rays characteristic to
an element is emitted as a result of interaction of the incoming high energy electron beam
with the inner shell of an atom. The simplest form of application of X-ray microanalysis
is qualitative analysis to identify chemical elements and relate these to the microstructural
features such as second phase, surface layer and other observations from imaging. In
modern systems analysis is fully automated to produce X-ray mapping or line profile of
a single element and point analysis of particular features in the electron image. When
quantitative chemical analysis at ^ and sub-jx levels is the main requirement, electron
probe microanalyser (EPMA) is preferred to scanning electron microscope, the latter
being primarily designed to give images of high spatial resolution.

2.2 Diffraction Techniques

X-ray diffraction is widely used to optimise synthesis and properties of solid state
ionic materials by identifying bulk phases, detecting impurities and assessing
crystallographic quality such as texture. The structure, as determined by Bragg's
reflection provide an insight into the features which contribute to promoting (or
hindering) movement of ions in ionic conductors. For example, in Na B-alumina, there
is a rigid framework with blocks of A12O3 and a bridging layer between the blocks which
contains all the Na ions in a highly disordered state2. Thus a 2-D space is created in an
intricate way, which favours fast ionic motion in the solid structure (Fig. 1).

Fast ionic conduction in solids, arises directly as a result of disorder in one of the
sublattices, which is manifested as a large elastic diffuse background scattering of X-rays
to the Bragg peaks3. Fourier inversion of diffraction data is used to obtain the scattering
density distribution over a unit cell and small features of fourier maps are understood in
terms of defects in the structure.

2.3 AC Impedance Spectroscopv

In most applications of solid state ionic systems, conductivity may be one of the key
properties to be optimised and is influenced by structure, composition and morphology.
AC impedance spectroscopy is commonly used to measure conductivity of ionic solids.
Variations used in the electrical field are typically in the frequency range of 10"2 to 107

Hz. In addition to bulk conductivity data, other useful information can be deduced by
observing the frequency dependent behaviour of impedance.

Impedance consists of both resistive and reactive components. Both the bulk and the
interfacial regions of a solid ionic material can be characterised by a resistance and a
capacitance, usually placed in parallel4. The characteristic relaxation time of each parallel
RC element is related to the resistance(R), capacitance(C) and frequency(fmax) at the
maximum loss in the impedance spectrum:

2:tfRC = 1 (where 2nf =«jr)
By assigning different C values to bulk, grain boundary, interaces, surface layers etc, it
is possible to identify the electrical inhomgeneities in ionic materials. For example, bulk
and grain boundary regions are readily separated in the spectrum obtained for the ionic
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material Cusicon, which is a Cu+ ion conductor, and compared with a theoretical
equivalent circuit (Fig.2).

2.4 Electromagnetic Radiation Spectroscopy

The interaction of electromagnetic radiation with ionic solids in the absorption,
reflection or scattering mode constitute powerful methods for deducing the microscopic
and structural details of processes in ionic conduction5. The characteristic residence times
and the diffusion times of the ions in ionic conductors are in the range of 10'° to 10'3

seconds, and correspond to the frequency range of electromagnetic radiations in the infra
red (IR) and visible regions. The spectroscopic vibration, streching or diffusional bands
can be used to detect various bonds and defects to characterise an ionic material.

A listing of the frequency ranges that are experimentally used are listed in Table I. At
very high frequencies, where atoms appear stationary to the radiation, neutron diffration
and scattering measurements complement information that can be obtained from X-ray
techniques6. Microwave techniques have been applied to solid electrolytes in the 109 -
1010 Hz range in order to study jump-diffusion models of ionic motion with the
characteristic times corresponding to the above frequency range7.

TABLE I

CHARACTERISATION TECHNIQUES USED TO STUDY SOLID STATE
IONIC MATERIALS CLASSIFIED BY FREQUENCY RANGE

RADIATION

X-ray and
Gamma-ray

Ultra-violet

Visible
Infrared
Far Infrared

Microwave

Alternating Current

FREOUENCY

10'8

10 1 7

1016

1015 - 10'4

10'3

10'2 - 1010

10'° - 109

107 - lO"2

TECHNIOUE

Diffraction,
Diffuse Scattering
X-ray Microanalysis

Diffuse Reflectance for
electronic transfer

Spectroscopy to study
diffusion, vibration
and streching modes

Jump-diffusion

Impedance spectroscopy
Conductivity, interfacial
and electrode diffusion

There is an experimental gap between 109 - 107 Hz. Below 107 Hz, in addition to
electric field impedance spectroscopy, mechanical interactions are also utilised in the
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accoustic and ultrasonic modes8. At zero frequency, special dc electrical measurements
have been traditionally used for conductivity measurements.

3 APPLICATIONS

3.1 Direct Synthesis of Ca C-alumina and related phases

Since the discovery of high Na ionic conductivity in the Na fl- and 6"-alumina9, a
variety of solid state electrochemical devices have been developed for applications in fuel
cells, batteries and sensors10. The Na in the 13- and 13"- alumina phases can easily be ion-
exchanged for monovalent cations of Ag, K and Li9, divalent cations of Ca, Sr and Pb"
and trivalent cations of La, Nd and Bi12. Some of the ion exchanged 13 and J3" aluminas
have been found to be unstable at high temperatures and decompose to other type of
phases. For example, the ion-exchanged Ca 13- or 13"- alumina transforms at elevated
temperatures to the non-conducting magnetoplumbite phase13. However, Ca 13- alumina
type of phases can be directly synthesised under controlled conditions for applications in
solid ionic systems such as sensors at elevated temperaturesl4"17, with bulk conductivity
as measured by imedance spectroscopy greater than 10'4 ohm"' cm"1 at 730K. By a
combination of selected area Electron Diffraction, Energy Dispersive X-ray Analysis and
High Resolution Electron Microscopy, a modified version of highly conducting Ca 13"-
alumina type of phase was identified. It has a rhombohedral structure with the following
lattice spacing a = 5.63A0 and c = 81.51 A0 (in a hexagonal cell) and can be contrasted
with the (3- and 13"- alumina structures as shown in Figure 3.

3.2 Use of Perovskite Proton Conductors in Novel Sensors

Perovskites of the type SrCeO3, BaCeO3 and CaZrO3, normally low conductivity
semiconductors, acquire extended oxygen ionic conductivity domain when doped with
aliovalent cations of Yb(III), Y(III) or Nd(III) for Ce(IV)18. Remarkably, when these
materials are exposed to hydrogen or water vapour atmosphere, electronic conductivity
is replaced by protonic conductivity. Under suitable values of pH2 and/or pH2O and
temperature, the doped perovskite ionic materials operate reversibly to H2 and H2O

19.
Considerable interest has been created for the potential applications in steam and
hydrogen sensors, fuel cells, steam electrolysis and hydrogenation/dehydrogenation
systems19.

Steam concentration cells which operate reversibly at T > 750K have been reported20,
in which H2O at the higher concentration electrode decomposes electrochemically at the
anode to provide protons for transport through the electrolyte and is regenerated at the
cathode. When a similar system is tested at T < 58OK, surprisingly, the higher humidity
side is seen to behave cathodically, which implies transportation of a negative ion through
the electrolyte21. The conducting ion is postulated to be OH", with the following reduction
reaction at the cathode: H2O(g) + 1/2 O2(g) + 2e' —> 2 OH"; with the reverse reaction
taking place at the anode.

In order to confirm the postulated mechanism of hydroxyl transport under the
specified conditions, infrared and impedance spectroscopy (as well as Gas
Chromatagraphy and Hall Effect) are being used. The presence of OH groups has been
confirmed by IR absorption by monitoring the O-H streching vibrations. Impedance
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spectroscopy based conductivity data reveals a change in the activation energy value at
T = 580K, which is interpreted as indicating a change in the mode of ionic transport from
protons to hydroxyl ions(Fig. 4).

Response of perovskite to HCl(g) is equally intriguing, where the ionic species do not
conform to protons gff hydroxyl ions22. Considerable spectroscopy work is being carried
out to deduce the exact mechanisms. Progress in practical sensing device for measuring
HC1 in the gas phase, however, has been excellent23. Using a novel approach, SrCeO3 has
been interfaced with SrCl2 - a Cl' ion conductor- such that no reference gas is required.
Use of XRD and SEM/EDAX has been crucial in optimising the microstructure and
composition of the ionic materials.

3.3 Electrochemical Texturing of Ionic Electrodes

High temperature solid state ionic transport of oxygen ions through yttria-stabilised
zirconia solid electrolyte to a sintered disk of the ionic electrode Y2Ba2Cu3O7.y (YBCO)
resulted in texture enhancement of YBCO, such that c-axis orientaion was induced in the
direction of the current24. Texture in the sample was estimated by comparing the XRD
pattern with that of a reference powder with random orientation for the 1006/1110,103
intensity ratio (Fig. 5). Since much higher degree of texture is required in YBCO for
superconducting applications, with elimination of all weak-link features, melt-processing
was used on the electrochemically pre-textured disk. The adavantage of using a pre-
textured disk is that only a short period of melting stage is then requird mainly to melt
the untextured fine grains and promote their growth by directional solidification on the
existing habit planes of the large textured grains25. This minimises chemical reaction with
the substrate and warping effects. Highly textured materials (Fig. 6 and 7) with good
superconducting properties can be thus produced.

4. CONCLUSIONS

A brief overview of application of X-ray and related techniques for the optimisation
of structure and morphology of solid state ionic materials, with some practical examples
have been considered. These characterisation techniques are of immense importance for
scientific studies as well as technological applications of materials and devices based on
solid state ionics.
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Fig. 1 Idealised Structure of Na ß-alumina

No1

176



ACXRI '96

Fig. 2 AC Impedance Spectroscopy Data in the Complex Plane
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Fig. 3 Schematic Structures of (a) 6 (b) fi" and (c) Modified 6" Alumina
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F i g . 4 C o n d u c t i v i t y of SrCeO3(5 mol% Yb)
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Fig. 5 XRD of Textured YBCO Sintered Disk by Ionic Titration of Oxygen
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Fig.7 Micrograph of Highly Textured YBCO (x500)

i s

, ( iV ,

182



ACXRI '96
EXAFS OF IRON POLYMER ELECTROLYTES

MY9700801

M. Aziz
Department of Chemistry, Faculty of Science, Universiti Teknologi Malaysia

Johor Darul Takzim, Malaysia

Abstract: Polymer electrolytes are semi-crystalline materials comprised of crystalline
regime in the form of spherulites and amorphous phase. Ionic conductivity of these
materials is mainly contributed by the amorphous phase. The lack of long range order
made the EXAFS (extended X-ray absorption fine structure) technique useful. EXAFS of
iron polymer electrolytes were studied to determine the local structure.

Introduction

There is a considerable interest in the development of solid state batteries
incorporating polymeric electrolytes . They meet the requirement to be flexible so that
good electrode-electrolyte contact can be maintained for this application. Polymer
electrolytes2'3 are systems in which a host polymer such as poly(ethylene oxide), PEO, acts
as an 'immobile solvent' for metal salts. They are typically films of 10 - 100 (am thickness
and although they retain the mechanical properties of a solid, at the molecular level local
relaxation processes provide liquid-like degrees of freedom. The present electrolytes are
inadequate ionic conductors for room temperature use. Their optimisation requires better
understanding of the influence of structure on electrolyte properties . Since at room
temperature these materials are semi-crystalline, containing both amorphous and crystalline
regions, conventional crystallographic techniques are not best suited for their study. In
addition, the site of the conduction process is unambiguously identified5 in the amorphous,
rather than the crystalline, region of the polymer electrolytes. Furthermore, the pertinent
structural information for an ionically conducting material is the local environment of the
potentially mobile species, which transport number studies6 have shown can be either
cations or anions for polymeric electrolytes.

EXAFS is a technique which enables precise information about nearest neighbour
distances and reasonable estimate of numbers of nearest neighbours to be obtained even in
disordered materials7. This makes it particularly useful for studying the amorphous
conducting region within polymer electrolytes. It is the average local environment around
atoms of chosen element within a sample that is the object study by this form of X-ray
spectroscopy. The information is obtained from a scan of X-ray absorption against energy
from -50 to -1000 eV with respect to the K or L-III edge of the element concerned. The
information about nearest neighbours is contained in the region of the spectra from about
50 to 1000 eV above the edge. It arises from interference between the outgoing
photoelectron wave from the target atom and the backscattered wave from the adjacent
species. To obtain useful EXAFS spectra in a reasonable timescale (minutes) requires a
synchrotron radiation source. In a typical synchrotron ring, high energy electrons produced
in a linear accelerator are further accelerated in a booster synchrotron before being injected
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into the synchrotron ring itself. When relativistic electrons accelerate by changing
directions they emit electromagnetic radiation particularly in the X-ray region. The emitted
photons pass along beam lines on which experimental stations are located. An EXAFS
station incorporates a scanning monochromator usually involving double crystal together
with appropriate photon counting devices and amplifiers and suitable sample holders for
studies under controlled atmosphere, temperature, etc.

In this paper the local structure information from EXAFS experiments is compared for
the two common oxidation states of iron in the form of iron(II) bromide and iron(III)
bromide.

Experimental

Poly(ethvlene oxide) was supplied by Aldrich in powdered form (relative molecular
mass 4 x 1 0 ) and was dried under vacuum at 50°C for 48 hours before use. Anhydrous
ferrous bromide and ferric bromide (Alfa; 99% purity) were used as received. Ultrapure
ethanol and acetonitrile supplied by Aldrich were used for preparing all the samples. Films
were prepared using a two-component solvent to ensure that both the salt and polymer
were fully dissolved at room temperature. Solutions were made by dissolving the
appropriate amount of salt (to give the desired O:Mn+ ratio) in a mixture of 75 cm of
acetonitrile and 25 cm3 of methanol, followed by the slow addition of 1 g of PEO, stirring
continually. The solutions were left to stir for about 48 hours at room temperature. All of
these operations were carried out in an argon recirculating glove box. The sealed flasks
were then transferred to another glove box and the solutions were cast in glass rings on a
Teflon sheet base. This glove box was continually purged with dry nitrogen, in order to
remove the solvent, which was allowed to evaporate slowly at room temperature. The
resulting 'dry' films were further dried under vacuum for 48 hours and stored in a
desiccator for subsequent use. The resulting films were 50-150 \xm thick and brick red to
reddish brown in colour.

The EXAFS studies on dry PEOn:FeBr2 and PEOn:FeBr3 films (where n = 8, 20 and 50)
were carried out at the Synchrotron Radiation Source (SRS), Daresbury,U.K., using station
7.1. Samples were prepared by sandwiching a portion of the film (1 cm x 1 cm) between
two mylar sheets and mounted on a sample holder having a 'knife-edge'seal surrounding
the central hole which trapped the film between the mylar sheets. During this work the
SRS was operating at a beam energy of 2.0 GeV and a typical average stored ring current
was 200 mA. Data were acquired in the EXAFS transmission mode with argon-filled ion
chambers using an Si(ll l) double-crystal monochromator with 50% harmonic rejection.
Thus absorbance could be measured for each position of the monochromator corresponding
an energy range in the £-space of 2-15 A"1, where fc=[0.263(£-Zso)]

H. E is the energy of the
incident X-ray beam and Eo is the energy of the absorption edge iron; k is the wave vector
of the incoming beam.

Results
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The experimental EXAFS spectra were calibrated and background subtracted using the
Daresbury EXCALIB and EXBACK suite of computer program. Figure 1 and Figure 2
show typical EXAFS results for PEOn:FeBr2 and PEOn:FeBr3 respectively. The upper
parts of the figures show the £-space, background subtracted, &3-weighted spectra and the
lower parts are the fast Fourier transforms of these data. In all cases the solid lines are
experimental data and the dashed lines represent the results of iterative fitting using
EXCURV92 (version 2.2) procedure. The phase shifts were calculated using the XALPHA
routine within EXCURV92. The results obtained for the deconvolution of the EXAFS data
are shown in Tables 1 and 2. The results shown are for the best fits of the theoretical data
in which one oxygen nearest neighbour shell have been considered. The best agreement
between calculated and experimental data corresponded to 3 nearest oxygen neighbour
atoms for both types of iron systems, located at 2.15A and 2.08A for the Fe(II) and Fe(III)
systems respectively.

Discussions

Polymeric electrolytes for solid state applications are normally below 100 urn in thickness
and are diluted in salt. The present work showed that the physical form of the electrolyte
material was very suitable for direct transmission EXAFS experiments without any sample
modification. For certain applications, samples containing very low concentrations are
employed and for these it may be necessary to use fluorescent EXAFS8. An examination
of the EXAFS data shows that, in all cases for the iron bromides considered in this work
the cation has both bromine and oxygen nearest neighbours. Because oxygen is
substantially smaller than Br-, the Fe-0 distance is naturally less than the Fe-Br distance.
The distances between metal species and their nearest neighbours indicate clearly that there
are interactions between the salt and the solvating polymer. A low Debye-Waller factor for
a nearest neighbour correlates with a low uncertainty in the coordination number. The
results show that the bromine in PEOn:FeBrx (x = 2 and 3) could be present in octahedral
environment. The value exhibited by the Fe(II) samples at 2.15A are similar to
[Fe(H2O)6]

2+ octahedra quoted in Phillips and Williams9 at 2.17A, 2.14A and 2.10A. In the
Fe(III) samples the Fe-0 distance are nearly the same as shown in Fe3+(EDTA)10 at a value
of 2.05A. The Fe-Br distance in all the samples, irrespective of the oxidation state of Fe
are the same at a value of 2.32A. A significant complication to the use of EXAFS for study
of local structure in polymeric electrolytes is the mixed morphological nature of the
polymer electrolyte film. It has been shown using polarising optical, and scanning
electron, microscopy that polymeric electrolytes contain spherulites. These are three-
dimensional entities, which contain crystalline lamellae between which amorphous
material is enclosed. The number and size of the spherulites is too great for tit to be
practical to select a region that is purely amorphous. Even if the transmitted beam is
restricted to a spherulitic area; the spherulite itself contains both amorphous and crystalline
regions and the spherulite may not completely occupy the portion of the electrolyte film
that is intersected by the X-ray beam because some amorphous material may occur within
the cylindrical volume through which the beam passes. Such material could be located
above or below the spherulite, i.e. between the spherulite boundary and the film surface.
Consequently, any EXAFS study of these types of spherulitic films involves sampling both
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amorphous and crystalline regions and the results represent some form of averaging of
more than one environment. Thus, although EXAFS is a technique which provides an
average local structure, the results are consistent with those from the spectroscopy
experiments .
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Table 1 EXAFS results of PEOn:FeBr2 (n = 8,20 and 50)

Sample

PEOn:FeBr2

n = 8

n = 20

n = 5 0

NNA

0

Br

0

Br

0

Br

r(A)

2.15

2.32

2.15

2.32

2.13

2.32

N

2.9

2.8

3.1

2.7

2.6

2.7

0.021

0.007

0.031

0.007

0.024

0.007

E0{eV)

12.32

11.36

11.30

Table 2 EXAFS results of PEOn:FeBr3 (n = 8, 20 and 50)

Sample

PEOn:FeBr3

n = 8

n = 20

n = 50

NNA

0

Br

0

Br

0

Br

r(A)

2.09

2.32

2.07

2.32

2.06

2.33

N

3.3

2.4

3.6

2.5

3.5

2.5

o" (Az)

0.032

0.008

0.035

0.008

0.033

0.008

EoieV)

11.20

10.74

9.03

NNA= nearest neighbour atom; r= interatomic distance; N = coordination number;

cr2=Debye-Waller factor; Eo= difference between value at absorption edge energy from

the experimental EXAFS spectrum and that found after data deconvolution. In the

refinement procedure the afac value is 0.7 and vpi is -2.
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Figure 2 EXAFS and Fourier transform spectra of PEOg:FeBr3.
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Abstract : Solder voids are believed to cause poor heat dissiption in the Surface Mount
devices and reduce the reliability of the devices at higher operating services. There are a lot
of factors involved in creating voids such as gas/flux entrapment, wettability, outgasseous,
air bubbles in the solder paste, inconsistency of solder coverage and improper metal
scheme selection. This study was done to observe the behaviour of the solder voids in term
of flux entrapment and wettability. It is believed that flux entrapment and wettability are
caused by improper metal scheme selection. Therefore this experiment is performed to
verify this hypothesis. Two types of metal schemes were chosen which are Nickel (Ni)
plated and Tin (Sn) plated heatsink. X-ray techniques such as Radiographic Inspection
Analysis and EDAX were used to detect the minute solder voids. The solder voids
observed on the heatsinks and Copper shims after the reflow process are believed to be a
non contact voids that resulted from some portion of the surface not wetting properly.

I. Introduction

Through a rapid development in Surface Mount Technology (SMT), the solder joint
dimension in SMT shrinks as well. Since less solder is allowed for each solder joint, the
reliability of the joint become a concern. In the past [1], industry has concentrated on the
effort to develop a standard criterion for solder materials selection, solder joint
configurations, degree of flux corrosivity, pad/lead design, solderability of metallizations,
etc. However, in the case of solder voiding, the levels of understanding about its nature
still remains speculative and less work has been reported on this subject. Voiding
phenomenon has a close relationship with the solder joints. The presence of voids will
affect the mechanical and electrical properties of the joints [2] and deteriorate the strength,
ductility, creep, fatigue life [3], due to growth in voids which could coalesce to form
cracks and consequently lead to failure. The deterioration could also be due to the
enhanced magnitude of the stresses and strains of solder caused by voids [4]. In addition,
voids could also produce spot overheating [5] and lessen the reliability of joints. Basically,
it is believed [6] that, voiding could be attributed to; (1) solder shrinkage during
solidification, (2) laminate outgassing during soldering the plated through-holes, and (3)
entrapped flux. In the case of solder paste, although the possible cause for the voids is
believed to be entrapped flux, apparently the mechanisms for voiding are considerably
more complicated and there is much more to be learned. In this work, the metallurgical
approach is used to determine the effect of the two metal scheme under investigation
(Nickel and Tin) which are commonly used in SMT devices.

II. Experiment

a) Test Materials and Equipment:
Two types of heatsinks being used in this experiment are the Nickel (Ni) plated and

Tin (Sn) plated.

Solder Paste: The paste sample used in this study is RMA type of composition Sn/Pb/Ag :
62/36/2.
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Shim: Copper (Cu) shim plated with solder (Sn/Pb : 60/40).

Solder Dispensing Machine: Solder paste (in the syringe) with metal content of 85% has
been used. Dispensing technique has been used to place the solder on the heatsink.
Machine used is Asymtek Solder Dispense.

Solder Printing Machine: Solder paste with a metal content of 90% has to be printed on
the Copper Shim. Machine used for this purpose is DEK machine.

Reflow Machine: Reflow machine used in this experiment is the conduction furnace
(Falcon-8 Sikama Reflow Machine). Units havebeen put on the boats at the final assembly
stage. The boats together with the units are reflowed. This reflow machine has been
associated with a nitrogen gas.

Accel Cleaning Machine: After the reflow process, all the units had to be subjected to the
cleaning process to clean off the remaining flux residue on the PCB. The centrifugal
cleaning method has been used with cleaning chemical known as either Terpene or Ionox.

X-Ray Radiosraphic Inspection: Equipment used for this purpose is the Fein Focus
Machine.

SEM & EDAX: SEM equipment used is JEOL with magnification of lOO.OOOX whereas the
ED AX equipment used is KEVEX.

X - Sectioning Process: Samples were encapsulated in the epoxy resins and Buehler Cross-
Sectioning equipment was used to perform the x-sectioning process. One micron diamond
paste together with colloidal silica was used as a first and final stage of polishing process
respectively.

High Power Microscope: Mideo Expert System inline with the Interactive Multimedia was
used to capture the x-sectioning pictures which showed the location of solder voids at the
joints interface.

b) Experiment Procedures:
Hundred units of heatsinks were used which consist of fifty units of Ni-plated

heatsinks and fifty units of Sn-plated heatsinks. These samples of heatsinks had undergone
the solder dispensing process through the Asymtex machine. At the same time, hundred
units of copper-shim had undergone the solder printing process. These copper shims were
placed in its respective boats prior to the soldering reflow process. After the completion of
the shim placement process (in the boats), the Ni-plated and Sn-plated heatsinks were
place onto the copper shims. On top of these heatsinks, PCB of the FR-4 materials was
placed. These units were then reflowed in the Sikama Reflow Machine.

After the reflow process, all the units underwent a cleaning process in the Accel
cleaning machine. Once this process was completed, all the units were examined under x-
ray radiographic inspection analysis. Samples from each types of heatsinks were further
taken for voids analysis. A grid size of 20 x 10 mm was used to measure the voiding
percentages on each unit.

Meantime, a sample of Sn-plated heatsink tested by x-ray radiography was further
investigated through the x-sectioning process to detect the location of solder voids. SEM
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and EDAX were used to determine the microstructure and any foreign materials embedded
at the voids location of the Sn-plated heatsink respectively.

III. Results / Discussions

Figure 1 gives the graph of the mean and variances of voids calculated on Sn-plated
versus Ni-plated heatsinks. Figure 2 gives the summary of the one way ANOVA results.

Statistical methods used to compare the variability and the mean of the two populations
are known as the F-test and the t-test respectively. Based on the above results, F-test and t-
test indicated that the variances and mean of both samples are significantly different
@95% C.I. The voids level for both samples remains around 9.5% to 20.0%. Therefore
from this statistical comparison, it showed that voids level between the two samples (Ni-
plated heatsinks and Sn-plated heatsinks) are different. From Figure (4) and (5), we can
conclude that voids happened in both metal layer of heatsinks (Ni and Sn). Anyway, the
voids pattern seems to be worse in the metal layer of Nickel compared to Tin. This is well
explained in Figure (6) and (7). In Figure (6), we found that the Sn-plated heatsink exhibits
the high wetting area on its surface and this revealed that Sn has high affinity with the
PbSnAg solder.

Considering the condition that solder joints are commonly exposed to during service
life, several metallurgical phenomenon occurring in solder materials [7], are intimately
related to the integrity of solder joints like plastic deformation, strain hardening,
recrystallization, solid solution hardening, precipitation-hardening and superplasticity
(during reflow process). The general rule of thumb for formation of solid solution between
two elements of solder composition are; the two elements having the same crystal structure
tend to form a complete solid solution and the formation of solid solution is favoured when
the size difference between the two element is less that 15 percent. It been found that the
system of Ni and Sn having significant atomic size difference which are 0.1246 and 0.1509
A respectively while both of them also have different crystal structure.

Therefore it is believed that Sn which originated from heatsink tends to create a solid
solution with the solder and this is due to their commensurate crystal structure. The ability
to form solid-solution between Sn from the heatsink and Sn from the solder helps to
increase the wettability of the solder on the Sn-plated heatsink [Figure 6]. On the contrary,
we found that Ni-plated heatsink exhibits the high non-wetting area on its surface and this
revealed that Ni does not have high affinity with the PbSnAg solder [Figure 7]. In fact, the
system of Ni and Sn have different crystal structure and significant atomic size difference
and these offer a negligible solid solution at temperature below than 400 C. The reflow
temperature used is 230° C which is about 50°C higher than the liquidus temperature
(179°C). In fact, the rate of dissolution of Nickel in the PbSnAg solder is very slow. Nickel
acts as a barrier layer to prevent the dissolution of Cu (heatsink's core material)
metallization into the solder. During reflow process, the Ni-Sn intermetallic compounds
are formed and the formation of these intermetallics continues even when the solder has
solidified. Therefore it is believed that these intermetallics will retard the adhesion of the
solder to the metallic surface. As a result, the wettability factor will became poor. This
explains why we still can see the surface of the Ni-plated heatsink not being fully covered
by the solder. Anyway, if we refer to the Figure 7, we still can see the solder spread on the
heatsink's surface although it is not fully covered with it. This happenes because at the
bottom layer of the PCB which is attached to the solder, there is a layer of gold. The
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melting temperature of the solder used is 179°C and at temperature of 175°C, the gold
leaching phenomenon is believed to happen and this helps in spreading the solder on the
surface of the Ni and Sn-plated heatsink. Gold has the high rate of dissolution in the solder
during soldering process and gold is also prone to dissolution in the Tin (Sn). This explains
why the wettability of the Sn-plated heatsinks is much better compared to Ni-plated
heatsinks. As a matter of fact, we can conclude that the Sn-plated heatsink has a good
wettability characteristics compared to Ni-plated heatsink.

Based on these findings, we further evaluated the Sn-plated heatsink. The X-Sectioning
methodology was performed on the Sn-plated heatsink which revealed that the isolated
voids occurred at the solder joints interface [Figure 8]. The void is believed to be a non-
contact void and this type of void can result from many different factors such as surface
contamination, flux entrapment, etc. Therefore, this study indicates that there are other
factors than the metal scheme alone which create the voids. From the EDAX analysis, it
shows that the elements detected at the void area still remain the same as what been
observed on the region next to the voids area. This shows that although the metal scheme
of Sn-plated heatsink produced a significant improvement in term of wettability compared
to Ni-plated heatsink, we still can see voids which probably resulted from entrapped flux.

IV Conclusion

Sn-plated heatsink exhibits high wetting areas on its surface and this is due to the same
crystal structure that it has with Sn in the PbSnAg solder system. On the contrary, we
found that Ni-plated heatsink that undergoes the same process exhibits a high non-wetting
area on it surface and it is due to their different crystal structures.

Although, this metallurgical approach helps to prove that Sn plated heatsink has a better
wetting characteristics compared to the Ni plated and helps in improving the quality, but to
some extent it is also clear that this will not help to eliminate the void issue. There are
other factors contributing to the void formation. It is highly recommended that to resolve
this chronic void formation issue, a more robust package (heatsink management) or higher
adhesive materials should be evaluated.

The internal controls that we can have on our process and also on the paste
manufacturer are; (1) Improving component/substrate solderability, (2) Using fluxes with
higher flux activity, (3) Reducing solder powder oxide, (4) Using inert heating
atmosphere and (5) Reducing the preheat stage to promote fluxing before reflow.
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Oneway Anova
Summary of Fit

Source
Model
Error
C Total

RSquare 0.904798
RSquare Adj 0.903827
Root Mean Square Error 1.166497
Mean of Response 14.73
Observations (or Sum Wgts) 100

t-Test
t-Test DF Prob>ltl

30.5187348 98 0.0000

Assuming equal variances

Analysis of Variance
DF Sum of Squares Mean Square

1 1267.3600 1267.36
98 133.3500 1.36
99 1400.7100

Means for Oneway Anova
Level Number Mean Std Error
NI 50 18.2900 0.16497
SN 50 11.1700 0.16497

F Ratio
931.3932

Prob>F
0.0000

Level
NI
SN

Std Error uses a pooled estimate of error variance

Mean and Std Deviations
Number Mean Std Dev

50 18.2900 1.30576
50 11.1700 1.00818

Level
NI
SN

Tests that the Variances are Equal
Count Std Dev MeanAbsDif to Mean

50 1.305756 1.098400
50 1.008181 0.863600

Std Err Mean
0.18466
0.14258

MeanAbsDif to Median
1.090000
0.850000

Test
O'Brien[.5]
Brown-Forsythe
Levene
Bartlett

F Ratio
5.7691
3.4029
3.7797
3.2091

DF Num DF Den
1 98
1 98
1 98

Prob>F
0.0182
0.0681
0.0547
0.0732

Welch Anova testing Means Equal, allowing Std's Not Equal
F Ratio DFNum DFDen Prob>F

931.3932 1 92.104 0.0000
t-Test

30.5187

Summary :
RSquare Adjust: 0.903827 (90%)
Means : Ni-plated heatsink = 18.29 ± 0.164

Sn-plated heatsink = 11.17 ± 0.164
t-Test: (Null Hypothesis) Ho : Ni = Sn

Hi • Ni Sn

p-value = 0,

Conclusion : Reject the Null hypothesis and accept the alternative that voids percentages of Ni is not same as

in Sn.
F-Test: From the ANOVA result, it showed that the value of Prob>F = 0.0000. Therefore the variability of
both populations are significantly different.

Figure 2 : The One way ANOVA Results and Summary
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Figure 3 : Schematic Diagram showed the built of the typical Surface Mount Device

Figures 4: Micrograph of Sn-plated heatsink after soldering reflow

Figure 5: Micrograph on Ni-plated heatsink after soldering reflow
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Figure 6: Photo showed the wettability
of the Sn-plated Heatsink

r
Figure 7: Photo showed the wettability of Ni-plated

heatsink

Figures 8 : X-Sectioning of the Sn-plated Heatsink

Voids Observed to
be Wetted with
Solder, OB Both
Sides of the
Copper Layers

Magnification: SOGX, Tilt: 0 degree

Figure 9: SEM Micrograph of Sn-plated heatsink
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ABSTRACT
The feasibility of replacing gold wire by palladium wire in thermosonic wire bonding of

CMOS and bipolar devices are studied in terms of the manufacturability, physical, electrical and
assembly performance. The results show that palladium wire is a viable option for bonding the
bipolar devices but not the CMOS devices.

INTRODUCTION
The current practice of using gold wire in thermosonic bonding of IC devices in the

semiconductor manufacturing industries is costly. If gold wire can be replaced by palladium
wire in bonding, the production cost of IC can be reduced.

Palladium is chosen in the study because being a group VIII element, it has chemical
and physical properties quite similar to those of the gold. It has fee crystal structure like gold
and is readily fabricated at room temperature. However, palladium is harder compared to
gold and has a tensile strength of 200 Mpa. Its coefficient of linear expansion is smaller,
resistivity higher and thermal conductivity lower compared to gold. Although palladium has
the disadvantage of forming an oxide film at temperature greater than 400°C and has a poor
resistance to highly oxidizing environments, these two properties have little effect on its
usability as a thermosonic bonding wire of the IC.

The present study investigated the feasibility of replacing gold wire by palladium
wire in thermosonic wire bonding of IC in terms of the manufacturability, physical, electrical
and assembly performance.

EXPERIMENTAL
The experiments were carried out using a bipolar and two different CMOS devices.

For each type of devices, group P were thermosonically bonded using palladium wire whilst
group G which acted as the control were thermosonically bonded using gold wire. The
bonding machine used is Shinkawa type UTC-50.

The bond pads of the two CMOS devices (CMOS1 and CMOS2) are of similar
structure and materials. It comprises of an Al layer on top of the vapox on the silicon
substrate. For the bipolar devices, there is an extra layer of hard TiW in between the Al and
vapox layers. The CMOS1 and the bipolar devices have 22 leads per lead frame while
CMOS2 devices have 20 leads per lead frame. Similar lead frames and mold compound were
used for all the devices. The diameter of the palladium and gold wires used were 1.3 mil.

The thermosonically bonded IC devices that underwent bond pull and ball shear tests
were not molded. Five units of each of these wire-bonded devices were randomly chosen to
undergo simulated post-mold cure. In the simulated post-mold cure, the unmolded devices
were heated at 200°C for 2 hours before undergoing ball shear test. Another five units of
these devices were also randomly selected to undergo nickel decoration to check for cratering
phenomenon to ensure that the bonding force and power used were not excessive.

Those wire-bonded devices that were molded subsequently underwent the usual post-
mold curing, marking, trimming and forming processes before being subjected to X-ray
inspection for wire deflection and non-sticking-on pad (NSOP)1. The molded units that were
cross-sectioned for intermetallic formation inspection were stressed by high temperature
storage (HTS) at 200°C for 168, 336 and 500 hours. Those molded units that were subjected
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to electrical functional test were stressed for 168, 336 and 500 hours by operating life test
(OPL). The functional test was carried out to ensure the correct logical function of the device
and that all the processing defects were found. As the VOL test which is used to assure the
input threshold levels of the devices is easily affected by the voltage drop, this functional test
was carried out to compare the resistivity of the palladium wire with that of the gold wire.

RESULTS AND DISCUSSION
Table 1 shows the average pull strength obtained for the three different devices. In

general, devices with palladium wires have stronger bond pull values compared to those with
gold wires. This is as expected since palladium is stronger than gold and has higher Young
modulus. The differences in the bond pull strengths between the palladium and gold wires in
both the CMOS devices, are however, not significant. Only in the bipolar devices, the
palladium wire average bond pull strength is significantly higher than the gold wire average
bond pull strength.

Column two of Table 2 shows the ball shear results for the three different devices
without simulated post-mold cure at 200°C for 2 hours. Both CMOS devices with gold wire
have higher ball shear values compared with those of palladium wire. When the SEM
photographs of the palladium ball bond formed (photo la) was inspected, it was found that
they were more spherical compared to those of the gold ball bond formed (photo lb) for both
the CMOS devices. The more spherical shape implied a smaller contact surface between the
palladium ball and the bond pad since the palladium is harder than gold. This explains why
the ball shear value of the palladium ball in the CMOS devices being lower. For the bipolar
devices, the ball shear value for the palladium ball is higher compared to that of the gold ball.
The SEM photos show the bipolar palladium and gold ball bonds formed are more similar in
shape (photos 2a and 2b).

Column three of Table 2 shows the average ball shear strength obtained after the
unmolded devices were heated for 2 hours at 200°C. For palladium ball bonds, the ball shear
strengths remained very much the same as those without the heat treatment. The gold ball
bonds for all the devices on the contrary showed a clear rise in the ball shear strength after the
heat treatment. The heat treatment had strengthened the gold ball bond. The intermetallic
cross-section study helped elucidating these results. For all the three devices with gold wire
ball bond, Au-Al intermetallic formation was observed at zero hour time point (photo 3a). As
the HTS time point increased, the intermetallic layer became thicker (photo 3b) thus
increasing the bond strength 2. For all the three devices with the palladium wire bonding, the
Pd-Al intermetallic formation was not observed until 336 hours of HTS stress at 200°C
(photo 4). The growth of intermetallic layer follows Kidson equation3,

X = C exp (- E/KT) tos

where E is the activation energy and t is the time interval.
Since the activation energy of palladium and gold are 63.6 kcal/mol and 27 kcal/mol

respectively, it explained why Pd-Al intermetallics growth is slower than that of Au-Al
intermetallics. The slower growth rate of Pd-Al intermetallic is less likely to cause Kirkendall
voids 3 failure under higher HTS time point. Nonetheless up till 1000 hours time point HTS,
no void was detected for all the devices bonded either with palladium or gold.

The bond pull and ball shear results thus showed that palladium wire is not a good
substitute of the gold wire in the thermosonic bonding of the CMOS devices. Furthermore,
the photos of the intermetallic cross-section of all the palladium ball bond (photo 4) showed
that there was a v spark-like' diffusion of the palladium into the surrounding mold compound
starting at 168 hours time out. In the case of the gold ball bond, the gold diffusion into the
surrounding mold compound was observed only at 1000 hours time out. All the devices that
underwent nickel decoration test did not show cratering phenomenon indicating that the
bonding force and power used in the study were satisfactory and not excessive.
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The X-ray inspection of the molded devices showed that rejects only occurred in the
CMOS IP and CMOS2P devices. The CMOS devices do not have the TiW layer in the pad
and their rejects were almost all NSOP. The number of rejects out ol a lotal of 200 units
inspected for the CMOS IP and CMOS2P devices were 108 and 96 respectively. These
results further supported the ball shear test which showed weaker palladium bond formed for
the CMOS devices. The harder palladium wire required a stiff TiW layer in the bond pad to
prevent the bond pad from cracking during wire bonding. The absence of the TiW layer on
the pad caused the palladium bond not well-formed which subsequently triggered NSOP to
manifest during the molding process. No reject was observed for CMOS devices that were
bonded with gold wire and bipolar devices that were bonded with either gold or palladium
wire.

To assess the degree of wire sweep, the wire deflection was observed at two positions
using the X-ray. The first position was at the wire bonded at the corner of the lead frame at
an angle of ~45° to the direction of flow of the mold compound whilst the second position
was at the wire bonded perpendicular to the direction of flow of the mold compound. The

Y
wire deflection W, was measured by W = 100— where X is the distance between the first

X
and second bond and Y is the maximum height of the wire loop. Table 3 shows the wire
deflection results obtained at these two positions. For CMOS 1 devices, the palladium wires
had deflected more than the gold wires. For CMOS2 and bipolar devices, the difference in
the wire deflection between the palladium and gold wires were not so significant. Palladium
being harder than gold requires slightly longer length for the same bonding in order to reduce
stress in the wire looping profile. Longer wire length is more likely to sweep during molding
process and also to cause sagging defect. However, owing to the bigger die size of the
CMOS2 and bipolar devices, shorter wires were required for bonding the die to the lead
frame. This explained why wire deflection was not critical when palladium wires were used
for bonding in these devices.

The functional VOL tests results for all the devices bonded either with palladium or
gold wires were not affected by the OPL within 500 hours time point. Table 4 shows the
average VOL voltage obtained for the devices under the OPL stress. The production
Specification voltages for the CMOS1, CMOS2 and bipolar devices are 0.36V, 0.26V and
0.55V respectively. Although the VOL values obtained for all the devices bonded with
palladium wire were higher than those bonded with gold wire because of palladiums higher
resistivity, they are still way within the production specification values.

CONCLUSION
The manufacturability of the bipolar devices bonded with palladium wire is 96% and

comparable to that of the gold wire (97%). Its assembly ability and physical performance
(pull strength, ball shear strength, ball formation and wire sweep) using palladium wires are
also comparable if not better than those using gold wire. In spite of palladium's higher
resistivity, the bipolar devices bonded with palladium wire passed the electrical functional
test. The two CMOS devices bonded with palladium wires yielded unsatisfactory results in
both the physical and electrical tests and their manufacturability were also rather low (44%
and 50% respectively). Thus, palladium wire is a viable option for thermosonically bonding
the bipolar devices but not the CMOS devices.
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Table The average pull strengths of the devices bonded with gold or palladium wires.

Devices
CMOS1G
CMOS IP
CMOS2G
CMOS2P
Bipolar G
Bipolar P

Average pull strength (g)
12.90 ± 1.63
14.28 ± 2.40
11.84 ± 1.84
12.36 ±2.10
11.42 ±1.78
15.11 ±2.31

Table 2: The average ball shear strength of the bonded devices without and with simulated post-
moid cure at 200°C for 2 hours.

Devices

CMOS1G
CMOS IP
CMOS2G
CMOS2P
Bipolar G
Bipolar P

Average strength (g)
without simulated post-mold cure

58.91 ±4.15
37.69 ±5.07
58.27 ±6.04
34.10 ±4.99
47.77 ± 5.47
51.05 ±6.92

Average strength (g)
with simulated post-mold cure

67.70 ±6.21
36.94 ± 4.40
77.33 ±9.99
34.94 ±4.13
59.91 ±5.10
50.60 ± 5.57

Table 3: The wire deflection at position 1 and position 2 of the bonded die.

Devices
CMOS1G
CMOS IP
CMOS2G
CMOS2P
Bipolar G
Bipolar P

Position 1
1.98 ±0.79
5.02 ±2.51
1.70 ±0.57
2.34 ± 0.67
2.34 ± 0.88
2.60± 1.11

Position 2
1.50 ±1.03
4.34 ± 2.24
2.84 ± 1.22
4.38 ± 2.54
2.42 ± 0.92
3.50 ± 1.57

Table 4: The average VOL voltage of the bonded devices.

Devices
CMOS1G
CMOS IP
CMOS2G
CMOS2P
Bipolar G
Bipolar P

Average voltage (V)
0.163
0.179
0.159
0.188
0.367
0.382
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Photo la: Palladium ball bond of CMOS device.

Photo lb: Gold ball bond of CMOS device.
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Photo 2a: Palladium ball bond of bipolar device.

Photo 2b: Gold ball bond of bipolar device.
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Photo 3a: Au-Al intermetallic formation of CMOS at zero hour.

Photo 3b: Au-Al intermetallic formation of CMOS after 336 hours of HTS stress at
200°C.

203



ACXRI '96

Photo 4: Pd-Al intermetallic formation of CMOS after 336 hours of HTS stress at
200°C.
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ABSTRACT

This paper deals with the structural developement leading to the formation of
antimony-doped tin selenide thin films. The samples have been prepared onto glass
substrates using the combined thermal evaporation in vacuum and solid state reaction
techniques. The materials were evaporated according to the Sn/Se/Sn stacked layers at
substrate temperatures 200-270°C and at film thicknesses 150/300/150 nm. X-ray
analysis results showed that stoichiometric SnSe thin films were formed at substrate
temperatures above 230°C, and these were confirmed by XRF/EDAX results. SnSe:Sb
thin films were then prepared in similar manner (Sn/Se/Sb/Sn) with Sb concentration
fixed between 1.8-5.3%. It was found that, from the XRD patterns, effective doping
process took place in SnSe thin film with 1.8% Sb, either substitutionally, interstitially
or a combination of both mechanisms. Observation on SEM micrographs revealed the
change from the rough-like to grain appearance, suggesting the polycrystalline
structures of SnSe:Sb.

INTRODUCTION

SnSe is currently receiving much attention as electronic and optoelectronic materials
from the standpoint of both electrical and optical properties. Its bandgap of 1.05-1.25
eV [1] closely approximates 1.2 eV for Si, the high absorption coefficient of the order
105 cm"1 in the visible light region [1], exhibiting p-type conductivity and low
resistivity of 0.1-10.5 Hem [2], Hall mobility 20-40 cm2 (Vs)1 and carrier density ~
1018 cm"3 [3] exist in polycrystalline films when prepared under room and elevated
temperature conditions. The most commonly used preparation techniques were
vacuum deposition [4], hot wall epitaxy [5] and chemical method [6]. Less literature
is available on doped SnSe thin films except those reported for bulk material or single
crystal [7].

Basically, SnSe belongs to the orthorhombic space group, D16
2h and has a distorted

NaCl-type lattice structure shown in Figure 1. Its primitive cell comprises of eight
atoms of four Sn and four Se arranged in alternate layers; the atoms in a single layer
are joined to three nearest neighbours by covalent bonds which form zigzag chains
along the c-axis. This means that individual atom in the unit cell is surrounded by four
atoms. The lattice dimensions are as follows: a=0.444 nm, b=0.415 nm and c= 1.149
nm. The crystals cleave exceptionally easily in the a-b plane with the van der Waals
bonding along the c-axis. Its anisotropic crystal structure may lead to significant
differences in optical responses along the respective planes [8].
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Figure 1. Orthorhombic structure of SnSe; Sb doping takes
place substitutionally or interstitially.

EXPERIMENTAL

The samples were prepared from granular tin and selenium of purity 5N supplied by
Balzers Company, Switzerland using the combined vacuum evaporation and solid
state reaction techniques. In this method the starting materials were thermally
evaporated at pressure 105 mbar onto sodium glass substrates as Sn/Se/Sn stacked
layers or sandwiched structures, and at the same time the substrate was heated up to
temperatures 210, 220, 230, 240, 250 and 270°C. Film thicknesses 150/300/150 nm
were set and follow the ratios, Sn:Se=l:l. These requirements are very important in
preventing desorption losses of the volatile atoms during heating by maintaining
excess amount of Se atoms for stoichiometric Sn-Se reactions. X-ray analysis (XRD
and XRf/EDAX) were performed on some selected samples in order to obtain the
optimum temperature condition for such reaction.

The same procedures were followed for SnSe:Sb thin films. In addition, Sb thin films
were evaporated to the Sn/Se/Sb/Sn structures at film thicknesses 10, 20 and 30 nm
and at a substrate temperature 240°C. These thicknesses gave the concentration of Sb
in SnSe (weight of Sb/weight of SnSe) equivalent to 1.8%, 3.1% and 5.3%,
respectively. While retaining the pressure in the hot chamber below 10"4 mbar using
liquid nitrogen, the film thicknesses were carefully controlled and monitored using a
FTM-5 digital readout system which was callibrated prior to each deposition of Sn, Se
and Sb. XRD spectrums and SEM micrographs were obtained using facilities at the
Malaysian Institute for Nuclear Technology (MINT), Bangi.
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RESULTS AND DISCUSSION

Figure 2 shows the X-ray diffraction spectra of the as-prepared samples. There are two
weak peaks (031) and (111) detected for the sample 210°C, which gives an indicative
of initial non-stoichiometric SnSe. Additional number of peaks are observed for the
samples prepared at substrate temperature 220°C. A marked and stronger peak is
detected for the substrate temperatures 230, 240, 250 and 270°C with relatively equal
intensitities. The analysis showed that the formation of SnSe was greatly improved at
higher substrate temperatures which resulted in a single peak orientation at (031)
plane. It is therefore, suggested that, the as-prepared sample closely approximates a
single crystal structure. Similar studies have been carried out by Quan [9] using
multilayer structures whose results indicated five preferential orientations including
the strongest peak at (040) plane The surface of the samples (Figure 5(a)) was
observed to be a rather rough-like appearance and no clear indication of
polycrystalline grain structures. EDAX analysis (not shown) gave the percentages of
Sn and Se which vary with the substrate temperatures and eventually attain Sn=63%
and Se=37% at 240°C; compared to Sn=87% and Se=27% when analysed using XRF
(Figure 4). The former results were found to be in a good agreement with the
theoretical stoichiometric composition of SnSe (Sn=60% and Se=40%).

Figure 3 shows XRD spectra for SnSe:Sb thin films prepared at 240°C, and the level
of doping concentrations were fixed at 1.8, 3.1 and 5.3%. For Sb =1.8% the
diffraction patterns comprise mainly of SnSe strong peaks and two detectable Sb
peaks. However, in the case of higher level of doping concentrations, Sb=3.1% and
5.3% the observed peaks are almost different containing the antimony-selenium and
tin-antimony-selenium phases. The disappearance of SnSe and Sb peaks was expected
to be due to complete or partial solubility of Sb atoms in Se (for 3.1%) and Sb-Se in
Sn (5.3%), forming new compounds of Sb2Se3 and both Sn2Sb4Seg and Sn4Sb4Sejo,
respectively. This preparation technique is, therefore, very useful for low level of Sb
concentration doping only. Hall effect measuremnts confirmed that SnSe:Sb thin films
were n-type semiconductor [3]. Observation on SEM micrographs revealed the
formation of polycrystalline structure of 0.2-0.3 |U.m sizes for the 1.8% Sb and the
appearance of grain and smooth structures for the higher doping concentrations.
Figure 5( b).

The mechanisms of Sb doped SnSe thin film are explained as follows: Due to smaller
atomic size, Sb atoms are expected to diffuse into Sn vacancies of the SnSe
orthorhombic structure at a temperature of 240°C. They are able to accomodate, and
thus fit substitutionally into the vacancies left by the Sn atoms or interstitially as
shown in Figure 1. In case of substitution, either Sn atom or Se atom can be replaced
by Sb atom in the unit cell thereby changing the electron concentration. It may act as
acceptor or donor depending on the type of replacement. Sn can also be substituted
with other metallic atoms in group III to V for low-concentration stage. Umeda [7] in
explaining the doping on SnSe single crystal obtained the n-type specimens employing
2% of Sb in the heat-treatment reactions of Sno.98 SeSbo.2-
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CONCLUSIONS

It is concluded that, from the analysis, SnSe thin films were formed at substrate
temperatures between 230-270°C. The films were found to be stoichiometric in
compositions, and exhibiting tendency toward layered structure indicated by the
presence of a single peak orientation at (031) plane. The low-concentration doping of
SnSe took place effectively at 1.8% Sb, above which different phase transformation
became the dominant mechanisms, and resulted in the formation of new unwanted
compounds. With the polycrystalline nature of the surface it is expected that, the Sb-
doped n-type SnSe is very useful for both homojunction and heterojunction device
technology in future.
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Figure 3. XRD spectrums for SnSe:Sb thin films at different percentages
of Sb concentration.
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Figure 4. Elemental profiles of Sn and Se measured at different
substrate temperatures using XRF.
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b)

c)

Figure 5. SEM micrographs of SnSe thin films prepared at substrate temperature
230°C (a), and SnSe:Sb thin films prepared at 240°C with Sb concentrations
3.1% (b) and 5.3% (c).
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Abstract : In this study, thin Si film is prepared by evaporating Si on to a thin SiO2

layer using a vacuum evaporator. The preparation of the thin thermal SiO2 layer on to a
Si substrate was done earlier by using the standard dry thermal oxidation technique. It is
found out that the microstructure of the deposited Si depends on the deposition
parameters especially on the deposition substrate temperature. At lower substrate
temperature no Si crystal structure is formed and the film is in a amorphous state. The
crystallisation of the amorphous Si is observed only when the sample is annealed at
temperatures above 500°C. This formation of polycrystalline Si which is a solid phase
crystallisation process is confirmed by the four point probe and x-ray diffraction results.

Introduction

Thin film polycrystalline Si or better known as polysilicon is widely used in the
microelectronic industry especially as the gate material for metal oxide semiconductor
(MOS) transistor, conducting material between connections, capacitor electrode and
resistor. It is also used as the semiconductor material in solar cells and as the active layer
in thin film transistors of various display devices. The electrical property of polysilicon
depends on its microstructure (e.g. thickness, grain size and orientation) and composition.
The microstructure in turn is influenced directly by the deposition technique used to
fabricate the polysilicon (i.e. the deposition parameters) and other processing steps done
after deposition.

Deposition of polysilicon is typically done through chemical vapour deposition
technique using silane, disilane or dichlorosilane as Si gaseous sources. Other commonly
used techniques2 are vacuum evaporation, molecular beam epitaxy, pirolysis and
sputtering. This paper explain the fabrication and characterisation of polysilicon using
vacuum evaporation technique equipped with an electron gun.

Experimental

Polysilicon of approximately 0.3 urn is deposited using vacuum evaporation
technique (at working pressure of l-3xlO"5 torr) on to a Si wafer (p-type, <111>, p=1.00
+0.25Qcm) of which surface is covered with a layer of SiO2 of approximately 0.1 ̂ m in
thickness. The SiO2 is earlier grown thermally using standard dry oxidation technique.
Figure 1 shows schematically the cross-section of the whole structure.
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The vacuum evaporator is equipped with an electron gun (Model 980-7104) of
input power DC 4kV and maximum radiation current 500mA. The electron gun is used
to melt the high purity Si chunks (99.9995%) that are used as the Si source. The
thickness of the Si film is monitored by a thickness monitor (Model QM-300) which
utilises a quartz-crystal sensor. Deposition of the film is carried out at substrate
temperatures of 300°C and 400°C which are accurately determined by a thermocouple.
The deposition rate is maintained at 1.6-2.0A/s.

The recrystallisation is then carried out by solid phase crystallisation process by
annealing the sample in a furnace. Annealing is carried out in a nitrogen environment
with flow of 4 litre per minute. The annealing temperatures is varied from 500°C to
1000°C with the annealing time set at 8 hours. The samples are then characterised using
the four point probe technique to obtain the sheet resistivity values. X-ray diffraction
analysis is then performed on the samples to determine the onset of polysilicon
formation.

Results

Table 1 summarises the four point probe results. This is best viewed in the graph
of sheet resistivity values versus annealing temperatures plotted in figure 2. Note that the
resistivity values are quite similar at both substrate temperatures (300°C and 400°C).

X-ray diffraction results on all annealed samples show a similar profile with only
one clear peak associated with Si. This peak is from the <111> diffraction plane of the Si
single crystal substrate. However, further investigation on the data obtained from the
computer of all possible peaks not seen on the profiles indicate the presence of weak
peaks on samples which have been annealed at 800°C and above. The new peaks
correspond very well with Si planes of <220>, <311> and <620>.

Discussions

The x-ray diffraction results clearly show that crystallisation or grain growth of
the thin Si film had occurred after undergoing heat treatment. Kamins et al3 have
reported that thin film of amoorphous Si is not stable with significant number of
crystalline structure being formed after heat treatments. At 800°C it is reported that the
<311> plane is the dominant crystallisation orientation formed. This corresponds very
well with the results obtained in this study of which other than <311> plane, <220> and
<620> planes are also detected.

The formation of grains will make the samples conductive and hence will make
the resistivity values drop. This can be clearly seen in the four point probe results shown
in figure 2. It is interesting to note that the temperature range where the resistivity is low,
matches quite well with the x-ray diffraction results. The drop in the sheet resistivity
values at annealing temperatures 600°C and 700°C is explained by the formation of
microcrystallites which can't be detected by the x-ray diffraction technique. This is
supported by the work of Hatalis and Greve who report that even film deposited below
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the critical temperature (eventhough it is amorphous in nature) contains a number of very
fine crystal grains.

The results in this study suggest that microcrystallites start to occur only after
annealing at temperatures between 500°C to 600°C. Upon further annealing, these fine
grains act as the nuclei for crystal growth of which crystal planes are only detected (by x-
ray diffraction) after annealing at approximately 800°C.

Conclusion

Crystallisation of Si did not occur during deposition substrate temperatures of
300°C and 400°C. Polycrystalline Si from thin amorphous Si film can be achieved
through solid phase crystallisation process. The phase transformation is found to occur at
annealing temperature above 500°C as seen in the resistivity measurement results. The
crystallisation process is also detected by x-ray diffraction of which is found out that
crystal planes starts to appear after annealing at temperature of 800°C.
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Table 1: The sheet resistivity values of thin Si film evaporated at substrate
temperatures of 300°C and 400°C after annealing at the indicated
temperatures for 8 hours.

No.

1
2
3
4
5
6
7

Annealing
temperature (°C)

no annealing
500
600
700
800
900
1000

Sheet resistivity (ohms per square )

Substrate temperature
300°C

15O.46xlO3

152.91xl03

304.13xl02

424.34
308.58
316.46
317.40

Substrate temperature
400°C

150.79xl03

154.96xl03

296.02x102

418.88
313.85
314.02
315.56
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Figure 2 : Sheet resistivity versus annealing temperature.
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Abstract
An investigation on processing of Al-5.69wt% Ni eutectic reinforced with SiC
particulate composites is reported. The intermetallic composites are prepared by
elemental powder metallurgy route and sintered at two different temperatures, i.e., 600°C
and 620°C. Results show that the metal matrix was Al-A^Ni eutectic. The phase analysis
by XRD identified the presence of A13Ni and Al as dominant phases together with silicon
and AI4C3 phase as minor phases. The AI4C3 and Si phases are formed during sintering
due to SiC-Al interface reaction. SEM micrographs also reveal the formation of
microvoid surrounding the SiC particle.

Introduction

Metal matrix composites(MMC's) reinforced with particulate ceramics comprise a class
of new generation of materials with significant increase in temperature capability
required to meet the demands of future engineering applications such as for aerospace and
automotive. These composites require a balance of properties such as high specific
strength and moduli at room and elevated temperature, creep resistance and superior
environmental stability, excellent wear resistance, high thermal conductivity, low
coefficient of thermal expansion and good dimension stability. Materials with high
specific strength and stiffness are required for aerospace applications and in rotating
components. This has generated considerable interest in the development of MMC's
based on light alloy matrix such as aluminium and magnesium alloy reinforced with
ceramic particulates or fibers. Aluminium alloy reinforced with ceramic particulates, i.e
SiC in particular, have attracted great attention and are being developed for various
applications. To date, there is large research activity in developing aluminium matrix
composites reinforced with SiC(1]. There are several ways of fabricating the particulate
reinforced composites which include liquid metal infiltration technique and by powder
metallurgy route. Powder metallurgy route has been identified as best method of
processing particulate reinforced composites as it is possible to obtain a composite with
large volume of reinforcement and at the same time producing homogeneous distribution
of the particulate in the matrix. There is also very limited matrix-particle reaction as
compared to technique involving liquid metal.

Increasing demand for better performance materials for high temperature
applications has been the main driving force for development of advanced composite
materials for critical components. In view of the operating temperature limitations for
conventional aluminium alloy system, interest has now focused on intermetallic and
structural ceramics. As compared to numerous works reported in the literature involving
aluminium alloys or other metallic system as a matrix, very limited work has been
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reported in the literature regarding development of intermetallic matrix composites. The
investigation on intermetallics reported in literature is mainly for Al-Ni and Al-Ti
intermetallics.These intermetallics have excellent engineering properties and useful for
high temperature service. Figure 1 shows the phase diagram for Al-Ni system that can
form several intermetallics such as AlNi3, A^Nis, AINi, Al3Ni2 and AI3NL All of these
intermetallics have high melting point except A13Ni intermetallic that has relativelylow
melting temperature. A13Ni - Al system has eutectic composition at about 6 wt% Ni and
eutectic temperature for this system is 640°C. A^Ni is the intermetallic that has been
studied to some extent while the eutectic A^Ni-Al got less attention. However these
eutectic matrix show promising applications due to its ability to produce directional
solidification in composites eutectic structure. Due to the presence of ductile Al phase
and hard and brittle intermetallic phase, these materials can form a composite matrix by
itself.

Materials and Experimental Procedure

The composite under investigation is an A^Ni eutectic reinforced with SiC particles. The
intermetallic A13Ni in eutectics is formed by the reaction of Al Powder with 5.69wt% Ni
powder. In preparing the intermetallic composite, we have followed the elemental powder
metallurgy route. The essential steps involved in the EPM method are shown in Figure 2.
Both Al and Ni powder were obtained from Fluka . The SiC powder used for
reinforcements is beta-SiC having mean size of 13micron. The mixtures of Al powder
with 5.69wt% Ni were prepared and mixed with SiC and then milled in a porcelain jar
using steel balls. In this work dry milling has been employed. In order to reduce excessive
heating, intermittent milling has been carried out with 2 hours milling and one hour
cooling time. These processes are repeated until a total of 10 hours milling time has been
achieved. Milling process will produce a mechanically alloyed powder . Since Al is more
ductile than Ni and SiC powder, Al grains get heavily deformed with Ni and SiC particles
attached on the Al grains. After ball milling, the powder mixture is compacted uniaxially
by pressing at 250MPa. The compacted powder was then sintered in a tube furnace under
a flow of argon gas. The sintering is done at 600°C for 16 hours and 620°C for 4 and 10
hours.

The sintered specimens are subjected to XRD analysis to evaluate the success of
sintering process and formation of intermetallic phase. The microstructure of the
composite was characterized using optical microscopy and SEM equipped with EDX
facility.

Results and Discussion

Formation of eutectic AI3N1-AI

Representative micrographs of the intermetallic composites with SiC particles are
illustrated in Figure 3.The microstructure observation on all samples studied shows that
the intermetallic phase A^Ni formed in all samples sintered between 600° - 800°C.
Figure 3 clearly shows the presence of A^Ni phase in the microstructure of sintered
sample. It can be seen that the intermetallic A^Ni phase formed during sintering is
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distributed within the Al matrix and there is no SiC particle in the intermetallic grains.
Increasing sintering temperature or increasing sintering time will increase the amount of
intermetallic phase. An attempt has been made by sintering the powder mixture at 800 °C,
i.e. . involving liquid phase. The resulting microstructure is shown in Figure 4. It can be
seen that A^Ni phase formed is coarser. Moreover, the microstructure of this sintered
specimen reveals more pores than specimen sintered at lower temperature. This may be
due to the migration of liquid phase from internal to the surface. This is reflected by the
formation of bead at the surface of the sample. The microstructure of the bead is shown in
Figure 5. The XRD analysis of the sintered sample confirm the formation of intermetallic
phase.

The SiC particles appear to be distributed evenly in the matrix phase. Increasing
sintering temperature seems to help in reducing porosity. It is also seen that the
composites containing higher weight percentage of SiC particles exhibit a greater degree
of clustering of SiC compared to the composite containing less weight percentage of SiC.

The detailed studies of the microstructure of intermetallic A^Ni eutectic using
SEM has been carried out. The representative SEM micrograph of the composite studied
is shown in Figure 6. The AiaNi phase formed during sintering can be seen clearly and
appears as a brighter phase. The micrograph also revealed the presence of two types of
pores, i.e. isolated pores in the Al matrix and pores along the SiC particles.

XRD analysis.

The XRD analysis carried out on the samples reveals not only the presence of
intermetallic phase A^Ni, but also the presence of silicon and AI4C3 in the composite
sintered between 600°- 660°C. The representative XRD patterns for the sintered samples
are shown in Figure 7. The presence of silicon in the composite sintered at 600°C is very
small as shown by a very weak peak, however the intensity of Si peak increased with
increasing sintering temperature and sintering time. The same pattern is shown by the
AI4C3 peak. The result suggests that Si and AI4C3 are formed from the reaction between
Al-SiC. XRD analysis on samples before sintering does not show any evidence of Si and
AI4C3. These confirm that both phases are only present in sintered sample and are due to
the reaction between Al and SiC at the SiC interface. It has been suggested by earlier
studies, that if the reaction between SiC and aluminium occurs, it will produce AI4C3 and
Si with the following reaction;

4A1(1) + 3SiC(s) =====4 Al4C3(s) + 3Si(l)

The amount of Si and AI4C3 formed are dependent on sintering temperature and sintering
time as revealed by these studies. Close examination on the sintered samples by SEM
shows the formation of voids along the SiC particle in contact with aluminium and is
another evident of this reaction.

Earlier works by Han et.al.t21 , reported the interfacial breakdown and void
formation occured at SiC interfaces. They also reported that the initial interfacial
decoherence was most frequently observed at sites where SiC particle clusters existed and
silicon particle were often found adjacent to SiC particles. EDX analysis on the section
shown in Figure 8 confirm the presence of silicon adjacent to SiC particles.
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Thermodynamic phase stability calculations by Argent et. al.[3] predict the

presence of AI4C3 only in equilbrium with liquid aluminium. However in the present
investigation, AI4C3 is detected at sintering temperature of 600°C and 620°C much lower
then the melting point of aluminium or the eutectic temperature. The result can be
explained on the basis of release of heat on the exothermic reaction of formation of the
intermetallic AI3NL The heat produced locally by the exothermic reaction is sufficient to
melt aluminium in the vicinity of the intermetallic, therby producing weak Al/SiC
reaction forming very small amount of AI4C3. However if the temperature of sintering is
raised to 800°C (liquid phase sintering), the amount of AI4C3 formed by the interface
reaction will be more as is reflected in the present investigation.

Conclusion.

The investigation has established that there is an interface SiC/Al reaction resulting in the
formation of Si and AI4C3 even at sintering temperatures lower than the melting point of
aluminium or the eutectic temperature. The observation has been explained on the basis
of exothermic reaction during formation of A^Ni intermetallic.
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Figure 3. Representative micrographs of Al-Al3Ni eutectic composite reinforced with
15% SiC sintered at 620°C.(100x)

Figure 4. Microstructure of Al-Al3Ni eutectic composite with 15wt% SiC sintered at
800°C.(100x)
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Figure 5. Microstructure of the bead formed at the surface of the composite sintered at
800°C.

Figure 6. The representative SEM micrograph of the Al-Al3Ni eutectic composite
reinforced with 15wt% SiC and sintered at 620°C.The micrograph revealed the presence
of pores along the SiC particles.
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ABSTRACT: The feasibility assessment of Co-sputtering from a Ni Cr Al segmented
target in a modified planar magnetron system to develop new coating compositions can be
obtained. Ni Cr Al coating compositions have been deposited onto high purity alumina
and nickel substrates mounted on marked substrate holder. Fully and semi quantitative
analysis of Ni Cr Al coatings were carried out, thus the distribution in composition of Ni,
Cr and Al weight percent as a function of angular position and sector position at various
distances from the center of the magnetron target were plotted. For identical coating
procedures, Reproducibility of weight percentage of NiCrAl coatings can be estimated
from superimposed weight % distribution plots. Electron microscopy and X-ray diffraction
analysis of as deposited coatings confirm the existence of amorphous phases. After heat
treatment at 1050°C for 5 min under vacuum which encouraged the equilibrium phase
formation. X-ray diffraction produced well resolved spectra indicating, that structural
changes in the as deposited coating had occurred during the heat treatment.

INTRODUCTION
The development of corrosion resistant coatings has been based predominantly on the
principle of the selective oxidation of element to form a stable, slowly thickening scale. For
high temperature service A12O3 and Cr2O3 scale appear to provide good protection (1). Two
major coating systems developed to date have been based upon aluminizing of the
substrate component from a pace source(2) or the deposition of more complex
compositions to form an overlay coating(3). Current overlay coating are typified by
MCrAlY series, where M is Ni ,Co, Fe, or a combination of these(4). Y is an active
element which greatly increases the adherence of the oxide scale under thermal cycling
condition (5).

Overlay coatings posses desirable advantages over the more common aluminized coating.
They offer inherent compositional flexibility which permits tailoring of the coating for
optimal performance. The coating provide a metal surface composition which will react
with the environment to produce the desired protective oxide.

The aims of this work are to assess the feasibility of Co-sputtering from a nickel
segmented target to study a new nickel coating composition using scanning electron
microscope with AEP energy dispersive analysis for semi quantitative analysis and SEM
with a fully quantitative link energy dispersive analysis system. Thus , suggestion can be
made for optimum NiCrAl coatings composition which can be used with rare earth metals
under corrosion/oxidation environment.

EXPERIMENTAL DETAILS
In this investigation, NiCrAl compositions have been deposited onto 10x1 Ox 0.28 mm
alumina substrates. 20xl0x 2.5 mm3 Nickel substrates were also used to study structural
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changes of NiCrAl coating during heat treatment under vacuum. NiCrAl coatings were
deposited using a planar magnetron coating system from segmented target, which is 120°
angled Nickel (99.5%), Aluminum (99.9%) sectors and 2mm thick Chromium (99.9%)
target.

This composite target was then attached to the top of the planner magnetron sputtering
source , Fig.l , with the position of each sector fixed to ensure each deposition was
carried out under identical conditions. All substrates were ultrasonically cleaned in
inhibisol and two cycles of vapor degreasing in isopropyl alcohol solution. Dried and
cleaned substrate samples were bonded onto a circular aluminum substrate holder 15.8 cm
in diameter by means of silver paint. For convenience and reproducibility, this substrate
holder was marked in circles spaced 1 cm apart and in 5° segments, Fig.2.

Sputter/Ion cleaning was also carried out to ensure that the surface to be coated was as near
atomically clean as possible. A radio frequency planner magnetron sputtering system was
used to produce all coatings.

RESULTS
Evaluation NiCrAl coating composition from sputtering yields:
Early coating trials were analyzed using a Cambridge S600 scanning electron microscope
with AEP energy dispersive analysis attachment. As this system is semi quantitative
,coating compositions (weight %) were evaluated from measured integrated areas using
calibration curves reproduced in Appendix A. Later coating trials were analyzed and some
of the earlier trials re-analyzed, using a Cambridge S250 scanning electron microscope,
with a fully quantitative link energy dispersive analysis system.

The results of these analyses were plotted on polar - coordinate graphs. The distribution of
Ni,Cr and Al composition, estimated in weight percent, are plotted relative to the position
of the Ni, Cr and Al segments of the target and as a function of the distance from the center
of the magnetron target. The earlier estimation gave weight percentage 10% higher then
those analyzed using fully quantitative analysis systems with ZAF correction procedures,
especially for samples opposite the Al and Cr sectors.

Figs. 3 show the distributions in composition (weight %) of Ni , Cr and Al after ZAF
correction as a function of angular position and sector position at various distance from the
center of the magnetron target. Fig. 4 shows plots of Ni ,Cr and Al weight percentages
distributions at different distance from the center respectively. If these three figures are
superimposed then the weight percentage of Ni , Cr and Al for any position on the marked
substrate holder, Fig.2, can be estimated, provided the coating procedures are identical.

Microstructures of as deposited coating:
Surface topography, together with polished and fractured cross sections of as deposited
coating were examined by scanning electron microscopy. The surface roughness on A12O3

substrates often exists on several scales. The zone I structure (6,7) observed consisted of
superimposed arrays of shadowed growth boundaries, Fig 5. These open boundaries
structure were associated with surface irregularities in the A12O3 substrate. Sub-grain
boundaries are also seen within the large columnar grain structures, Fig. 5. Layered coating
structures built up over the period of deposition were observed for some of the coating
runs, Fig.6. This was found to be due to impurities in the argon supply, primarily oxygen
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and water vapor. After the sputtering system was cleaned, the gas supply lines renewed and
the Argon supply connected through a Ti-getter, these multi-layered defective coating
structure were less pronounced, under similar deposition conditions, Fig.7.

DISCUSSION
One of the aims of this investigation was to correlate wherever possible the NiCrAl coating
performance to its microstructure. This discussion has implicitly assumed that the
deposition would be crystalline structure. However, this need not be correct for all
deposition condition, as has been shown by Krikorion and sneed(8). For example coating
deposited on polycrystalline substrate are usually polycrystalline as well, also epitxeial
growth dose not always occur during deposition even if coating and substrate consist of the
same material. Fig.8 illustrates this fact. A plot of logarithm of growth rate [which is
identical to incidence rate, P, for complete deposition] on the ordinate, against T/Tmon the
abscissa(9),can be used to illustrate regions where the coatings are either amorphous,
polycrystalline or single crystalline, depending on the value of p and T/Tm parameters.
According to diagram, Fig. 8, both polycrystalline and amorphous phases deposite
simultaneously at temperature, T3. However, at lower temperatures the phase boundaries
are shown dotted in Fig. 8 and it is possible to find amorphous and polycrstalline phases
depending on the conditions on deposition(lO). Since the NiCrAl sputtering coating were
deposited at room temperature onto water cooled substrates, T/Tm =0.2 - 0.3 under vacuum
pressure - 1 0 torr. In accordance with these conditions the stable phase should be
amorphous, however, it could be a mixture of amorphous and crystalline if the substrate
temperature rises during deposition.

X-ray diffraction analysis and TEM studies of as deposited coating confirm the existence
of amorphous phase or very fine crystalline phase in these coatings. Heat treatment at
1050°C for 5 min. under vacuum resulted in the formation of equilibrium phase (Table 1).
X-ray diffraction produced well resolved spectra indicating, that structural changes in the
as deposited coating had occurred during the heat treatment and as discussed elswhere(l 1).
Thick NiCrAl coating 17-50 urn, deposited onto A12O3 substrate ( T/Tm =0.3 ), had a
columnar grain structure, Fig.5b with a sub-grain structure of 0.5 urn.

A number of studies in the literature have reported a grain structure consisting of textured
and fibrous grains with open boundaries grain (6), each grain extends through the thickness
of the coating (Zone I). More investigators (12) have shown that zone I structure contain
very fine (0.02-0.5 ujn) equiaxed subgrain with the same orientation within the columnar
grain. It was suggested that bundles of equiaxed grains give the coating regions of strong
texture and that individual columnar grains may contain many of these bundles.

In zone I , only a very few boundaries are expected to be mobile, and when one of these
mobile interfaces impinges on a stationary boundary, a new boundary is produced because
of the sudden change in orientation. This mechanism of zone I grain growth is consistent
with the observed structures in the form of macro-scale columnar grains. TEM studies are
known to show amorphous or equiaxed sub grain structures (11). The appearance of
lameller structures in some of the NiCrAl coating, Fig. 5, is thought to be due the reaction
between the depositing vapour and trace of oxygen within the coating system. Similar
lamellar coating structure deposited over a period of time have been reported in the
literature (13) which have been explained as result of reaction product from contamination
of nitrogen and/or oxygen in the air. Fig. 8 illustrates this layered structure, with
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superimposed X-ray line scans for Ni, Cr and Al across the lamellar structure. This reveals
that Cr and Ni compete with each other, in each layer, and is thought to be due to shunting
of the magnetic field by Ni-target sector which causes subsequent fluctuation of plasma
over Ni and Cr sectors and leads to enrichment in Cr in one layer and enrichment in Ni for
another. Hence attempts were made to relate the lameller structure to deposition time by
evaluating the growth rate and correlating it to the coating periods with the help of the
SEM photographs. It was found that no significant relation existed between shutting down
of the system and the lamellar structure. These lamellar structures disappeared and the
composition between Cr and Ni was less pronounced after the sputtering system was
cleaned , the gas lines renewed and the Ar gas supply connected through a Ti getter to
remove trace oxygen contamination as can be seen in Fig.5 b.

CONCLUSIONS
A Variety of chemical compositions of Ni Cr Al can be produced by co-sputtering using a
segmented target, consisting of Ni, Cr and Al segments and magnetron sputtering.
Assessment of Ni Cr Al chemical composition coatings (Wt%) using SEM with a fully
quantitative link dispersive analysis permits a wide range of NiCrAl compositions to be
studied up to 40wt% Al and 55wt% Cr. The coating deposit with a coarse columnar
structure (zonel) and contain a fine subgrain structure , short exposures, under 5 min, at
1050° C , lead to a coarsening of the structure .

REFERENCES
1. N.Biks and G.H.Meier ,'Introduction to high temperature oxidation of metals',

Edward Arnold (London). 1983.
2. R . Pichoir, 'Aluminized coating on Ni or Co - Base superalloys . Principal

prameters determining their morphology and composition'. High temperature
alloys for gas turbine.D.Cousouradis etal eds. Applied Science,London, PI91 -
208,1978.

3. G.W.Goward, ' Coatings and coating processing for gas turbine air foils in a
marine environment' Metal and Ceramic Report MCIC-75-27. Int. Conf. p277-
296,1974

4. L.Hsu,W.G.Stevens and A.R.Stetson, 'Development and evaluation of processes
for deposition of Ni-Co-Cr-Al-Y (MCrAlY) coating for gas turbine components'
Tech.Report AFML-TR-79-4097-1979 , pp 93.

5. S . Stecura,' Effect of Y, Al and Cr concentration in Bond Coating on the
performance of Zirconia-Yttria thermal barriers'Thin solid films, 1980,3, P481-489.

6. J.A.Thornton, J.Vac.Sci.Technol., Vol.11, 4,1974, P666-670.
7. J.A.Thornton,Ann.Rev.Mater.Sci.,Vol.7,1977, P239-245.
8. E.Krikorian and R.S. Sneed, J.Apply.Phys.,Vol. 37,10,1966, p3665 -3673.
9. K.H.Behrndt ,J.Apply.Phys.,vol.37,1966,P3841-3853.
10. H.Klaus andK.H.Behrndt, 'General consideration applicable to deposition of thin

films'. Techniques of Metals Research, R.F.Bunshah(Ed),Techniques of material
preparation and handling, John Wiley, pi 191- 1221,1968.

11. J.R.Nicholls, L.B.Hussain and P.Hancock,'Microscopic structural study of NiCrAl
Ternary system' Proceedings Annual general meeting and 5th scientific conf. of
Electron Microscopy Society ,Malaysia,Nov.l995,p78-82.

12. GRM.Grovenor, HTG.Hentell and D.A.Smith, Acta.Metall.,Vol.32,1984,5,P773-781.
13. L.Keller, L.Oren, R.J.Taylor, F.Schwirzke, R.E.Bunshah and C.N.J.Wagner, J. of

Nuclear Material, 111 and 112, 1982,P493-497.

228



ACXRI '96

Wt% Al

Figure 1. Ni, Cr and Al sectors on
the planar magnetron

Figure 2. Typical arrangement of
substrates onto the aluminium

holder for sputtering deposition

-Wt%Cr

Figure 3. Distribution of Ni, Cr and Al
wt% after ZAF corrections

ioo\vt% opposite the target at various
distance from the centre

Wt% Ni 229



ACXRI 96

Cm

AL

NI

Figure 4 Ni, Cr and Al wt% contours
opposit the NiCrAl target
(-Ni,—Crand Al)

( cm axis is in 7 divisions each 1 cm)

(a) 4 (am (b) 10 urn
Figure 5. NiCrAl sputter coating on A12O$
(a) Surface shadowing (b) Columnar grain structure

230



ACXRI 96

10 jim
Figure 6. NiCrAl layered coating surface. Figure 7. NiCrAl coating on Ni subtrate

shows the multilayered structure
are less pronounced.

o
Id

<

a.

o
a.
o

J_ JL _L _L
200 400 800 800 1000 1200 1400

Figure 8. Typical phase and crystallographic order transitions (9)

Figure 9. Ni ,Cr and Al line scane, showing competition between Ni
and Cr through the lameller structure.

231



' i , Cr AND Al ut I CAIIBMTIOM CUtiVfJ

ro

is

T«t>1e 1

Substrate

Ni

• COMPARISON OF X
TREATE

Wt I of
coa

Ni

Sal

Sal

In

\r

54

S

Al

15

10

) SAMPLE

as
COAted

2.04
1.4419
1 .774

_
2.074
1.797

-
1.266
1 .077
1.031
0.890

0.799

-

RAY AHAIYSES FOR

heat

d

2 .M
1.4419
1.77J
1.0195
0.9120
0.8325

2.87
2.OZ
1 .434
1.285
1.171
1.015

3.6
2.547
2.074
1.793
1.461
1.265
1.078
1.032
0.893
0.819
0.798

2.034
1.760

.244

.062
1.017
0.8810
0.809
0.790

treat

J |
100

16
30
IS
20

6

40
100

20
10
70
20

40
40

100
70
20
60
60
40
20
70
70

100
«2
21
20

7
4

14
15

to

plane

110
200
211
220
310
222

loo
no
200
210
211
220

100
110
111
200
2)1
220
311
222
400
331
420

111
200
220
311
222
400
331
420

V> COATED

phase

. (C r )

. (C r )
•.(Cr)

ajCrj
o Cr
.|Crj
B(NIA1)
«(NIA1j
«(!HA1)
B(NIAl)
B(N1A1
8(N1A1)

Ni ,A l
Ni jAl
N1,A1
N1,A1
HI 3AI
NI.A1
Nljtl
N(3AT
NI,*]
NI3AI
NI3AI

Y(N<)
Y ( » ' )
T(Nl)

»<" ' )
Y(N1)
7(Ni
Y(N1)
Y ( » 1 )

AND HEAT

a phase

a phase

Y* phase

Y phase

Nine Hi-base a l l o y s plus pure N I , Cr and Al (Table Al ) were used

Co c e r e l i t e the i n t eg ra ted area dur i ng X~r ay spectrufli ana lys is us^^Q

S600 scann 1 no p}?ct ron *»c ^OSCOpe w i th A^P eriproy d 1 SPC^S ivc ARAlysts

<1lO

The Measured Integrated areas were determined under identical analysis

conditions Early NiCrAl coatings trials were analysed on the

Lambridge 5600 System under identical conditions. Figure (A?) was

used to estimate the analysts in weight percentage of these coating

samples -

Ta&le A' - CMCMICAL COMPOSITION OF Ni. Cr AND Al (wt I) WITHIN THE

MATERIALS USED IN THE CORRELATION ANALYSIS

1

2

3

4

5

6

7

8

9

Materials

(

Nickel

Chromium

Aluminium

Ni jAl . Fe

Ni - 20Cr

1N713LC

INI 00

1N625

IN71R

10.INRnn

11

12

Nimonic 105

*-40

Ni

wt I)

98

100

100

77

80

62

68

61

61

31

53

10

Cr

;« •.)

20

12

10

2 1 , 5

16

20

15

25 5

A]

( " t

10

6

5

0.

3.

0

4.

-

XI

94

5

4

4

15

7

Fe

Fe

Tt

Co,

Fe

Co,

Fe.

Co.

Co.

Other

Mo

Ti

Mo

Ti

T i

T i

y ,

Nh

Mo.

Tn

Mo,

Mn

Mo

f e ,

Elements in

Fe

Ir

c
W,

c.
Fe

Mn,

Mn, Si

B , C a

Mn P

Ta. Nb

S. S i .

Mn, Si

S i . B 1

t he

and

nd V

T i ,

Fe.

Cu

and

nd C

Alloys

C

Co

Mn, S i , Zr.B & C

C

J njaee

300M

t30M,

!?««

CAM

a

/
t

• • •
, ,

/

—

• - • •

/

—

. , • • _

— -

. — . . .

P I G . A 2 . CORRELATION BETWEEN N i T l > AND AL WEIGHT >

!N N i , C r , ^ i AND N , _ L M \ f ALLOTS W[ fH TM£ INTEGRATED AREAS



MY9700807
A STUDY ON THE PHASE TRANSFORMATION OF MgO-P2O5 GLASS

BY X-RAY DIFFRACTION

M.R.Sahar and N.Kamaruddin
Materials Science Panel

Physics Department
Universiti Teknologi Malaysia

81300 Skudai, Johor DT Malaysia.

Abstract: A series of glass based on MgO^Os system has been prepared. Their phase
transformation behaviour has been studied using an x-ray diffraction technique. By the
help of a DTA data, a tentative phase transformation diagram of this system has been
made. It is found that glasses with low MgO content posses the phase of metaphosphate
which gradually transforms to pyrophosphate phase as the P2O5 content increases. The
complete decomposition of metaphosphate occurs around 50MgO-50P2Os.

Introduction

Phosphate glasses containing modifying oxides such as MgO or CaO has
received considerable interest particularly as bioceramic materials l>2'3 Their
mechanical and physical properties have also been studied elswhere 4 which showed that
most properties are compositional dependent. However, this kind of glass, if heated, will
experience some structural changes, probably because of the variation in P-O-Mg
crosslink density during the glass formation or crystallisation. The transformation
especially from the well known meta to pyrophosphate structure can well be studied by
x-ray diffraction technique. This technique is relatively simple compared to the others
such as measurement of viscosity or dilatometry 5.

In this work, the phase transformation in MgO^Os glasses using x-ray
diffraction is presented.

Experimental

Glasses with composition of (l-x)MgO-xP2C>5 are prepared using melt
quenching technique. Laboratory grade analar with purity beyond 99.5 % of MgO and
P2O5 oxides are used as starting materials. The glass preparation has been discribed in
detail elsewhere6. The glass sample are then crystallised for 30 minutes at their
crystallisation temperature before being characterised by x-ray diffraction technique to
analyse the phases.

Results and Discussion

A series of glasses are made succesfully and Table 1 shows the details. It is
found that these glasses can only be formed in range of 0.4 < x < 0.8. For higher x
values, the melts do not form glass while for lower x values, the melts are totally
crystallised.
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Table 1. Nominal composition of MgO- asses

Sample J

s,

s2

S3

s4

s5

s6

No. Compositio mol%
n P2O5

20 80

30

35

40

50

60

70

65

60

50

40

Crytallisation
temperature(°C)
300, 620

300, 825

700, 850

700,900

700,1000

700, 1100

Diffraction studies are carried out on the samples and the results are shown in
Figure 1 for all of the components.

to

2

a-

36

P205 b- Mi

32

JP2°6
20

c-

28
degree

MgO d -

24 20

Figure 1: X-ray diffraction pattern to show the transformation phase of
glasses.
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The phase analysis is obtained by matching the reflections with the ASTM data cards.
Some of these phases are summarised in Table2.

Table2 : Phase analysis in MgO- P2O5 glass.

Sampel No.
s,
s2
S3

s4
s5
s6

Phases present
MgP2O6, P2O5

MgP2O6, P2O5

MgP2O6, P2O5

MgP2O6, P2O5

MgO,MgP2O6

MgO, Mg2P2O7

As can be seen from Table 2, for glasses with higher amount of P2O5, the main
phases are metaphosphate of MgP2O6 and P2Os. However, for composition with higher
amount of MgO, the phase occurrence is dominated by the existence of pyrophosphate
of Mg2P2O7 and MgO. This would indicate that there are some transformations in the
glass structure as the composition changes.

The structural transformation however, needs some explanation. According to
Mohammad 7, this transformation could be the result of the increase in the P-O-Mg
crosslink density involving Mg ions. It has been argued that MgO supplies the Mg ions
and Mg2+ occupies the interstitial and substitutes some of the phosphorous ions.
This is true since the phase occurrence of P2Os (as in S4) has changed to MgO (as in S5).

Finally, using the guide of Table 1 and Table 2, a preliminary phase
transformation diagram can be made and is shown in Fig. 2.

T(°C)

1000

800 -

600 -

400

200

TO MgO +

MgO

+

M g 2 P 2 0 7

1

i

1

Mg P 2 0 6

L

p2ps + i

1

\
" \ —

\
\

-

<gP2°6
MgO 20 60 8040

mol %
Figure 2: A tentative transformation diagram for MgO-P2Os glasses

PoO2U5
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From this figure, it can be deduced that for higher MgO content, the glass is dominated
by the phase Mg2?2O7 before gradually transforming to the more stable glass with the
phase

Conclusion

The phase transformation in MgO-P2C>5 glass is studied by x-ray diffraction
technique. A preliminary phase transformation diagram has been drawn by the help of
DTA and XRD.
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Abstract
A quantitative x-ray diffraction analysis technique developed at University of Sheffield was
adopted, rather than the previously widely-used Internal Standard Method, to determine the
amount of the phases present in a reformulated whiteware porcelain and a BaTiC>3
electroceramic material. This method, although still employs an internal standard, was
found to be very easy and accurate. The required weight fraction of a phase in the mixture
to be analysed is determined from the ratio of slopes of two linear plots, designated as the
analysis and reference lines, passing through their origins using the least squares method.

Introduction
The properties of ceramics, whether in the starting materials, intermediate states or

in the final densified product, can be categorised as being of two types. These are the
characteristic and behavioural properties [1,2]. The former are considered to be of two
distinct types, i.e.

1. Constitutional characteristics which include the amounts and types of phases (pores and
solids) as well as the chemical and minerological content of the solid phases.
2. Structural characteristics which relate to the size, shape and orientation of the phases
within the microstructure. This includes the perfection of the crystal structure.

Behavioural properties are related to the response of the material or object when
subjected to external stimuli such as mechanical forces, electrical or magnetic fields or
even the heat treatment employed. Some examples of such properties include coefficient of
thermal expansion, dielectric strength, fracture strength and toughness and magnetic
permeability.

The amount of phases present, i.e. a constitutional characteristic property, in a
particular fired ceramic system is undoubtedly very important as it tend to influence
somewhat the behavioural properties. The widely known Internal Standard Method used to
quantify the amount of the phases present has some drawbacks, particularly its accuracy
[3]. The use of 'The Ratio of Slopes Method' [4] in this study was to overcome such
inferiority of the previous method. This paper describes the practical experience based on
two ceramic systems, i.e. a reformulated porcelain and a BaTiC>3 electroceramic material.

Experimental procedures
The 'Ratio of Slopes Method' requires that two lines, i.e. the reference and analysis

lines, be established which passes through the origin [4]. The reference line for the required
phase is obtained by plotting the intensity ratios against the weight ratios of the reference
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material to the standard, using a reference material of known composition. Similarly, the
analysis line is then obtained by plotting the intensity ratios of the required phase to the
standard against the weight ratios of the mixture to be analysed to the standard for different
proportions of mixture and standard.

X-ray analysis of the reformulated porcelain, fired at 1270°C for 2 hours, indicated
that the crystalline phases present were only mullite and retained quartz, Figure 1 [5].
Reference lines were established for quartz (26 = 20.9°, d = 4.242 A) and mullite (26 =
16.6°, d = 5.347) using CaCO3 (26 = 29.42 , d = 3.036) as the internal standard reference
material. This involved plotting the intensity ratios of the chosen peaks of quartz and of
mullite with the reference material for various weight ratios of quartz and mullite to the
reference material. This is shown in Figure 2. Pure quartz was obtained from Colin McNeal
Ltd. (U.K.) with a median size of 2.4 îm and Molochite, from E.E.C. International (U.K.)
was chosen as the source of mullite. It is known that Molochite contains approximately 55
% mullite with the balance being the amorphous glassy silica phase. To obtain the analysis
lines of quartz and mullite in the porcelain bodies, a similar procedure was also performed.
The corresponding intensity ratios to weight ratios were determined and plotted. The ratios
of the slopes of the analysis line to the reference line of each phase, with the slopes
calculated using the least square method, gives the amount of each phase present. By
difference, the amount of glassy phase was determined.

The formation of BaTiO3 from the mixture of BaCO3 and TiC>2 powders depended,
amongst others, on the extent of milling and uniform mixing of the starting materials. The
'Ratio of Slopes Method' was used to study the effect of mixing procedure on the
formation of BaTiO3 fired at 1000°C for 1 hour. Very fine CaF2 powder was chosen as the
internal standard. Similar procedure as for the porcelain study was performed, i.e.
establishing the reference and analysis lines. The former (as shown in Figure 3), was
obtained by mixtures of pure BaTiO3 (Tarn Ceramics Inc., NY) with CaF2 (Fisons
Scientific App. Ltd.) in various proportions whilst the analysis line was obtained from
mixtures of the produced BaTiO3 with the same internal standard [6]. The BaTiO3 peak
was determined between 26 of 30.8° and 32.2°, and for CaF2 peak between 26 values of
46.2° and 47.8°.

Results and Discussion
The analysis lines for the reformulated porcelain is shown in Figure 4. It was then

calculated, using the least squares method, that the amount of mullite present in the body
was 24.0 % whilst the amount of quartz retained was only 6.6 %. The glassy phase
constitutes about 70 %. This body showed a low porosity level of about 4 % at this
optimum firing temperature. Consequently, the strength of this porcelain was determined to
be relatively high with a mean average tensile strength of 97 MPa on a ring bursting
technique. However, the Kic value was low, 1.36 MPa.ml/2. This can be attributed to the
high level of glassy phase. Glass is known to have Kic values of about 0.7 - 0.8 MPa.m"2.
The high amount of glass was also a contributing factor towards a low thermal expansion
coefficient of the body, i.e. 4.79 x 10"6/°C. This is anticipated to give rise to some problems
during glazing.

The degree of uniformity of which the BaCC»3 and TiC»2 is mixed would influence
the formation of BaTiO3 in accordance to the following reaction :

BaCO3 + TiC-2 — > BaTiO3 + CO2
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The effect of mixing/milling times and mixing operation is shown in Figure 5. This was
obtained upon determining the analysis lines for the BaTiC>3 compound formed for each
milling/mixing period. It can be observed that as the milling/mixing time was prolonged,
the amount of BaTiC>3 formed would also increased but to a maximum value. The result
also show that a larger milling/mixing chamber size (Set 3), with proportionately similar
number of milling media to the smaller chamber (Set2), would produced better uniformity
and consequently more BaTiO^ formed when sintered at the same temperature. This is
quite clear as the larger mill chamber would provide a better milling effect due to the
harder impact when the media drops, and at the same time, improves the mixing action. In
Setl, less efficient mixing due to less number of milling media in the smaller chamber was
observed. The effect of reduction in size of the powder mixture is shown in Figure 6.

The advantage of this technique of quantitative analysis comes when weighing out
the samples to be analysed. The weights of the mixture to be analysed, the reference
material and internal standard need not be of any specific values or in a fixed proportion
but, of course, required to be weighed precisely. The weight ratios can also be chosen so
that the peak intensities can be measured accurately. Precise weighing and the ability to use
various weight ratios can give this method greater accuracy and flexibility than that of the
conventional internal standard.

One aspect which requires careful attention is the mixing method of the powders,
particularly when there is a great disparity in size distribution and fineness of the powders
to be analysed, the reference material and the internal standard. Dry mixing of the powders
can caused segregation. Consequently, a paste mixing technique was adopted. Some
amount of acetone was added to the weighed powder mixtures to form a paste-like in an
agate pestle and mortar and this was mixed thoroughly in a shearing mode for some time.
Whilst the mixture is still in a pasty form, it was loaded on to several sample holders and
subsequent x-ray procedures were proceeded. The paste mixing technique produced a more
repeatable measurements as shown in Figure 7 for BaTiC>3 [6].

4.0 Conclusion
In conclusion, the results showed that 'The Ratio of Slopes Method' is a useful

quantitative technique which can produced an extremely high degree of accuracy, provided
the necessary care and attention is adopted. However, it does have a disadvantage when the
powder to be analysed contained multiple phases, i.e. more than 4 phases. Choosing a
suitable internal standard would then be difficult.
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Figure 1: X-ray analysis of the reformulated porcelain, fired at 1270°C for 2 hours,
indicated that the crystalline phases present were only mullite and retained quartz.
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Figure 2: Reference line of quartz and mullite with CaCC>3 as the standard material
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Figure 5: The proportion of barium titanate found in the samples (Setl, Set2 and Set3)
calcined at 1000°C for one hour.
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Figure 6: As the mixing /milling time increases, the average particle size is progressively
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Figure 7: The differences of quantitative XRD analysis using (a) dry mixed and (b) paste
mixed of same samples with internal standard CaF2.
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SEM TECHNIQUE

J. Amighian and M. Mozaffari
Department of Physics , University of Isfahan,

Isfahan , Iran

Abstract : A series of isotropic Ba-Sr mixed ferrites were prepared, using a
conventional dry technique. The starting materials were hematite by product of
Isfahan steel factory, strontium carbonate from Merck company and barium
carbonate obtained from a local source. The principle phase of the samples was
chosen to have a composition in the form of (BaO)|.x (SrO)x nFe2C>3 , in which x
varied between 0 to 1 and n was varied between 5 to 6. The raw materials were
thoroughly mixed and fired in an electircal furnace for 2 hours. They were then
milled in a vibrating ball mill, in which the optimum milling time for each sample was
obtained.

»
After annealing at 750C , the powders were compacted in a cylindrical die

under 5 tons/cm2 . The compacts were then mixed with a binder and sintered in air
for 10 minutes at their optimum temperatures. Using SEM technique, the
microstructure of the samples were investigated. Using a permeameter, the coercive
force He and remanent induction Br were measured. The microstructures obtained
from SEM technique can be used to control the sintering stage in ferrite fabrication.

Introduction

The hexaferrites Me Fei2Oi9, where Me represents a divalent ion such as Ba,
Sr and Pb are well- known materials for the production of sintered permanent
magnets. The replacement of each ion is possible with any mixing ratio without
changing the crystal stucture. For example, Bao.75Sro.25 Fe-^O-ig and Sro.75Pbo.25
Fe-|2Oi9 have been investigated1.

The relevant physical properties of ferrites in many cases depend on the
microstructure2. For example one of the basic requirements at any aspects of
isotropic ferrite production is the size and shape of the particles. In the case of
anisotropic production the orientation of the magnetic particles is also important3. In
recent years new instrumental techniques have been used to study the mentioned
requirements4.

Two important factors, which characterize the improvement of permanent
magnets are coercive force He and the remanent induction Br. The coercive force
depends on the size and shape of the particles, whereas the remanent induction is a
function of chemistry and packing of the magnetic particles in a specific volume5.

The optimum size , in the case of the hard ferrits, has a mean value of 1.3
microns6. A distributed particle size around 1 micron can be achieved by milling, but
the proper optimum size can be controlled during sintering process. It has been
found that different additives in the right proportion can control the size of the
grains during sintering7.

In this work scanning electron microscopy was used to obtain some information
243



ACXRI '96
about the shape, size and orientation of the particles during sintering.

Experimental procedure

In this work different compositions of (Ba-Sr) mixed ferrites were prepared,
using the stoichiometric formula (BaO)|.x (SrO)x nFe2O3. The starting materials
were hematite, BaCO3 and SrCC«3. The hematite is a by- product of Isfahan steel
factory and is obtained by spray roasting HCl pickling solutions according to Ruthner
process. The BaCO3 is locally made and SrCO3 is from Merck company. The purity
of the raw materials are more than 97%. A special mixer with 5 cylindrical Cr-steel
jars was made to meet the similarity of the mixing beetween the samples. The mixed
powders with different x and n = 5.6 were calcined at different optimum
temperatures.

The calcined powders were then dry milled at different optimum milling times.
The optimum milling times were fairly higher for higher x compositions. To release
the possible stresses in the milled powders, an annealing process was performed,in
which a temperature of 750C for 2 hours was used. Using a hydraulic press, samples
of cylindrical shape were formed at 5tons/cm2. Finally the compacts were sintered at
different optimum temperatures, using a programable electric furnace.

Using a philips SEM, XL30 model, micrographs of the different unmagnetized
sintered magnets were obtained. A permeameter was used to measure, the values of
(BH)max- The values were then plotted against different sintering temperature, with
a fixed sintering time of 10 minutes.

Results and Discussion

The effect of the sintering temperature on the micrographs of a series of the
samples with x=0.2 is shown in figures 1 and 2. The sintering temeratures in figures 1
and 2 are respectively 1230C and 1260C. The variation of (BH)max for each sample
with respect to the sintering temperature is also shown in figure 3. As can be seen
the value of (BH)max at the sintering temperature of 1230C is higher than the one at
1260C . The comparison of the figures 1 and 2 shows that, the size of the majority of
the particles in figure 1 are about 1 to 2 microns, whereas in figure 2, there is a
considerable grain growth due to higher sintering temperature, which leads to lower
coercive force or lower (BH)max- Also in figure 2 a liquid phase which is probably
due to higher sintering temperature is observed.

Conclusion

In this work it was proved useful to observe the size and shape of the particles
on the sintered ferrite surface with a SEM. This observations show that the magnetic
parameters of the hexaferrites not only depend on the microstructure, but also can
be controlled and modify by SEM observations.
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Figure 1 : The micrograph of 1230C sintered magnet.
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Figure 2 : The micrograph of 1260C sintered magnet.
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Figure 3 : The variation of (BH)max with respect to sintering temperature.
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ABSTRACT

Clay-based ceramic products can either be produced directly from a suitable clay
source without the need for any further addition or such products can be produced from
a ceramic body formulated by additions of other raw materials such as feldspar and
silica sand. In either case, the mineralogical make-up of the clay component plays a
dominating role in the fabrication and properties of the ceramic product. This study was
sparked off by a peculiar result observed in one of five local ball clay samples that were
used to reformulate a ceramic body. Initial characterisation tests conducted on the clays
indicated that these clays can be classified as kaolinitic. However, one of these clays
produced a ceramic body that is distinctively different in terms of whiteness, smoothness
and density as compared to the other four clays. Careful re-examination of other
characterisation data, such as particle size distribution and chemical analysis, failed to
offer any plausible explanation. Consequently, the mineralogical analysis by X-ray
diffraction was repeated by paying meticulous attention to specimen preparation.
Diffraction data for the clay with anomalous behaviour indicated the presence of a ~I0A
peak that diminished when the same specimen was re-tested after heating in an oven at
120°C whilst the other four clays only exhibit the characteristic kaolinite
(Al2O3.2SiO2.2H2O) and muscovite peaks at ~7A and ~10A before and after heat
treatment. This suggests the presence of the mineral halloysite (Al2O3.2SiO2.4H2O) in
that particular clay. This difference in mineralogy can be attributed to account for the
variations in physical properties of the final product. Consequently, this paper reviews in
general the precautionary measures that must be adhered to during any mineralogical
investigation of clay minerals or clay-based materials. The common pitfalls during
specimen preparation, machine settings and interpretation of data are also highlighted.

INTRODUCTION

Clay minerals are essential components of clays. The other components are other
minerals, often referred to as "accessory minerals", and carbonaceous matter, both of
which play important roles in the forming, firing and properties of clays used in the

247



ACXRI 96
ceramic industry. Particles of clay minerals have sizes < 2 u,m . Due to the extremely
fine size of the clay minerals, they were long the subject of controversy and confusion,
and clarification came only with advances in analytical tools such as x-ray diffraction .
Structurally, clay minerals are layer silicates (phyllosilicates) and a 1980 Association
Internationale Pour 1'Etude des Argiles (AIPEA) Nomenclature Committee definition
states: "clay minerals belong to the family of phyllosilicates and contain continous two-
dimensional tetrahedral sheets of composition T2O5 (T = Si, Al, Fe3+, ...) with tetrahedra
linked by sharing three corners of each, and with the fourth corner pointing in any
direction. The tetrahedral sheets are linked in the unit structure to octahedral sheets, or to
groups of coordinated cations, or individual cations" [3l There are two ways in which the
layers are grouped in the phyllosilicates, viz. the 1:1 and 2:1 types of arrangement as
shown in Figure 1. In addition, layers may be separated from one another by various
interlayer materials, including cations, hydrated cations, organic molecules, and
hydroxide octahedral groups and sheets. The total assembly of a layer plus interlayer
material is referred to as a unit structure.This phenomenon is utilised in the identification
of clay minerals by X-ray diffraction: for example, K ions intercalate the mica 2:1 layers
and the thickness of the mica structure is ~10 A; in vermiculite, the intercalating cations
are moderately hydrated resulting in a -14 A unit structure; in smectites, the cations are
more highly hydrated and the unit structure height depends on both the precise nature of
the cation and on the humidity.

Consequently, the properties of a clay-based ceramic body formulation will be
greatly affected by the mineralogical constitution of the clay. A kaolinitic clay, for
instance, will not shrink as much as that of a smectite-containing clay upon firing to the
normal production temperatures. Apart from differences in properties upon firing,
differences in mineralogical constitution also have a significant influence on the
fabrication of ceramic products from such bodies.

MATERIALS & METHODS

Five local ball clay samples, without any prior treatment, were used in this study
(labelled as BC1, BC2, BC3, BC4 and BC5). The samples, as supplied, were quartered to
obtain a sizeable portion for x-ray analysis. The samples were then oven-dried for 24
hours before being carefully hand-ground to pass through a 300-mesh sieve. The ground
samples were then examined with a Philips PW 1820 diffractometer at a scanning speed
of 1° 28/minute starting from 5° 29 to 60° 20.

Upon observing the anomalous behaviour of one of the clay samples in the
reformulation studies, the specimen preparation for x-ray difffraction was altered. Clay
samples which had been quartered were made into a thick paste with water. Using a stiff
polymer sheet, the paste was smeared with a single stroke onto a halved microscopic
slide[4l The paste was air-dried overnight before being mounted onto the diffractometer
specimen holder. Scanning was conducted at the same conditions as in the previous scans
except that the initial scanning angle was set at 1.5° 28. Subsequently, the same samples
were left exposed overnight in a dessicator containg a concentrated solution of ethylene
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glycol^ . Diffraction scans were repeated for all the specimens. The specimens were then
heated in an oven set at 120° C and left overnight before repeating the diffraction scans.

RESULTS AND DISCUSSION

The physical properties of specimens fabricated from the various clays when fired
to different temperatures were as shown in Table 1. The colour of specimens upon firing
was distinctly whiter for clay BC5 when compared to the other clays. Halloysitic clays
have been reported to impart a much whiter appearance when compared to the best
kaolinitic clays . The density of specimens BC5 is much lighter and this can be
accounted for by the packing of the tubular halloysite crystals compared to the platey
kaolinite crystals. A much higher packing density can be obtained from the latter.
Shrinkage upon firing is least for BC5 and this can be accounted for partly by the higher
proportion of free silica in the BC5 clay as well as the nature of the clay mineral crystals.

The results of the diffraction scans for specimens which had been oven- and air-
dried were analysed. All the specimens indicated the presence of kaolinite, quartz and a
micaceous mineral (Table 2).

The results of the diffraction scans on specially prepared specimens were as
tabulated in Table 3 and the scans for sample BC5 are shown in Figure 2. All the
specimens, except specimen BC5, showed similar diffraction patterns as in the previous
set of specimens. The main clay mineral was kaolinite. However, the ~ 10 A peak for
specimen BC5 diminished upon heating to 120°C. This is consistent with theoretical
consideration of the unit structure for halloysite'7'81. Upon heating, the interlayer water in
halloysite (Al2O3.2SiO2.4H2O) becomes dehydrated and the unit structure now becomes
Al2O3.2SiO2.2H2O which is similar to that of kaolinite. This result confirmed that the
clay mineral in BC5 is halloysite and not (only) kaolinite as in the other four samples. On
the other hand, the unit structure for kaolinite is a 1:1 layer with no intercalation species.
As such the structure remains the same, i.e. exhibiting the characteristic 001 (hkl) peak at
~7 A even after heat treatment at 120°C. This explains the anomalous behaviour observed
in clay BC5. However, the -10 A peak observed in the other four samples did not
disappear when heated to 120°C and this peak is attributed to the presence of a micaceous
mineral which is unaffected by heat-treatment at 120°C.

These results highlight some of the common mistakes made during x-ray
identification of phyllosilicates especially clay minerals. These experimental oversight
can be classified as follows:-

(1) Samples were normally oven-dried prior to grinding and this tends to preclude
the characteristic 001 (hkl) peaks of many minerals (see TABLE 3).

(2) Since many phyllosilicates exhibit overlapping peaks, the special specimen
preparation outlined above (glycolation and heat treatment up to 500°C) can
differentiate conclusively the type of minerals actually present.

(3) The initial scanning angle set by most operators is at 10° 20. This tends to
preclude the 001 peak at angles lower than this.
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CONCLUSION

Diffraction data for clays needs to be intrepreted with caution. A sound
understanding of the clay mineralogy is necessary before embarking on x-ray diffraction
analysis of clays. This would save considerable time, avoids erroneous interpretations and
assures a much more meaningful conclusion. An appreciation of the mineralogical make-
up of clay(s) used in ceramic body formulations is necesssary in order to optimise the
manufacturing technology that entails. Close correlation between mineralogical
constitution and properties of the final product had been proven. In many instances, the
mineralogical constitution can be much more helpful than chemical (elemental) analysis.
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TABLE 1. Physical Properties of Various Ball Clays Upon Firing:

(a) Volume Shrinkage Upon Firing

1050°C
1100°C
1150°C
1200°C

BC1
2.01
2.13
2.83
4.97

BC2
2.12
2.28
3.97
5.02

BC3
1.86
1.97
2.63
4.78

BC4
1.78
1.87
2.47
4.66

BC5
-7.85

0.297
1.29
3.65

(b) Bulk Density and Colour upon Firing

1050°C
1100°C
1150°C
1200°C

BC1
2.43
2.80
2.81
2.93

Cream
Cream
Cream
Cream

BC2
2.50
2.79
2.83
2.98

Cream
Cream
Cream
Cream

BC3
2.41
2.78
2.79
2.87

Grey
Grey
Grey
Grey

BC4
2.35
2.73
2.72
2.81

Grey
Grey
Grey _,
Grey ^

BC5
2.03
2.08
2.04
2.05

White
White
White
Whiter

TABLE 2. Mineralogical Composition Of Oven-Dried Samples

Kaolinite
Quartz

Muscovite

BC1

V
V

BC2

V
V
V

BC3
V
V

BC4
V
V
V

BC5

V
V
-

TABLE 3. Characteristic Diffraction Peaks of Specially Prepared Specimens

BC1
BC2
BC3
BC4
BC5

Air-dried
specimen
10A
10A
10A
10A
10A

slide

7A
7A
7A
7A
Ik

Glycolated
specimen
10A
10A
10A
10A
10A

slide

Ik
Ik
Ik
Ik
Ik

Slide specimen
heated to 120°C
10A
10A
10A
10A
-

7A
7A
7A
7A
7A
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ABSTRACT

The x-ray computed tomography (CT) using film technique is investigated. Each
object is radiographed by the x-rays at different angles of 3.6 degrees increment from
0 throughout a minimum of a 180 degrees rotation using a developed automatic x-ray
CT system controlled by a microcontroller. After film development, the density
profiles on films at a desired position are read using an automatic scan densitometer
which is controlled by a microcomputer. The density profile data are simultaneously
saved on a floppy disk for CT image reconstruction. A software programme for the
CT image reconstruction is developed and run on a 80486DX IBM microcomputer
with a VGA color monitor. The convolution filter backprojection (CFBP) technique
and Shepp-Logan filter function are selected for the reconstruction software
programme. The resolution of the x-ray CT image is found to be approximately 1 mm
and the contrast, which depends on the x-ray energy is found to be satisfactory.

KEYWORDS : computed tomography, film technique

INTRODUCTION

X-ray computed tomography (CT) has widespread application in industry [1,2] as a
nondestructive inspection technique. There are many methods to obtain the projection
data, for instance, the scanning by detector arrays and the television system. For this
research the film technique has been applied to collect the projection data. The
transmission of x-ray through any material depends on the x-ray energy. If the energy
is not appropriate, the radiograph obtained will have poor contrast and poor resolution
which in turn causes a poor CT image. The investigation of x-ray energy for
computed tomography selected the suitable x-ray energy to be obtain the fine
projection data. For medical tomography the beam hardening is not a major problem,
because the variation in composition of the various parts of the human body is only
slight. The body is mostly water with some addition of carbon, a trace of other
elements, and some calcium in bones. The reconstructed image shows a variation in
density, but the range of variation is small. This makes x-ray tubes an acceptable
source and simple backprojection a suitable reconstruction method.

Industrial applications commonly encounter samples with a much greater variation in
composition, ranging across the entire periodic table and with physical densities
varying from zero (voids) to more than ten times the density of biological tissues. This
makes beam hardening an important problem. One solution is to use a monochromatic
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source, such as a radioisotope or a filtered x-ray tube. Another is to use two different
energies or a combination of absorption and x-ray scattering data, using the two
projection sets to correct for the change in composition in the reconstruction process.

Beam hardening [3] is the name used to describe the effect in which the lower energy
or softer, x-ray from a polychromatic source are preferentially absorbed in a sample
such as a conventional x-ray tube. Consequently, the effective attenuation coefficient
of a voxel is different, depending on whether it is on the side of the specimen near the
source or farther away. This is indicated schematically in Fig. 1, that shows the energy
spectrum of x-rays from an x-ray tube at the beginning, middle, and end of the path
through the specimen. As the lower energy x-rays are absorbed, the attenuation
coefficient of the sample changes slightly with the atomic number of the sample.

THE CT RECONSTRUCTION ALGORITHMS

The relationship between transmitted x-ray intensity (I) and the thickness of test
objects (S) can be written as :

I = Io exp[ - J f(x,y) dS] (1)

where Io is the intensity of the incident beam, and f(x,y) is the attenuation
coefficient for x-ray of the test object.

Let P(0,X) = ln(Io/I) which corresponds to the transmitted beam intensity at angle 9,
so called the profile data or projection.

Thus,

P(9,X) = jf(x,y)dS (2)

In this case,

X = xcosO + ysinG (3)

By using Fourier Transform and Convolution Theories, it can be written as :

f(x,y) = (1/TI) j JP(0,X). H(X-X')dX' d0 (4)

where H(X) is the filter function. Shepp and Logan filter function[4] is used in this
CT reconstruction programme.

X-RAY COMPUTED TOMOGRAPHY USING FILM TECHNIQUE

The equipment of this research consists of two systems. The first is the radiographic
set used to take the radiographs of the test object in various projections which is
controlled by a microcontroller. The second is the automatic scanning densitometer
used to readout the relative density profiles and is controlled by microcomputer as
shown in Figure 2.

254



ACXRI '96
The radiographic set (Fig. 3) is designed for data collection by taking the radiographs
of the test object. The stepping rotator of 3.6 degrees is installed infront of the lead
shield which has a slit of 8 mm x 80 mm. Behind the lead shield is the x-ray film
contained in an aluminum cassette (85 mm x 350 mm) that can move down with a
step of 10 mm each time. The movement of the film is synchronized with the rotation
of the test object. Only the x-ray beam transmitted through the test object and
incident on the slit are recorded on the film. Therefore, we need 52 projections to
obtain a CT image. The rotation of a stepping rotator and the movement of an
aluminum cassette are controlled by a microcontroller.

The automatic scanning densitometer (Fig. 4) is designed to readout the relative
density profiles from the radiographic films. It is controlled by microcomputer
system. The relative density profiles are displayed on the monitor and stored on
floppy disk.

THE CT RECONSTRUCTION PROGRAMME

Nowadays microcomputers have more capacity in handling computations and in
displaying excellent quality images. The IBM personal computers are commercially
available at a relatively low cost. The first objective of this work is, therefore, to
develop a CT image reconstruction programme to be used on the 80486DX IBM
compatible microcomputer with a VGA color monitor. The developed program for
this purpose is written in C language, then complied to be run under Disk Operation
System (DOS). The convolution filter backprojection (CFBP) technique and Shepp-
Logan filter function are selected for the reconstruction program. The reconstruction
time for 52 projections and 231 ray-sum for C language is about 1 minute. The CT
images are displayed for 64 gray levels on the graphic mode of 640 x 480 pixels.

TEST AND RESULT

For x-ray CT, the test objects are two aluminum models with different designs. The
first object (A) is call "siemens star" that is made from an aluminum cylinder of 3 mm
thickness and 50 mm diameter containing 4 aluminum wedges as shown in Fig. 5-a.
The second object (B) is an aluminum cylinder of 3 mm thickness and 50 mm
diameter containing 3 different sizes of rods i.e. 10x10 mm, 8x8 mm and 6x6 mm,
respectively, as shown in Fig. 6-a.

The CT images of the test objects radiographed by x-ray at different kilovoltage
settings i.e. 90, 100 and 120 kV are shown in Fig. 5(b-d) and Fig. 6(b-d), respectively.

CONCLUSION AND DISCUSSION

For the test objects it can be clearly seen that the CT images obtained from 100 kV x-
rays are better than these obtained from 90 kV and 120 kV x-rays in terms of image
contrast. With the same equipment and geometrical setup, better image contrast will
give better image resolution too. An appropriate x-ray energy can be obtained from
the x-ray exposure chart as is normally done in x-ray radiography. Too high or too
low energy will result in poor image contrast and therefore poor CT image.
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(b) 90 kV

(c) lOOkV (d) 120 kV

Fig. 5 The photograph and CT image of the test object A with various energy

(c) 100 kV (d) 120 kV

Fig. 6 The photograph and CT image of the test object B with various energy
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Abstract The design and development of a low-cost real-time computerised X-ray
radioscopic inspection system is described. The system enables the acquisition and
inspection of real-time digitised X-ray images. Samples are exposed to an X-ray source
in the normal manner. However a fluorescent material is employed as an X-ray detector
instead of an X-ray film. An image is formed when the fluorescent material is exposed to
X-rays. A low light level CCD camera, focused on the material, captures the image in
real time via a mirror without the use of image intensifies. The video signal from the
camera is digitised by a frame grabber system and is displayed on the video monitor.
The digitised X-ray image (reversed in nature) can be viewed simultaneously on the
computer monitor and can then be stored for image enhancement. The system is
currently in use at the Pusat Sains dan Teknologi Pertahanan Laboratories (Centre for
Science and Military Technology, Ministry of Defense) in Lumut.

Introduction

A low-cost real-time digital X-ray radioscopic inspection system has been designed
and developed. The motivation for employing this technique is firstly to avoid the use
radioscopic systems that employ image intensifiers which are expensive, and secondly
to exploit digital image processing schemes for enhancements and automated recognition
of certain features. In this case, we are attempting to recognise various kinds of defects
in weld inspection such as gas cavities (porosity, wormholes, pipes), lack of fusion, slag
inclusions, cracks, undercut, shrinkage cavities etc..

We foresee the technique to be applicable in any X-ray imaging situation for non-
destructive testing of materials which require automated recognition of features and/or
that simply require on-line (immediate) viewing of the X-rayed sample. Immediate on-
line viewing can eliminate unnecessary repeats of X-ray exposures to the sample
especially if the sample is a human being. In addition several images can be obtained in
one exposure which allows further image enhancement.

Design and Principle of Operation

As depicted in Figure 1, the sample on exposure to the X-ray source will form an X-
ray image on the fluorescent screen. This is as a result of the varying absorption of the
x-ray quanta in the sample. The sample is placed closely to the screen to maximise the
image formation. The X-ray voltage of the source can be varied and for the above
system a range of 50-200 kV, 8 mA is used.

The low light level CCD camera (l:1.3/25mm) is focused onto the fluorescent screen
via a mirror. CCD cameras have a modulation transfer function that is better for X-ray
applications, allowing transmission of even small details with high contrast. CCD
cameras have a photosensitive semiconductor chip to pick up image and are
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characterised by their low level of streaking, resistance to burn in and undistorted
images.

The output of the camera is connected to a frame grabber system housed in a PC.
Since the output is also connected to a TV monitor, the X-ray image as seen by the
camera is reproduced on the monitor instantaneously. Live digitised X-ray images can
also be displayed on the PC display monitor. The digitised images can be stored for
further enhancement.

X-ray source
max output 300kV sample flourescent screen

CCD camera
computer with image

processing system
TV monitor

Figure 1 Design of a Real-Time Digital X-ray Radioscopic Inspection System

Image Enhancement

Generally image (signal) obtained by radioscopic imaging system contains a
significant amount of noise that arises from the electronics and from quantum statistics
of the X-ray radiation. The relative noise contribution is expressed by the signal-to-
noise ratio (SNR). With digitised X-ray images, various image enhancement strategies
can be carried out prior to any automatic evaluation schemes. In fact image enhancement
is a prerequisite in a radioscopic systems that do not incorporate image intensifiers.

Firstly, the signal-to-noise ratio (SNR) can be improved dramatically by frame
averaging; averaging the gray-scale values of the same pixels in successive frames. This
is analogous to film radiography where long exposure times are necessary. Instead, the
radioscopic inspection incorporating an image digitiser grabs several frames of the X-ray
image in real-time. Frame averaging is carried out to obtain a low-noise digitised X-ray
image of the sample. In tests, between 5 and 9 frames are required to achieve the desired
result.
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Next, contrast stretching process is carried on the digital X-ray image. This process

results in the efficient use of the dynamic range of gray-scale values (typically gray-scale
value ranges between 0 and 255). Most images uses only a portion of the dynamic range
offered. The histogram of the image is stretched to fully utilise the dynamic range. The
process involves subtraction and rescaling (multiplication by a factor) of the pixel gray-
scale values. Gamma correction is also carried out for better visualisation; low gamma
values are used (typically between 0.4 and 0.5) for IQI analysis. Note that the digital
images obtained are inverted relatively to X-ray films; thicker parts are seen as dark
regions. Low gamma (less than 1) values improves visualisation of darker regions whilst
large gamma values (greater than 1) improves visualisation of lighter regions.

For further image improvement, the digital X-ray image can be filtered using various
types of filters to enhance edges and gradients, or using specially designed filters to
solve particular problems. Once an image has been enhanced, it can be analysed for
defects. The defects can be measured, classified and stored.

IQI Analysis

The system contrast sensitivity is measured using wire-type image-quality
indicators (IQIs) placed on the source side of the sample. In this case IQI DIN 54109 is
employed (see Appendix). IQI analysis carried out for the system and compared to
results obtained using X-ray film.

In a particular example, an aluminium sample of 9.4mm in thickness with IQI-wire
DIN 6/12 is exposed to an X-ray source set at HOkV (8 mA). Wires 6,7,8 and 9 are
observed on the monitor and therefore achieving a contrast sensitivity of 5.3% (0.50/9.4
x 100). Using the image processing system, several frames are obtained; frame
integration is employed to increase the signal-to-noise ratio of the X-ray image. The
digital X-ray image with significantly lower noise is then enhanced using contrast
stretching method to maximise the dynamic range of the digital image. The resultant
image enabled wires 6,7,8,9 and 10 to be observed i.e. improving the contrast sensitivity
figure to 4.2% (0.40/9.4 x 100). Figure 2a shows the scanned image obtained through
this method. The digital X-ray image has been inverted to appear as an X-ray film
image.

(a) Digitised X-ray image (scaled by 4 and contrast-stretched): From original image, wire numbers 6,7,8
and 9 were observed resulting in a contrast sensitivity of 0.40/9.4 x 100% = 24.2%
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(b) X-ray film (scaled by 4 and scanned at 150 dpi): From original X-ray film, wire numbers 10,11,12
were observed resulting in a contrast sensitivity of 0.25/9.4 x 100% = 2.6%

Figure 2 Scanned X-ray images of sample (Al, 9.4mm) (with voids and cracks in
the middle) attached to DIN 10/16 IQI-wire indicator on the source side.

Figure 2b shows the scanned image of an X-ray film obtained for the above sample.
As expected the IQI analysis gives a better contrast sensitivity of 2.6% compared to the
above method. It should be pointed out that the quality of the images rendered in Figure
2 have been significantly reduced by the scanning and subsequent printing process.

The system contrast sensitivities for both schemes namely the real-time digitised
radioscopic inspection system using the fluorescent screen, and the normal method of
using X-ray film are measured based on the IQI wire penetration as shown in Figure 3.
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Contrast resolution using IQI wires for aluminium (up to 180kV)
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Figure 3 Contrast resolution using IQI wires for aluminium (up to 180kV)
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Conclusion

A low cost real-time digital radioscopic system has been developed and tested. The
digital X-ray images can be enhanced to improve contrast sensitivity/resolution. The
contrast resolution results based on IQI wires show that the system which does not
employ image intensifiers is a practical and viable system for radioscopic inspection.

The system can now be used for defect analysis (eg size/depth of defect) and can be
performed on computer. This allows for (1) faster analysis, (2) lower cost, (3) archiving
of digital images in computer which is less bulky and thus (4) easier referencing and
cataloging of defects.

The system is currently under further development to incorporate several features
such as automatic recognition of defects and cataloging. Currently, it is planned that the
system uses X-ray camera to obtain better contrast sensitivity/resolution (will increase
its suitability for inspection of steel samples that typically requires higher voltages 200-
300kV) and thus avoid use of external fluorescent screen which actually limits the kV
range to 200kV (or less).

Acknowledgement

The work is conducted at the Pusat Sains and Teknologi Pertahanan Laboratory in
Lumut and at the Image Processing Research Laboratory in the School of Electrical and
Electronic Engineering, Universiti Sains Malaysia. The work is financially supported by
Ministry of Defense, Malaysia under an IRPA research grant. The authors would like
to thank the Director of Pusat Sains and Teknologi Pertahanan Laboratory, MINDEF,
Malaysia for his support.

References

[1] J J Munro, R E McNutty, W Nuding, H P Busse, H Wiacker, R Link, K Sauerwein
and R Grimm, "Weld Inspection by real-time radioscopy", Materials Evaluation, Vol.
45, No. 11, pp 1303-1309. (The American Society for Nondestructive Testing, Inc.),
1987.

[2] R Link, W Nuding and K Sauerwein, "Television-fluoroscopy (radioscopy) as an
automated technique in radiographic inspection", The British Journal of Non-destructive
Testing, July 1984

263



ACXRI '96
Appendix Details of IQl DIN 54109

One series of DIN 54109 comprises of 3 indicators with 7 wires each, placed parallel
to each other at 5mm. Table A.I shows the wires making up this series and Table A.2
gives the diameter (in mm) of the corresponding wire.

Indicators

DIN 1/7

DIN 6/12

DIN 10/16

Wire number

1

6

10

2

7

11

3

8

12

4

9

13

5

10

14

6

11

15

7

12

16

Table A.I DIN 54109 indicators

Wire number

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Wire

3.20

2.50

2.00

1.60

1.25

1.00

0.80

0.63

0.50

0.40

0.32

0.25

0.20

0.16

0.125

0.100

diameter (mm) & Tolerance

+0.03

+0.02

+0.01

+0.005

Table A.2 Diameter of DIN 54109 Wire Indicators

Contrast sensitivity is measured by dividing the diameter (mm) of the highest wire
number indicator observed by the sample thickness (mm). The value obtained is
converted to percentage. As an example, if the the highest wire number observed is
number 10 and the sample thickness is 9 mm, then contrast sensitivity is:-

Contrast sensitivity (%) = 0.40/9 x 100 = 4.44%
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Abstract : Austempered Ductile Iron (ADI) is an important engineering material which is
gaining popularity. The conventional belief that austempered ductile iron, when heat treated
satisfactorily, contains bainite, is now disproved by recent experiments. Our present work
on the study of the reaction products of heat treated ADI by x-ray diffraction confirms the
recent view. The results of x-ray diffraction studies on the structural constituents of ADI
for various durations of austempering are presented and discussed.

Introduction

Cast iron is one of the important engineering materials which finds extensive
applications in automotive, machine tool, textile, chemical and many other industries1. The
development of ductile iron has improved the scope of applications of cast iron due to the
improved properties available in ductile iron. In recent years, Austempered Ductile Iron
(ADI) has attracted the attention of materials engineers because it has superior strength,
good impact resistance, light weight etc., compared to low-alloy steel2 '3 . ADI has a good
wear resistance4, excellent damping capacity, high toughness5, and very good thermal
conductivity. ADI is also easier for production.

Austempered Ductile Iron is produced by the heat treatment -Austempering- of the
cast ductile iron component. The reactions during the Austempering of ductile iron are
different compared to the austempering reactions in steel6. Further, the composition of
ADI influences the heat treatment and final properties significantly. In ADI, recent studies
have shown that the reaction products of the austempering heat treatment does not contain
bainite in the initial stage (i.e. the first reaction). Since the material is still in a state of
development, many aspects of the behavior of ADI are not fully understood6.

Austempering Reactions

In the case of steels austempering produces a bainitic structure (upper of lower bainite
depending on the temperature of austempering ). The reaction in austempering of ductile
iron is considerably different compared to that in steels. It is observed that the austempering
heat treatment causes an increase of the strength up to a certain value and this is called the
first stage reaction. Heat treatment beyond the first reaction will produce high strength and
low ductility and this is called the second stage reaction. The microstructure of the ADI
appears quite similar to the bainitic structure but recent studies have shown that the
structure is a mixture of austenite and acicular ferrite. During austempering, ferrite
precipitates out of, and grows into the austenite. At the same time, carbon is rejected from
the growing ferrite platelets into the surrounding austenite. The remaining austenite
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continues to absorb carbon as the austempering reaction proceeds. As the austenite
becomes enriched with carbon, growth of the ferrite platelets is inhibited and the reaction is
arrested This is called the first reaction in the austempering of ADI . The second reaction
starts when the high carbon austenite starts to decompose to ferrite and carbide. The high
toughness in these irons is attributed to ferrite - austenite structure produced by the first
reaction, while the second reaction is undesirable because it produces embrittlment due to
the presence of carbides.

Experimental Details :

Ductile iron having a composition suitable for austempering was cast in the form of
round bars of size 30 mm diameter x 300 mm length. The composition of the cast alloy is
C-3.6%, Si-2.69 %, Mn-0.31 %, P-0.U32 %, S-0.018 %, Mo-0.3 %, and Cu-
0.97 %. From these castings, specimens of 7 mm diameter and 20 mm length were
machined for the present study.

Heat treatment :

Heat treatment of the specimens involved austenitization in a tube furnace at 900 °C
for 1.5 hour. All the specimens were dipped in a copper sulphate solution so as to minimize
decarburization. Austempering was accomplished at a temperature of 316 or 371 °C by
quenching into a salt bath ( 55.2 % KN03 and 44.8 % NaNO2 )

7 and holding at the desired
temperature for 0 5, 1, 1.5, 2, and 5 hours as shown in the schematic diagram in figure 1.
Alter austempering, the specimens were quenched into water for subsequent analysis by
x-rays.

X-ray Analysis:

The samples were subjected to fine grinding and polishing for analysis using x-ray
diffraction X-ray analysis was performed using graphite monochromated Cu Ka radiation
at 40 KV and 20 mA. with a Philips diffractometer Scanning was carried out over the
range of 20 - 145 °C for the values of 29 . This range could detect the austenite and ferrite.
The location of the fee austenite and bec ferrrite diffraction peak positions and measurement
of their integrated areas allowed the estimation of two important parameters; 1) the angular
position of the austenite peaks gives an estimate of the carbon content of the austenite and
2) the integrated area under the austenite and ferrite peaks allowed an estimate of the
volume fraction of austenite

Results and Discussion

The values of carbon content and volume fraction of austenite are included in table 1.
Volume fraction estimates can be made from measurements of the integrated intensities of
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the bcc ferrite and fee austenite phases assuming that they are the only matrix phases
present. The ratios of the intensities of diffraction peaks from these two phases is piven
by8

I /? X Y
'a (hkl) lya(hkl) ^ a

where
ly(hki) = Integrated intensity from a given (hkl) plane from the austenite phas1,
Itt(hki) = Integrated intensity from a given (hkl) plane from the ferrite phase,
Xy = Volume fraction of austenite.
Xa = Volume fraction of ferrite.

ly(hki) and Ia(hki) could be obtained by measuring the area under the peaks by using a
planimeter. The constants Ra(hkl) and Ry(hkl) are given by the expression for each peak.:

R'actor = 7 ^ " l^ r XPX

where V - atomic volume of the unit cell,
F = structure factor
p = multiplicity factor,
Lp= Lorentz-polarization factor,

and e1M = temperature factor.
The temperature factor can either be calculated or read from a curve plotting the

temperature as a function of for iron at 20 °C.°.
A.

The R values have been calculated for the (220) peak from austenite and (211) peak from
ferrite and these are listed in table 3. The carbon was calculated from the relation1"

ao = 3.548 + 0.044X,

where X is the percentage of carbon.

The results of x-ray analysis are given in table 1 These results are obtained using the
R value for austenite ( given in table 2) and the R values for ferrite (given in table 3). The
amount of retained austenite in the specimens for various durations of austempering heat
treatment are plotted in figure 2. The graph shows a peak in the volume fraction of retained
austenite at 5400 seconds (1.5 hr) for heat treatment at 316 °C and at 3600 seconds (1 hr)
for the heat treatment at 371 °C. The SEM micrograph of a specimen corresponding to the
peak retained austenite value austempered at 316 °C is given in figures 3. The presence of
carbides can be easily seen in a 5 hours heat treated sample given in figure 4 ( as indicated
by the arrow). The variation in mechanical properties i.e. tensile strength and impact eneigy
with austempering time are given in figures 5 and 6. These results confirm the view that the
second reaction starts after about one hour of the austempering heat treatment, which is the
optimum time of austempering heat treatment for this composition.
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Conclusions

X-ray diffraction is a powerful tool for the study of austempering reaction in ADI. In
the present study, it is found that if the specimen is austempered up to one hour, the
reaction products are a mixture of austenite and acicular ferrite. Beyond one hour, the
amount of the retained austenite decreases and the carbide starts to form. The optimum
duration of austempering heat treatment is up to the attainment of the peak value of retained
austenite and this is 1.5 hr at 316 °C and 1 hr at 371°C for the alloy studied.
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Time
(hours)

Quench
0.5

1
1.5

5

Integrated intensity
(Relative units)

0X211)

549
473
448
355
431
448

y(220)

84
93
110
84
93
76

Table 1. Results
Austempered at 3 i 6 =C

Austenite
Volume

18.50
22.73
26.93
26.54
24.75
20.56

lattice Parameter
(A")

3.5850
3.6010
3.6160
3.6310
3.6340
3.6360

of x-ray diffraction measurements

Carbon Content
(C %)

1.2;
1.41
1.60
1.93
2.00
1.99

Austempered at 37! 'C
Integrated intensity

(Relative units)
a(211)

549
448
372
346
473
524

y(220)

84
110
10!
110
93
84

Austenite
Volume

18.50
26.84
29.1!
32.47
22.96
19.75

lattice Parameter
(A")

3.5850
3.6100
3.6155
3.6314
3.6345
3.6359

Carbon Content

1.21
1.40
1.54
1.90 ,
1.96 j
2.00 I

>n
2

time
(hours)

quench
0.5

l.C

1.5
2.C

5.0

26

74.8635
74.4545
74.1120
73.7355
73.6635
73.6305

Table 2. R vaiue calculations for
d-spacing

(A°)

1.2673
1.2733
1.2783
1.2839
1.2850
1.2855

A

(A0)

1.5406
1.5406
1.5406
1.5406
1.5406
1.5406

lattice parameter
(a.)

(A°)

3.5850
3.6010
3.6160
3.6310
3.6340
3.6360

sintf

~T
(A°"')
0.395
0.393
0.391
0.390
0.389
0.389

austenite

15.344C
15.3937
15.4355
15.4815
15.4903
15.4944

plane (220) ai

F :

3767.00
3791.47
3812..07
3834.83
3839.20
3841.21

F

12

12
12

12
12
12

316 °C
temp, factor

0.899
0.900
0.900
0.901
0.901
0.901

i

(A°v6

0.000471
0.000458
0.000448
0.000436
0.000434
0.000433

LP factor

3.6385
3.6752

3.67066
3.7420
3.7489
3.7520

R

69.68
68.94
68.33
67.67
67.54
67.48

time
(hours)

quench
0.5

1.0

1.5
2.0

5.0

28

82.4000
82.3255
82.4250
82.3355
82.2995
82.4505

fable 3. Rvalue calculations for ferrite plane (211)
d-spacing

(A°)

1.1694
1.1703
1.1692
1.1702
1.1706
1.1689

1
A

(A°)

1.5406
1.5406
1.5406
1.5406
1.5406
1.5406

lattice parameter
(a.)

(A0)

2.8645
2.8667
2.8638
2.8664
2.8674
2.8631

sinfi'

X
(A-1)
0.4277
0.4274
0.4278
0.4274
0.4273
0.4279

f

14.6738
14.6798
14.6718
14.6790
14.6819
14.6697

F2

861.28
861.99
861.04
861.89
862.24
860.80

ai316°C

p

24

24

24

24

24

24

temp.factor

0.882
0.882
0.882
0.882
0.882
0.882

1

(A°y(

0.00181
0.00180
0.00181
0.00180
0.0018
0.00182

LP factor

3.1151
3.1190
3.1138
3.1185
3.1204
3.1125

R

102.80
102.58
102.88
102.61
102.50
102.95
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Abstract: The phase composition of some rapidly solidified Ag-Sn-Cu dental alloys with
different copper contents (6. .22 wtpct) has been studied by XRD, EMPA and optical
microscopy. The samples were prepared from melt-spun ribbons The microstructure of the
as-quenched ribbons was microcrystalline and consisted of the Ag.̂ Sn, Ag4Sn, Cu^Sn and
Cu3iSns phases Mixing with mercury (amalgamation) led to formation of the Ag2Hg3,
Sn7Hg and Cu6Sn5 phases The amount of copper atoms in the alloys played an important
role in phase formation in the amalgams

Introduction

Traditional Ag-Sn-Cu dental alloys have generally 25-30% Sn, 3-4% Cu and 0,8-
1,0% Zn (all wtpct) In recent years the Ag-Sn-Cu alloys with high copper contents (more
than 6%) became popular thanks their improved properties and low cost ]) . There are two
routes conventionally used for the manufacture of powdered silver alloys for dental
purposes: (1) lathe cut amalgams are obtained via traditional casting and then mechanical
machining and (2) the more recent spherical particle amalgams are produced via melt
atomization 2) . The melt-spinning technique, which is primarily used for the production of
amorphous ribbons, was used recently as a new route for preparing amalgam powders,
which have the advantages of both lathe cut and spherical particle powders 3'4) .

In the present paper some features of phase composition of the high copper Ag-based
dental alloys preparing by melt-spinning technique are considered

Experimentation

The alloys of compositions of 28% Sn and 6, 9, 15, 22% Cu (Ag the rest) were
prepared by induction melting under argon. After an appropriate homogenization treatment,
the ingots passed melt-spinning as well as lathe cutting to obtain rapidly solidified ribbons or
filings, which after milling gave two types of samples: rapidly solidified powder (SP-
samples) and conventional powder (C-samples, for comparison) The samples were then
aged, chemical surface treated and amalgamated.

For phase structure characterizing following experimental methods were used: X-ray
diffraction with SIEMENS-D5000, scanning electron microanalysis with CAMEBAX
equipment and optical microscopy with NEOPHOT-2

Phase composition of the alloys

A considerable feature of microstructure of the melt-spun ribbons was
microcrystalline with very fine grain size of less than \-2\xva in comparison with about 50u.ni
in the ingots. Because of extremely high cooling rate (more than 105 °C/s) there is no
possibility of the formation of any chemical heterogeneity, whereas with conventionally
crystallization this can not be avoided The scanning lines of element distribution in cast
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ingots and rrobons of the same alloys as given in Fig. 1 show a very high homogeneity in the
case of rapid solidification.

Ag-La

Sn-La

Cu-Ka

lOum -- (a) -

5um

Fig. 1. Scanning lines of element distribution in cast ingot (a) and ribbon (b).

Phase composition of the alloys given in Table 1 shows the existence of y(Ag3Sn),
3(Ag4Sn), e(Cu3Sn) phases in the C-samples and an extra 6(Cu3iSn8) phase in the RS-
samples. Commonly knowing that in the Cu-Sn equilibrium phase diagram the 8(Cu3iSng)
phase is stable in the temperature range of 590-3 50°C and in cooling has an eutectoid
decomposition with formation of a and e phases. This means that high cooling rate at melt-
spinning depressed eutectoid decomposition of the 5 phase, extending its existence to the
room temperatures.

Tablel. Phase composition of the C- and RS-samples
depending on copper content in the alloys.

Phases

Y(AfoSn)
3(Ag4Sn)
e(Cu3Sn)

8(Cu3iSn8)

6%-Cu
C
X

X

X

0

RS
X

X

X

X

9% Cu
C
X

X

X

0

RS
X

X

X

X

15% Cu
C
X

X

X

o

RS
X

X

X

X

22% Cu
C
X

X

X

0

RS
X

X

X

X

Precise registration of X-ray diffraction lines of the y(Ag3Sn) and P(Ag4Sn) phases
showed a regular reduction of their lattice interplanar distances in depending on copper
content as given in Fig. 2. As atom size of copper is less than one of silver and tin, this
reduction should be an indirect evidence for dissolving of copper atoms in the y and P
phases. Furthermore some supersaturation in the RS-samples could be proposed from the
difference of the two curves in Fig. 2.
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Phase composition of the amalgams
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Fig. 3. Intensity ratio

22 %Cu

of the C- and RS - samples in
depending on copper content.

Mixing Ag-Sn-Cu dental powder with mercury gives reactions with formation of solid
phases of Hg-compounds as Yi(Ag2Hg3), y2(Sn7Hg) and Pi(AgHg) :) . The results of X-ray
qualitative phase analysis after amalgamation of the alloy powders are given in Table 2.

Table 2. Phase composition of the amalgams for the C- and RS-samples

Phases

Yi(Ag2Hg3)
Y(Ag3Sn)rest

Y2(Sn7Hg)

3i(AgHg)

e(Cu3Sn)

5(Cu3iSn8)
Ti'(Cu6Sn5)

6% Cu
C
X

X

X

0

X

o
X

RS
X

X

X

0

X

o
X

9% Cu
C
X

X

X

0

X

o
X

RS
X

X

X

0

X

o
X

15% Cu
C
X

X

X

0

X

0

X

r RS
X

X

o
0

X

0

X

22% Cu
C
X

X

X

0

X

o
X

RS
X

X
r o

0

X

o
X

The Yi phase grains occupied a considerable part in the microstructure, surrounding
the y(Ag3Sn) islets, which had been separated from liquid mercury. The change in the
intensity ratio of the XRD line d=2,78 of the y2 phase to the line d=2,85 of the Yi phase (see
Fig. 3) is an evidence for that the amount of the Y2 phase decreased with copper content and
virtually was not found in the RS-samples with 15 and 22% Cu. The Pi(AgHg) phase was
not found in the XRD diagrams, but the EMPA scanning lines showed the existence of
narrow regions of some (Ag,Sn,Cu)Hg compound. The disappearance of the 8(Cu3iSng)
phase together with the formation of the ^'(CueSns) could be a result of complicated
reactions between the Y2(Sn7Hg), e(Cu3Sn), and 8(Cu3iSng) phases 5>6) Paying attention to
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the negative influence of the 72 phase on the properties of Ag-based amalgams, it is
necessary to emphasize that the rapid solidification by melt-spinning seems to be a technique
giving possibility to produce high copper Ag-based amalgams with considerable improved
properties.
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Abstract: An experimental study has been conducted to analyze the damage to the
potential oil and gas reservoirs due to the invasion of drilling fluid during drilling
operation. Two types of rock samples representing low and high permeability were used to
simulate the petroleum reservoirs. Sea water based drilling fluids were used in this study.
Detail observations to the rock samples were analyzed using scanning electron microscope
(SEM). The results of both permeability restoration and SEM observation showed that
severe permeability impairments were obtained for high permeability rock. These results
indicate that the relative size of the barite particles and the pore size distribution and
characteristics of the formation play an important role in determining the damage caused
by the drilling fluids.

Introduction

This paper highlights the use of SEM in analyzing the damage to the petroleum
reservoirs during drilling operation. The invasion of the drilling fluids into porous and
permeable rock results in the blocking or plugging of solid particles in the pore spaces of
the rock. These fine particles and minute pore spaces cannot be seen by our own eyes or
by using ordinary microscope. Therefore, the exact phenomenon of the plugging is
difficult to determine and analyze. SEM helps to determine the plugging of these fine
particles so that necessary precaution and diagnosis can be taken.

The application of SEM in determining these behaviors and other petroleum related
areas has been used by many researchers.1"5 They found that the observations by SEM are
very helpful in evaluating the degree of the damage imposed by fine particles. SEM is also
useful as a tool to remedy many problems involved in their research areas.

Evaluation of Rock Damage

The damage of the rock due to the drilling fluids can be evaluated in two ways. The
first method is to evaluate the damage ratio (DR) which is given by:

k. rock permeabUity after damage
— —

k original rock permeability

The original permeability of the rock is measured after it is fully saturated with brine.
After the rock sample is exposed to the drilling fluid, the rock sample is backflushed and
the permeability is measured for the second time. The later permeability is referred as
damaged permeability. The smaller value of damage ratio indicates that the rock is
severely damaged. The second method to evaluate the rock damage is to observe the rock
with the aid of SEM that give high magnification of rock structure. The pictures obtained
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from SEM will help to identify the damage as a result of drilling fluid invasion into the
rock.

Rock Samples

Two types of rock samples representing low and high permeability have been
selected in this study. The permeability for low and high rock samples is in the range of 10
- 40 milidarcies and 1,800 - 2,300 milidarcies respectively. Figures 1 and 2 show the cut
face of the two rock samples used in this study. It can be seen that the low permeability
rock has very small grain size and pore openings with reasonably uniform structure
arrangement (Figure 1). The high permeability rock, however, has larger particle size and
pore openings with more or less uniform pore size distribution (Figure 2).

Drilling Fluids

Sea-water based drilling fluid containing sodium hydroxide, drispac, XC-polymer,
potassium chloride and barite was prepared. Barite is used as weighting materials to
increase the density of drilling fluids. The uniform size of barite will acts as a plugging
material that will invade into various pore throat sizes of the rock.

Experimental Apparatus and Procedures

The experimental apparatus consists of rock sample holder that is placed in the oven
to simulate the reservoir temperature. The rock sample of 1 inch diameter and 1 inch long
is inserted in the teflon sleeve and then mounted in the rock sample holder. The hydraulic
pump is used to seal the sleeve to simulate the overburden pressure of the formation. The
rock samples were saturated with brine before it was placed in the rock sample holder.
The sample is allowed to stabilize at a constant reservoir temperature before the original
permeability of the rock samples is measured.

The drilling fluid is then exposed to the rock face at various overbalance pressures
(100, 200, 300 and 400 psi). The pressure will cause some of the liquid phase of the
drilling fluid to enter in the rock. Some amount of fine particles will also penetrate some
distance into the rock sample. The filtered liquid is called 'filtrate' or 'fluid loss' and its
volume is collected and measured. The solid particles will form a 'filter cake' near the
surface of the rock sample. A filter cake is a thin layer of particles that is sticked to the
face of the rock sample. After a specified period of exposure time, the rock sample is
backflushed to simulate the production and the permeability after the damaged is
measured.

Results and Discussion

The damage of the rock samples caused by the drilling fluids is analyzed by both
damage ratio and SEM observation. The effect of pressure on filtration is presented in
Figure 3. This figure shows that fluid loss increases as pressure increases. The rate of
filtration at the beginning of the filtration is higher. This behavior is called 'spurt loss'
effect.
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Figure 4 shows the filtration behavior when different types of rock sample were

subjected at a constant pressure of 300 psi. Results show that the low permeability rock
appeared to have higher fluid loss. This behavior occurs because the low permeability
rock has smaller pore openings to permit barite particles to pass through it thus providing a
uniform external filter cake. The high permeability rock, however, has larger pore
openings that permits some barite particles to enter the pore spaces near the rock face to
form internal bridging. This provides additional resistance to the fluid loss. This
phenomenon is supported by the results of the damage ratio shown in Figure 5 that
indicates that higher permeability restoration is obtained for low permeability rock. The
smaller openings inside the low permeability rock prevent particles to enter the pore
channels of this rock. However, for high permeability rock, the pore openings are bigger
that permit some particles to enter and plugged the rock. During backflushing, these
particles are rearranged inside the pore channels that resulted in the low permeability
restoration.

Figure 6 shows that for low permeability rock, many openings can be observed as the
rock sample is backflushed. On the other hand, the high permeability rock is observed to
have many pluggings as shown in Figure 7. It is also expected that the internal particle
bridging suffers most of the plugging that reduced that damage ratio. These observations
support the earlier argument on particle plugging.

Conclusions

The following conclusions can be derived from this study:

1. SEM is very useful because it helps to identify and evaluate the formation damage
caused by drilling fluids.

2. The cumulative volume of fluid loss is increased as the overburden pressure increased.

3. The relative size of pore openings and plugging materials will determine the amount
of fluid and particle invasion into the formation.

4. Both permeability measurement and SEM observation showed that higher rock
permeability will be subjected to severe damage when exposed to the drilling fluids
which contain small size of solid particles.
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Fig. 1 - The cut face of the low permeability rock samples.

Fig. 2 - The cut face of the high permeability rock samples.
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Fig. 6 - I ,ow permeability rock sample after damaged and backflushed.

Fig. 7 - Low permeability rock sample after damaged and backflushed.
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MAGNETIC FIELD INFLUENCE ON SUBSTRUCTURE FORMED BY
ELECTRIC SPARK TREATMENT

Reza Rahbari G. and A.N.Ivanov
Department of x-ray diffraction and physics of metals,

Moscow State Institute of Steel and Alloys .RUSSIA

Abstract :The substructure of surface layer (about 10 microns thick) has been studied
by x-ray line broadening technique in the samples of plain Carbon steel (0.45%C) after
electric spark doping with and without magnetic field (MF). The applied spark pulse
energy was 0.12 J and MF induction varied from 0 to 0.08 T. The electrode material was
the same as that of the treated sample. It has been observed that the MF reduces the tensile
residual surface stresses from 660±15MPa (no MF) to 260±15MPa (B=O.O53 T). The
analysis of x-ray line broadening has revealed only the existence of microstrains , which
are dependent of the MF magnitude.The microstrains have been related to the randomly
distributed dislocations with the density of about 3xl0 n cm"2.

INTRODUCTION

The first study of the influence of magnetic field (MF) on steel strengthening by
aging was performed about 70 years ago . Since then the effect of MF on martensetic
transformation, tempering , aging and recrystallization was investigated and its favorable
influence on some properties has been reported [ 1 ] .

In the present paper the MF influence on fine structure and residual stresses of
samples treated by the electric spark doping (ESD)has been investigated.

EXPERIMENTAL PROCEDURES

Samples of plain Carbon steel with 0.45%C were treated by ESD using the anode
from the same steel . The spark pulse energy was W=0.12 J and the MF induction varied
from 0 to 0.08 T. The treated samples of approximately 1x1x0.5 cm in size were used to
obtain the profile of 110 and 211 reflections by step scanning method (FeKoc rad.).

The calculation of the reflection broadening due to microstrains and small particle
size (P) was performed by approximation technique [ 2 ] :

= 0.5B( l-b/B+ (1-h/B)*) (1)

Where B and b are the half peak breadth of a reflection for the sample and the
annealed standard sample respectively.
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The ESD is a surface treatment and hence it produces the nonuniform (in sample

depth) defect distribution.Therefore , it is very important to have the same penetration
depth of x-ray beam when 110(0 = 28.6 ° ) and 211 ( 9 = 56 ° ) lines are recorded.

It is known [ 3 ] that the x-ray penetration depth :

t = K sin a sin5 /(sina + sin5 ) , 20= a + P (2)

In the equation (2) K is a constant for all the lines of the same diffraction pattern ,a
is the angle between an incident beam and irrediated sample surface ,and 8 is the angle
between the sample surface and the reflected beam.It is clear that for a symmetrical case (
a = 8 = 9 );the penetration depth t = 0.5 Ksin9 reaches maximal value .Thus 211 line was
recorded for two S-values:(a) 5 = 1 8 ° which provides for 211 line the same penetration
depth (t) as for 110 line at 6 = a = 0(110) ,(b) 8 = a = 0(211) = 56 ° (symmetrical case )
which gave the penetration depth for 211 line 1.75 limes more than for 110 .

The calculation of the residual surface stresses were made from the angular
shift(A20) of 211 line with respect to the same line position of the annealed standard.The
sum of principal surface stresses al+a2 is given by [ 4 ]

al+c2 = - (E/v)cotg0 .A20 (3)

Where E is Young's modulus in <112> direction and v is Poison's ratio .

RESULTS AND DISCUSSION

The P" -values of 110 , 211 and 211* (the asterisk marks P'211-value when 8
= 18°)for the ESD treated samples at different magnitude of MF induction are given in
the table .One can see that the ratio P'211*/P'11O is equal (within the limit of an
experimental error) to tan0211/tan011O. This fact may be related to a small fraction of
particle size broadening .

Attributing the microstrains to randomly distributed dislocations one can find its
density

p=A.(p '211) 2 (4)
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where A=6.4 X 10 cm"2 when P' is in degrees [ 5 ]. Thus the ESD (with and without

MF)causes the formation of dislocations in a thin surface layer .Their density is
independent (in the first approximation)of the applied MF .

Considering the difference in x-ray penetration depth discussed above ,the increase of
P'211/P'11O from 1.67 (no MF) to 2.2 (with MF) possibly means the reducing of
nonuniformity in defect distribution in the presence of MF. Meanwhile the residual
stresses are remarkably reduced by the ESD in the presence of MF; though its sign remains
positive.

CONCLUSION

l.The ESD causes the broadening of x-ray lines due to microstrains produced by
dislocations with density of about 3 x 10" cm2. The MF induction B= 0.08 T has no
influence on the line broadening though it slightly reduces nonuniformity in distribution of
defects .

2.The application of MF in ESD remarkably reduces the residual surface stresses .
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Table 1: Effect of magnetic induction on dislocation density and sum of biaxial residual stress.

(hkl)

P1

(degree)

P'211

(3110

p .10""
(cm2)

O1+CT2

(MPa)

B v = 0 .OT

(110)

0.268
±0.004

(211)

0.447
±0.009

1.67
+0.04

(211)*

0.658
±0.060

2.45
±0.22

2.8±0.6

660115

BM=0.053T

(110)

0.220
±0.004

(211)

0.503
±0.009

2.20
±0.05

(211)*

0.658
±0.060

2.89
±0.27

2.810.6

260115

BM = 0.08 T

(110)

0.246
±0.004

(211)

0.490
±0.009

1.99
±0.05

(211)*

0.750
±0.060

3.05
±0.35

3.6±0.7

358115

3
C\l

BM = Magnetic Induction in Tesla

^ B' = A29
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XRD STUDIES ON SOLID STATE AMORPRISATION IN
ELECTROLESS Ni/P AND Ni/B DEPOSITS

P. Sampath Kumar and P. Kesavan Nair,
Indian Institute of Technology, Madras
Madras- 600 036, India.

ABSTRACT

The decomposition of electroless Ni-P and Ni-B deposits on annealing at various
temperatures is studied using x-ray diffraction techniques employing profile deconvolution
and line profile analysis. It appears that solid state amorphisation takes place in the Ni-B
deposits in a narrow temperature range just prior to the onset of crystallisation of
amorphous phase. In the case of Ni-P deposits no evidence for solid state amorphisation
could be obtained. Thermodynamic and kinetic considerations also support such a
conclusion.

1.0 INTRODUCTION:

Considerable work has been done in recent years on metal-metal and metal-silicon
diffusion couples. It has been shown that a metastable amorphous alloy phase may initially
nucleate and grow by solid state amorphisation reactions(SSA) prior to the nucleation of
crystalline intermetallics [1-4]. SSA was first observed in rhodium and amorphous silicon.
Subsequently, the phenomenon has been observed in a number of metal-cation and metal-
metal systems. SSA has been observed in many combinations, notably based on early/late
transition metals. Major requirements or features of SSA have been summarized as
follows:

1) Large heat of reaction between the two elements,
2) One of the elements is in general a fast diffuser in the other,

establishing a diffusional asymmetry,
3) the thickness of the amorphous reaction layer which can form

is limited,
4) formation of amorphous phase is favoured if a deep eutectic

exists at the appropriate composition.

In most of the metal-metal or metal-cation systems, multilayered samples consisting
of alternate layers of polycrystalline thin films of the two elements made by deposition or
mechanical reduction have been used for studies. In such multilayer systems, study of
inter diffusion is possible through a number of experimental techniques like Rutherford
Back Scattering (RBS), thin films marker experiments, X-ray characterization etc.
However, in the case of electroless or electrolytic deposits, these techniques are not
suitable since the deposits lack lateral compositional homogeneity, unlike multilayered
samples. Due to such difficulties of experimental detection, SSA in electroless deposits
have not received adequate attention so far.
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XRD techniques can profitably be employed in this case. Interaction between

vanous phases can be followed through the relative intensities of diffraction profiles
belonging to the respective phases, including amorphous phases. Modem profile
deconvolution techniques can handle even heavily over lapping rejections which otherwise
could be a serious limitation. In this study an attempt is made to study the SSA reactions
in electroless nickel based deposits employing x-ray diffraction techniques.

2.0 EXPERIMENTAL:
2.1 Production of Deposits:

The deposition was carried out on mild steel substrates in the form of discs of 22.5
mm diameter and 7 mm thickness. The surface was polished to a metallographic finish
using appropriate grades of emery paper and then electropolished using a solution of
Perchloric acid (185 ml), Acetic anhydride (765 ml) and distilled water (45 ml). The
thickness of the deposits were controlled primarily by adjusting the duration of deposition.
The thickness achieved was about 30 microns.

2.11 Nickel Phosphorous Deposits:

For production of Ni-P deposits, nickel chloride was used as the source of nickel
(30 g/1) and sodium hypophosphite as the reducing agent. The other ingredients used were
sodium citrate (100 g/1) as the stabiliser and ammonium chloride (50 g/1) as the
complexing agent. The amount of metalloid introduced into the deposit was controlled
by varying the reducing agent in the plating solution from 10 g/1 to 70 g/1. pH of the
solution was adjusted with ammonia solution to a value 8 to 9. The temperature of
deposition was 90 ± 1° C.

2.12 Nickel Boron Deposits:

In this case the plating solution had sodium borohydride as the reducing agent
along with ethylenediamine (70 ml/1) as the complexing agent. The composition of the
reducing agent was varied between 0.3 g/1 and 0.7 g/1 to control the boron content in the
deposit. The pH of the solution was maintained above 13 using sodium hydroxide
solution. Sodium citrate was the stabilising agent in this case also. The operating
temperature was maintained at 90 ± 1° C.

2.2 Heat Treatment:

The deposits produced were annealed at 60,100, 200, 300, 330, 360, 400, 500 and
600° C in the case of Ni-P. The Ni-B deposits on the other hand were annealed at 100,
150, 175, 200, 225, 250, 275, 300, 330, 400, 500 and 600° C. The annealing time was 2 hrs
and no atmosphere was employed. The deposits were air cooled after annealing.
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2J X-ray diffraction analysis:

2J1 Data Collection:

X-ray data were collected using a microprocessor controlled vertical goniometer.
Filtered Co K radiation generated at 35 kV and 25 mA was employed. Both continuous
scanning and step scanning were used. The continuous scans were performed at 1/2° (29)
per minute. For step scans a step width of 0.03° (29) and a counting time of 5 sec/step was
employed in all cases. To check whether the deposit thickness was sufficient to prevent
the substrate effects vitiating the experimental data, the following criteria was employed:
Since the most intense peaks of Ni and Fe (the (111) and (110) peaks respectively) have
close angular positions for cobalt radiation, the disappearance of the second strong peak
of the iron substrate (the (211) peak occurring at 99.7° (29)) was taken as the indication
of negligible substrate effect.

2.32 Profile Analysis:

In the present investigations the x-ray diffraction profiles from electroless nickel
deposits had contributions from both micro-crystalline nickel and amorphous phases.
These profiles extensively overlapped with each other, in the as deposited conditions.
Reflections corresponding to other crystalline phases like Ni3P also begin to appear on
annealing at higher temperatures. The ratios of the integrated intensities of amorphous
and crystalline reflections could be used as an indicator of the relative proportions of the
two phases. The (111) reflection from microcrystalline Ni along with the amorphous
profile was used for this purpose. However it is essential that the reflections from the
respective phases are separated with a reasonable level of accuracy and reproducibility.
An iterative procedure described in detail else where [5], based on the computer program
PRO-FIT [6] was employed.

The line profile analysis was carried out using the (111) and (222) reflections of
nickel using well annealed powder as standard for instrumental corrections. Double line
integral breadth analysis [7] and single line pseudo-Voigt analysis [8] were carried out
using these reflections. Only in Ni-P deposits an identifiable (222) reflection from the
samples in the as deposited condition could be obtained. Hence, double line integral
breadth analysis was carried out only for Ni-P deposits in all temperatures of annealing.
For Ni-B deposits until the appearance of (222) reflection, only single line analysis could
be carried out.

3.0 RESULTS AND DISCUSSIONS:

A typical diffractogram obtained from the electroless Ni deposits is shown in
Fig. 1. As can be seen the profiles from crystalline and amorphous peaks are overlapping
extensively. Separated profiles from these phases are also shown. Variation of the ratio
of integrated intensities of amorphous and crystalline reflections with annealing
temperature for Ni-B deposits is shown in Fig.2a. The variation of the integral breadth
of the Ni (111) reflection with annealing temperature is shown in Fig.2b. Corresponding
results for Ni-P deposits are presented in Fig.3a and 3b. One can immediately see that the
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response to annealing is not identical. In the case of Ni-B deposits, the ratio of integrated
intensities of the amorphous and crystalline reflections show a significant and consistent
increase just prior to the onset of equilibrium precipitates. In case of Ni-P deposits
however the corresponding curve (Fig.3a.) shows only a more or less monotonic decrease.
Similarly, while the integral breadth of Ni(lll) reflection shows a slight decrease just prior
to the onset of equilibrium precipitate, the corresponding curve for Ni-P deposits show
only a continuous fall (Fig.3b)

To understand these differences, it might be worthwhile to go into the
thermodynamic and kinetic aspects of SSA, as applied to these two systems. The basic
thermodynamic requirement for the formation of an amorphous phase is that it leads to
a decrease in the Gibbs' free energy (G). Even when this condition is satisfied, the
amorphous phase so formed will only be metastable in the sense that equilibrium
crystalline phases will have an even lower free energy leading to a further reduction in G
on crystallization. However, such crystallization does not necessarily occur immediately
due to kinetic constraints, which suppresses the crystalline phase formation. One such
constraint could be the nucleation barrier. It has been suggested that in the case of
crystallization, diffusion of both species are required (in a binary system). On the other
hand, formation of amorphous phase requires the diffusion of just the faster moving
species alone. Consequently, if there is a large difference in the mobilities or diffusivities
of the two types of atoms, the energy required to move the slower moving atom may be
regarded as the energy barrier, which prevents the crystalline phase formation.

In the present context, in both Ni-B and Ni-P systems, the slower moving atom
happens to be nickel. It has been suggested that there is a clear correlation of smaller
atomic radius with higher diffusivity in both metal-metal and metal-metalloid systems[9].
Consequently, due to the large difference in the atomic radius of P(0.11nm.) and B(0.046
nm) in relation to that of nickel(0.125 nm), the requirement of diffusional asymmetry is
satisfied in the case of boron alone. In the case of phosphorous, the diffusion mechanism
is likely to be nearer to the substitutional and in the case of boron interstitial.

To understand the relative stability of amorphous and crystalline phases, we first
consider a possible variation of free energy(G) with composition for the amorphous phase
and the solid solution of nickel and boron, shown in Fig.4a.

In this type of diagram, since part of the curve representing the amorphous phase
(NiB^) lies below the tangent line T\T2, the amorphous phase is stable and can coexist
with the crystalline phase. Adopting the G6sele-Tu [10] criterion viz. maximizing

- dAG/dt = - (dAG/dx)(dx/dt) (1)

Where dAG/dx is driving force(per unit area of the product phase) and (dx/dt) is the rate
of growth, one can note that in the case of NiB, the growth rate(dx/dt) is high due to the
relatively faster rate of diffusion of boron and the absence of Ni3B formation due to
kinetic (nucleation) barriers. The result will be an increase in the amount of the
amorphous phase, as the temperature rises, due to the higher mobility of boron.
Diffusivity of nickel might still not be sufficient to start the formation of Ni3B.
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Once Ni3B is formed, the free energy curve of the amorphous phase will be

considerably at a higher level when compared to the relevant tangent line T{T3, shown in
Fig.4b. The result will be a rapid decomposition of amorphous phase, once the crystalline
phase (Ni3B) has nucleated.

As per the G6sele-Tu criterion mentioned above, (-dAG/dx) is the driving force
(per unit area) of interfacial reaction. If we assume that the driving force for formation
of amorphous phase is not substantially different from that of crystalline phase, then the
second factor, namely the rate of growth becomes the controlling factor for the stability
of the amorphous phase. This implies that the amorphous phase becomes the favoured
phase, if it has a higher growth rate; one obvious example is when the crystalline phase
(in the present context Ni3B) has not nucleated (ie. zero growth rate). However, the
growth of amorphous phase is not impeded due to kinetic constraints such as nucleation
barriers or low diffusivity.

The growth of the amorphous phase will require a continuous supply of boron from
the existing nickel solid solution, resulting in a depletion of boron from the crystalline
phase. This should in turn result in a decrease in the integral breadth of the Ni(lll)
reflection, concomitant with the increase in the I^/IN; ratio. An examination of Figs. 2a
and 2b shows that this indeed is the case..

In the case of Ni-P, the situation is different. In this case there is no increase in
the Ian/IiMi r a t i ° o n heating. On the other hand there is a more or less continuous
decrease of the ratio, indicating the instability of the amorphous phase. A possible
variation of free energy with composition in such a situation could be as shown in Fig.4c.

In this case the curve for the amorphous phase (Ni-Pam) is above the tangent line
T4T5. The implication of this is that the equilibrium concentration range is now reversed
(compare with Fig. 4a). Consequently the amorphous phase is inherently unstable. An
increase in the mobility of the species (through an increase in temperature) will now
result in a decrease in the amount of the amorphous phase. So long as the kinetic
constraints prevent the formation of Ni3P, the result will be a decrease in the 1^/1^
ratio. An examination of Fig.3a shows that this is broadly the case. However, a small
increase in the l^Jl^ ratio at 100° C (Fig.3a), suggests that there is a narrow range with
in which amorphous phase is still relatively stable. This could be because at this stage, the
location of the free energy curve (Ni-Pam) might not be far above the tangent line or even
just below the tangent line in this temperature range. The implication is that the reversal
of the composition range takes place just above this temperature. Since the decomposition
of the amorphous phase involves both the species, there need not be a relative increase
in the phosphorous content of either the crystalline or amorphous phases. Consequently,
the breadth of Ni(lll) reflection will show only a decrease due to the lowering of lattice
distortion caused by normal thermal effects, as shown in Fig.3b. In contrast, the decrease
in the integral breadth of Ni(lll) reflection in the case of Ni-B deposits (Fig.2b), occur
at very narrow range of temperature. Introduction of the intermetallic (Ni3P) will have a
similar effect as in the case of Ni-B deposits. In this case also, once Ni3P nucleates the
decomposition of the amorphous phase will get accelerated and the completion of
crystallisation will indeed be fast.
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4.0 SUMMARY:

1) The decomposition behaviour of amorphous phase in electroless Ni-P and Ni-B
systems are not identical.

2) In the case of Ni-P deposits, the amorphous phase content continuously decreases
with temperature indicating no tendency for solid state amorphisation. In contrast
Ni-B deposits have a small range of temperature just prior to the onset of
recrystallisation of amorphous phase, wherein the amount of amorphous phase
increases with temperature indicating a definite tendency for solid state
amorphisation.

3) Thermodynamic and kinetic considerations behind the above conclusions are
briefly examined.

References:

1. Schwarz.R and Johnson W.L: Phys. Rev. Lett., Vol.51, p415(1983)
2. Cahn. R.W. and Johnson W.L.: J. Mat. Res. Vol.1, p724(1986)
3. Herd.S, Tu.K.N and Ahn.K.Y.: Appl. Phys. Lett. Vol.42, p597(1983)
4. Holloway.K and Sinclair.R.: J. Appl. Phys. Vol.61, pl359 (1987)
5. Sampath Kumar.P. and Kesavan Nair. P.: NanoCrystaline Solids, vol4(2), p 183

(1994).
6. Hideo Toraya: vThe Rietveld Method', Ed. Young. R.A, Publishers: International

Union of Crystallography, Oxford University Press, p 254 (1993)
7. Rama Rao.P, Anantha Raman.T.R: Z.Metallkd., Vol. 62, p732 (1971)
8. Th. H. De Keijser, Mittemeijer. E.J and Rozendaal. H.C.F: J. Appl. Cryst. Vol.16,

p309(1983)
9. Ricardo B. Schwarz : Proc. Int. Symposium on Advances in Phase Transitions,

McMaster's University, Ontario, Canada, Oct. 22-23, 1987; Eds: Embury.J.D and
Purdy. G.D, p.166 (1988)

10. Gosele. U and Tu. K.N: J. Appl. Phys. Lett., Vol.66(6), p2619 (1989)

290



9s

X

160

120-

4 5 5 0 5 5 6 0
T w o T l i c t a ([)<•«)

65 70

28

24-

20-

16-

12
i

8-

4
o
n
a:

«« « »« ?. ;. wl * H
3.fc wt.se B

nnnnn A.}, wl (t B

80 i4o 200 240 28

T r l l l | n T i i l l i i - | . ("(')

320

1 60 T

35 40
I • • ' ' 1 ' ' ' • I

45 50 55 60
Two The! a { Di'll)

70

Fig. 1 Separation of amorphous and
crystalline reflections. a) Experimental
Profile, b) Separated profiles along with the
total profile.

o 2.0 -

£ 1.0 -

* 0.0
40 60 120 lio ' 200 240 280 ' jio

1 VinptTalurc ("C)

Fig. 2 Variation of a) ratio of integrated
intensities of amorphous and crystalline
reflections and b) integral breadth of (111)
reflection, with annealing temperature in
electroless Ni-B deposits.



2 0.90

~ 0.75

£ 0.60
c
•o 0.45

0.15 •

" 0.00
40 80 120 160 200 240 280

Anneal ing T e m p e r a t u r e ("C)
320

G

h

\t"iB>am

\

8 |

—

G

^ NiB'am

4.4

1.4
4 0 80 120 160 200

A n n e a l i n g I ' e r n | x - i - n i u i • • •

240
("O

280 3 2 0

v© Fig. 3 Variation of a) ratio of integrated
^ intensities of amorphous and crystalline
2 reflections and b) integral breadth of (111)
^ reflection, with annealing temperature in
^ electroless Ni-P deposits.

Fig. 4 Schematic variation of Gibbs' free
energy with concentration for a) Ni-B system,
prior to the onset of nucleation of Ni3B and b)
after the nucleation of Ni3B. c) prior to the
onset of nucleation of Ni3P in Ni-P system.



MY9700818
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Abstract : In aluminium-silicon eutectic alloys the faceted silicon phase can have different
morphologies and the solidification pattern can be changed by solidification conditions and
by minor additions to the melt. The crystallography of eutectic silicon in the unmodified
aluminium-silicon eutectic alloy has been studied in detail by scanning (SEM) and
transmission techniques. Modification of the silicon by strontium and treatment of the
aluminium-silicon alloys by antimony as well as the effect of chill modification have also
been examined. The growth modes of the observed morphologies are discussed. Strontium
modification results in decreased spacing and increased undercooling and multiple
twinning was observed in the silicon fibres at all growth rates. These observations are
reconciled with a modification mechanism in which strontium adsorbs at the silicon
growth front, poisoning growth steps operating during flake growth and creating lattice
instabilities which result in multiple twinning. In chill modified fibres, however, only
cozonal twinning was observed and the density of twins decreased as the growth rate
increased. The growth mechanism of chill modified fibres is reconciled with a modification
mechanism that assumes a faceted-non/faceted transition in the silicon phase.

Introduction

The Al-Si eutectic is a system that displays a range of eutectic structures and its
success as casting alloy is strongly dependent on the control of the solidification
microstructures. Al-Si alloys are of industrial importance largely because of properties
which can be obtained as a result of modification and also because of the change in
structure with solidification conditions (temperature gradient and solidification rate). It is
well known that control of the properties of these alloys is achieved by small additions of
strontium (Sr) and sodium (Na) (impurity modification) or by chill modification at fast
cooling rates. Antimony (Sb) treatment of liquid Al-Si eutectic alloys has also been
recognized as an alternative method of structural refinement to Sr and Na. Modification by
strontium or sodium results in a drastic change in silicon morphology from flake to a
highly branched fibrous structure and that the modified structure grows at a more
isothermal interface than the unmodified flake structure.

Modification is now considered to be associated primarily with a change in the
eutectic silicon phase growth mechanism. How the modified growth works to yield a
fibrous rather than a flake silicon morphology is not well understood. The clue, however,
seems to lie in the dramatic increase in twinning density and higher growth undercooling
associated with the modified structure1. There is considerable experimental evidence that
shows flake growth is dominated by the {111} faceting of the Si phase. That is all {111}
twin planes are cozonal and parallel to a common <111> direction. A distinction should
also be made between modification by a minor addition (Sr or Na) and that of the
consequences of rapid solidification (chill modification). TEM studies have shown that the
structure of impurity and chill modified Si fibres are different although they appear similar
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when observed by optical and scanning electron microscopy " .In Sr treated alloys the Si
fibres display a high density of multiple twins. On the other hand, twins have not been
detected in some chill modified fibres whilst in others only cozonal twins have been
observed. The purpose of this paper is to present structural observations and study the
possible Si phase growth mechanism for Sr and Sb treated alloys solidified over a wider
growth velocity range including the velocity at which chill modification occurs.

Experimental procedure

Alloys were prepared from AI and Si of 99.99 % purity by melting in a high
frequency induction furnace under an argon atmosphere. Additions of 0.2 wt% Sb and 0.04
wt% Sr was carried out by wrapping the metals in a piece of Al foil and plunging it deep
into the melt with a graphite rod. After time for dissolution and homogenization, the
molten alloy was sucked up into preheated alumina tubes 200 mm in length and 2.5 mm
internal diameter. The specimen was then positioned in a vertical Bridgman furnace above
a cold water reservoir which promotes directional solidification. The furnace and its
operation have been described elsewhere6. Growth velocity in the range 20-820 urns"1 were
used with temperature gradients of 32 and 129 Kcm"'. Fine thermocouples (0.3 mm in
diameter) positioned on the axis of the temperature isotherms were used to measure the
growth temperature (interface undercooling). Samples were prepared for examination by
SEM by deep etching in 2-5 % hydrochloric acid aqueous solution for extended periods.
For thin film preparation for studies using transmission electron microscopy (TEM),
cylindrical specimens were trepanned from directionally solidified samples by spark cutting
in either longitudinal or transverse directions. These discs were hand polished carefully to a
thickness of 100 fim and then dimpled. The discs were transferred to an ion beam thinner
and set at an angle of 18° to the incident beam of ionized argon gas. Using a 4 kV ion
beam, a thin and deformation free foil was produced in 5-6 days. Thinned specimens were
examined in a 120 kV Philips EM400T electron microscope.

Experimental results and discussion

Figure 1 (a, b, c) shows the difference in eutectic microstructure in chill modified
untreated alloys (la), Sb treated (lb) and Sr modified (lc). It is clear that the eutectic
displays a fibrous structure when treated with Sr or solidified at higher growth velocities
(chill modified) whereas in the presence of Sb the Si phase has a flake structure when
solidified at low growth velocities (where chill modification does not occur) confirming
previous observations that Sb does not modify the eutectic structure7. Figure 1 (d, e, f) also
shows TEM images of untreated chill modified and Sb treated alloys at low and high
growth velocities. At low velocities, in the presence of Sb, cozonal {111} twins were
observed in the Si flakes. This observation is the same as in untreated alloys. At higher
growth velocities where chill modification occurs, the density of twins decreased and many
fibres were twin free (figure If)- This is in contrast with the observation of multiple
twinning in Sr modified alloys. As shown in figure 2 the important change in Sr treated
alloys solidified at low growth velocities, apart from the flake-fibre transition, is the drastic
increase in the twinning density within the Si fibres.

Both kinetic measurements of undercooling and interparticle spacing reported
previously8 and structure of the Si phase in Sb treated alloys solidified at low growth
velocities and chill modified are very similar to those in untreated alloys at constant growth
velocities. The interface spacing in less in the Sb treated alloys and the undercooling is
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greater at a constant growth velocity. This provides further evidence that Sb refines the
eutectic structure which grows at a higher undercooling. The higher undercooling has been
attributed to constitutional undercooling due to Sb build up ahead of the solid-liquid
interface.

These observations indicate clearly that the same growth mechanisms is operating
in unmodified and Sb treated alloys at low and high growth velocities where chill
modification occurs. Two growth mechanisms have been proposed for chill modification in
untreated alloys based namely on TEM observations. Shamsuzzoha and Hogan9 suggested
that chill modified fibres show the same cozonal twinning as flakes and thus, concluded
that chill modification is simply the refinement of microstructure observed at higher
cooling rates. However, it has been shown elsewhere8 that there is strong reason to believe
that their studies may have been conducted on specimens that were not fully modified. The
second explanation of chill modification is based on experimental observations5 that at
higher growth velocities the density of twins decreases and many fibres are twin free. This
has led to the suggestion' that cozonal twins are present in the Si phase of the unmodified
eutectic. They are widely spaced for intrinsic growth steps to play a significant part in the
growth process. As the growth velocity increases isotropic growth replaces the intrinsic
step process producing a faceted-non/faceted transition and growth at a more planar
interface. If chill modification both in untreated and Sb treated alloys is a refinement of the
flake structure, both unmodified and modified growth kinetics would follow the
corresponding flake growth. Thus, modification would occur with a reduction in spacing
but with an increase in the total undercooling. However, chill modification both in
untreated and Sb treated alloys is shown to be accompanied by a refinement in spacing and
a decrease in the total undercooling. Figure 3 shows these transition characteristics
observed in chill modification.

The influence of impurities added to the Al-Si is considered in term of the
adsorption of the elements onto the advancing Si interface and poisoning the growth steps
leading to more frequent twinning and a larger undercooling. Indeed, if Sr poisons the
normal growth process in Si it would be expected that doubly modified (corresponding to
those in which chill modification is observed in untreated alloys) eutectic would also be
affected in a similar way. This is confirmed in Figure 4 which shows that Sr modified
eutectic exhibits multiple twinning. If the action of Sr were only to increase the ease with
which the Si phase can branch without changing the growth mechanism, the growth should
occur with a reduction in both the undercooling and spacing. A significant observation in
Sr modification, however, is that the modifying agent refines the structure and increases the
interface undercooling at all growth velocities and does not show the drop in undercooling
observed in chill modified eutectic. Hence it is concluded that the behavior of Sr treated
and chill modified Si fibres is different.

It is unclear whether or not the increased twin density observed in Sr modified
eutectic is associated with growth, but experimental evidence points to Sr adsorption on the
Si growth front which changes the growth mechanism to a predominantly TPRE (twin
plane re-entrant edge) mechanism. The undercooling associated with the changed growth
mechanism is higher and consequently, the growth of the Si phase is retarded with respect
to the Al phase allowing the eutectic to grow at a more isothermal interface. However, it
remains unclear how impurity atoms could promote twinning. Lu and Hellawell5'" have
proposed a model suggesting that impurity atoms could poison the growing steps that are
operative during the growth of the unmodified alloy. They have also shown that Sr and Na
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have just the right atomic radius with respect to Si to be adsorbed onto a growth step and
promote twinning. The atomic radius of the modifier/atomic radius of Si must exceed a
value of 1.64 for modification to occur. Sb has too small an atomic radius to be effective,
in agreement with the observation that Sb refines rather than modifies the eutectic.

Conclusions

Structural observations show that chill modified and impurity modified Si fibres
show different growth mechanisms. The Sr modified Al-Si alloys show heavy multiple
twinning at all growth velocities. These observations show that impurity elements play a
major role in the growth process of the Si phase by promoting twinning. On the other hand,
chill modification can be reconciled with a growth process based on a faceted-non/faceted
transition.
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Figure 1: Typical SEM (a, b, c) and TEM (d, e, f) microstructures of a) chill modified, b) Sb treated, and
c) Sr modified Al-Si eutectic alloys, d) a single twin in chill modified, e) cozonal twins in flake Si
of Sb-treated, and f) a single twin in fibrous Si in Sb-treated chill modified Al-Si eutectic alloys.
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Figure 2 TEM micrograph showing multiple twinning in Sr modified fibrous Si solidified at low growth
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Figure 3: Variation in a) undercooling and b) intcrparticlc spacing with growth velocity at a temperature
gradient of 32 K cm"'.

D Unmodified Al-Si alloy. O Sb treated Al-Si (low velocity).
M Chill modified Al-Si alloy • Chill modified Sb treated alloy.

Figure 4: TEM micrographs of doubly modified fibrous Si in Sr modified alloy showing very high twin
density.
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Abstract : Uncalcined composite samples of SnO2-Lri2O3 (Ln=La, Pr, Nd, Sm, Gd)
prepared by sol-gel method showed an amorphous phase of SnO2 Calcination at higher
temperature, produced different phases. The ternary phase structures of SnO2Ln2O7

produced, were studied by X-ray diffraction and transmission electron microscopy in
order to elucidate the chemistry underlying these oxide materials.

Introduction

Recently, it was noted that the addition of lanthanide cations, e.g. La + into the
ceria has an enhanced effect on the 'oxygen storage capacity (OSC)' of ceria [1] (the
support for exhaust emission catalysts). Interestingly, the features present after
calcination up to 1000°C are due to separate crystalline nature of ceria and lanthanide.
No new crystalline phases were observed [2]. In the present paper, the tin-lanthanide
composite oxides were studied. The XRD and TEM techniques were employed to
elucidate the morphology of the composite oxides.

Experimental

Preparation of SnO2-Ln2O3 (Ln=La, Pr, Nd, Sm, Gd) Composite Oxides

Tin (IV)-Ln(III) composite oxides were prepared by coprecipitation of the
hydrous gel. To a vigorously stirred cold solution containing ca. 0.1M tin (IV) chloride
(75g,, 0.288 mole) and lanthanum nitrate hexahydrate (12.467g, 0.029 mole) in triply
distilled water {ca. 500 cm ), concentrated 33wt%. Analar aqueous ammonia solution
was added to a final pH of 4. The resultant gelatinous precipitate was washed until it was
free of chloride ions by repeated centrifuging and redispersing in triply distilled water.
The solid gel was then allowed to air dry at 60°C to give a colourless gel of the composite
SnO2-Ln2O3 catalyst. The composite oxides of SnO2-Pr2O3, SnO2-Nd2O3, SnO2-Sm2O3

and SnO2-Gd2O3, of similar family SnO2:Ln2O3 (10:1) (Ln = Pr, Nd, Sm, and Gd),
prepared in a similar procedure gave greenish, yellowish, purple, and colourless crystals,
respectively.
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Results and Discussion

The X-ray Diffraction of Composite SnOrLn2O3 (10:1) (Ln=La, Pr, Nd, Sm, Gd)

Oxide Materials

The X-ray diffraction analysis for composite SnO2-Ln2O3 (10:1) materials were
carried out after calcination at various temperatures. All the diffractograms obtained for
these materials exhibit very similar patterns up to calcination temperature of 800°C. The
distinct difference is only observed from 1000°C and above, and representative X-ray
diffraction patterns obtained for SnO2-Ln2O3 (10:1) materials after calcination at various
temperatures are given in Figure 1; numerical data are collected in Table 1 showing peak
positions.

SnOrLa2O3 Oxide

At ambient temperature, this material exhibits traces comprising the four very
broad bands due to very small particulate SnO2 No bands are observed due to La2O3 .
On calcination at 800°C, a band at 29 = 37.858° which is assigned to cubic La2O3 is
observed besides the bands due to tetragonal SnO2. Calcination at 1000°C shows
crystallization of new phase attributed to cubic Sn2La207 (Figure 1 (a) and Table 1).
This new crystalline form exhibited peaks at 2G values of 28.845, 33.425, 48.050, 57.020
and 59.790°, comparable to that reported in JCPDS[3] (Table 2). The Louer program [4]
gives the unit cell of Sn2La207, a = 10.7074Awhich is close to the literature value given
in JCPDSofa= 10.7020.

SnO2-Pr2O3 (10:1) Oxide

At ambient temperature, the diffractogram comprises four very broad bands
assigned to very small particulate SnO2. No bands due to Pr2O3 are observed in the
whole range of temperature studied. However, after calcination at higher temperatures of
ca. 1000°C and above, the ternary of cubic phase Sn2Pr207 is produced (Figure 1 (b) and
Table 1). This new crystalline phase exhibits peaks at 28 values oof 29.140, 48.620,
57.575 and 60.315°, comparable to those reported [3] (Table2).

SnO2-Nd2O3 (10:1) Oxide

At ambient temperature, the diffractogram comprises of peaks attributed to SnO2.
Again, no bands due to Nd2O3 are observed in the whole range of temperature studied.
At the calcination temperature of 1000°C, new peaks at 29 values of 29.260, 33.845,
48.670, 57.870 and 60.575° appear (Figure 1 (c) and Table 1) due to the ternary phase
Sn2Nd207. These 29 values are comparable to those reported [3] (Table 2).
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SnO2-Sm2O3 (10:1) Oxide

At ambient temperature, the diffractogram comprises broad peaks due to
tetragonal SnO2. At 600°C, a major peak which is attributed to Sm2O3 (29 = 29.165°)[3]
is observed besides the peaks due to SnO2. On calcination at a temperature of 1000°C
and above, the ternary phase Sn2Sm2O7 is produced (Figure 1 (c) and Table 1). The peaks
of this new crystalline phase occur at 26 values of 29.385, 42.610, 48.900 and 58.150°
which agreed well with those reported for cubic Sn2Sm207[3] (Table 2).

SnO2-Gd2O3 (10:1) Oxide

At ambient temperature, the diffractogram comprises only broad peaks due to
SnO2. However, at 400°C, a peak which is due to Gd2O3 (29 = 49.884°) is observed,
besides the peaks of SnO2 which sharpen. After calcination at a temperature of 1000°C
and above, the ternary phase Sn2Gd207 is produced (Figure 1 (c) and Table 2). The peaks
of this new crystalline phase occur at 29 values of 29.570, 49.280 and 58.625°. The cubic
Sn2Gd2O7 is in agreement to that reported [3] (Table 2).

Average Particle Size Measurements of Composite SnO2-Ln2O3 (10:1) Oxide
Materials

Derived From X-Ray Diffraction

Particle size measurements deduced from line broadening for all the SnO2-Ln2O3

(10:1) oxides showed very similar behaviour with respect to calcination treatments. The
particle sizes increase relatively little until ca. >800°C except for SnO2-Pr2O3, when a
very sharp increase takes place (Figures 2 - 6 and Table 3). For SnO2-La2O3 and SnO2-
Nd2O3, the particle size starts increasing at 1000°C and increases tremendously at 1100°C
(>4000A). Somehow, for SnO2-Pr2O3, the particle size is still low at 1000°C but high at
1100°C. For SnO2-Sm2O3, the particle size starts increasing at 1000°C, more at 1100°C,
but not as much as SnO2-La2O3 and SnO2-Nd2O3. Furthermore, for SnO2-Gd2O3, the
particle size is still low at 800°C, but high (ca. 4020A) at 1000°C and almost the same at
1100°C.

Overall, comparing the average particle size of SnO2-Ln2O3 materials to SnO2

alone (particle size starts increasing at 800°C), it could be concluded that the presence of
Ln2O3 in these oxide mixtures, prevents sintering on calcination until at 1100°C (except
for Gd2O3 which hindered sintering until at 1000°C).

Transmission Electron Microscopy of SnO2-La2O3 (10:1) Oxide Material

TEM coupled with electron diffraction and EDX analysis shows that at room
temperature, the SnO2-La2O3 material has a very similar appearance to other SnO2-based
gel materials, but calcination at 600°C causes profound changes. Three distrinct phases
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are now observed, one with a La:Sn composition virtually identical to the room
temperature material comprising small (ca. 4 run) particles exhibiting a very weak
electron diffraction pattern. The second component is lanthanum-rich and comprises
particles of ca. 20 nm in size some of which are more electron dense than others and
exhibit a crystalline electron diffraction pattern. The third component is crystalline SnO2

exhibiting a strong electron diffraction pattern. The same three components are also
present after calcination at 1000°C. Now the SnO2 is present as large (60+nm) acicular
lathes and rounded hexagons. The particle size of the La-rich phase has increased, and
the phase which has evolved from the mixed Sn/La component now exhibits a strong
electron diffraction pattern.

Conclusion

The results obtained from various techniques of analysis for SnO2.Ln2O3 oxide
materials, represent the complexity of characterisation of these compounds. Interestingly,
the formation of ternary phases of Sn2Ln207 for these type of materials were confirmed
by X-ray diffraction, Sn MAS-nmr[5], and electron microscopy data. It is also found
that the presence of Ln2O3 oxides in these materials prevents sintering effect until at
1000°C and above this calcination temperature, the particle size of the materials increased
sharply.
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Table 2 Comparison of 26 and d-spacing Values For the Ternary Phases Sn2Ln7O7.

Derived from Calcination of SnC^-Lr^O} (10:1) Gels with Literature Values

The ternary phase dXRD ^©XRD dre^

Sn2Pr2O7

3 003 28 845 3 080 28.970

2 679 33 425 2.670 33 540

1 892 48.050 1.890 48.100
1.614 57.020 1.610 57.170
1543 59.790 1.544 59.855

3.062 29.140 3.060 29.160

2.434 36.920 2.435 36.885

1.871 48.620 1.870 48.650
I 599 57 575 1.598 57.640

1.533 60.315 1.531 60.420

Sn 2 Nd 2 0 7 3.049 29.260 3.050 29.260

1.869 48.670 1.870 48.650
1592 57.870 1.594 57.800

I 527 60.575 1.526 60.635

Nn?Sm2<> 3 037 29.415 3.030 29 455

2 120 42 610 2.146 42.070
1 861 48,900 I 860 48.930

1585 58 150 1590 58.155

SmGdiCh 3 019 29.570 3.020 29.555
i 848 49 280 1.849 49.240
1 573 58.625 1.577 58.480

Table 3 Average Particle Size (A) Calculated From X-Ray

Diffraction Peak Widths

Sample Calcination temperature (°C)

60 300 400 600 800 1000 1100

SnO2 97 816 1361 2076

SnO2-La2C>3 SnO2

(10:1) La2O3

Sn2La207

95 117 163 215 883 4082

120 395 621

592 1382

3 SnO2 95 117

(10:1)

117 272 319 4151

1026 1368

SnO2 95 132 215

(10:1)

830 1384

853 4106

SnO2-Nd2O3 SnO2

(10:1) Sn 2 Nd 2 0 7

154 221 272 816 1472

648 4359

SnO2-Gd2C>3 SnO; 96 151

(10 I)

Sn2Gd207

377 4153 4200

239 831 910

506 4550

>

n
x
S

?_0 wines are derived from Bragg's Law, n\ = 2dSm8
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Figure 1 The X-ray diffract;on patterns of (a) SnO2-La2O3 (10:1)
8 material after calcination temperatures of 60, 300, 400, 600, 800,

(c) SnC^-LnoCH (10:1) oxide materials after calcination at 1100 C.

d 1100°C, and
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Figure 2 Variation of the average particle size (A) of the SnO2-La2O3 (10:1) gel with calcination
temperature ( HSnO2 , •La- 2O 3 , • S n 2 L a 2 0 7 ) .

Figure 3 Variation of the average particle size (A) of the SnO2-Pr2O3 (10:1) gel with calcination
temperature ( • SnO2 . • Sn 2 Pr 2 o 7 ) .

Figure 4 Variation of the average particle size (A) of the SnO2-Nd2O3 (10:1) gel with calcination
temperature ( B S n O j , • S n 2 N d 2 0 7 ) .

Figure 5 Variation of the average particle size (A) of the SnC^-SnvjC^ (10:1) gel with calcination
temperature ( A S n O 2 , • S n 2 S m 2 0 7 ) .

Figure 6 Variation of the average particle size (A) of the SnO 2-Gd 2O 3 (10:1) gel with calcination
temperature ( • S n O 2 , • G d 2 O 3 , • Sn 2Gd 2O 7 ) .
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Abstract : Ceramic materials possess a unique structure consisting of grains, grain
boundaries, surfaces and pores, which makes them suitable for chemical sensors. The
control of the chemical composition and microstructure of electroceramics is fundamental
for controlling their properties. Ceramics with a given composition and microstructure can
be produced by controlling the different steps of their processing. The chemical processing
of ceramics offer many advantages in terms of control and reproducibility, with respect to
the conventional ceramics processing. Results are reported about the chemical processing
of perovskite-type oxides for gas sensors and about the novel humidity-sensitive electrical
properties of sol-gel processed alkali-doped titania films. The structural and morphological
characterization of these materials permits the understanding of the sensitive electrical
properties of the ceramics.

Introduction

Advanced ceramics can be roughly classified in two main categories, that is structural
and functional ceramics. About 10 years ago, practical applications of structural ceramics
seemed to be imminent. As a matter of fact, however, at present electroceramics are
assuming the primary role in the worldwide advanced ceramics production. This is due to
the recent advancements in key technologies such as telecommunications, automation and
electronics, which are causing deep changes in the daily life of the human population. One
typical example is the present very wide diffusion, in Italy as well as in Malaysia, in USA
as well as in Thailand, of portable telephones, the development of which has been made
possible by the advancements in the electroceramics R&D.

The very versatile and flexible functional properties of ceramics make possible their
application in a wide range of electrical and microelectronic devices. Ceramics can be
insulators or conductors (ionic, electronic, or mixed), can have ferro-, piezo- and pyro-
electric, or even optical and magnetic properties. These properties, combined with their
mechanical, thermal, and chemical stability in aggressive environments, make them ideal
candidates for electronic technologies, in devices with passive and control functions (as
substrates, resistors, capacitors, actuators, and sensors). The performance of electroceramic
materials depends on a complex interplay between processing, chemistry and structure.
The growing interest for electroceramics is proven by the last-minute organization of a
special Symposium on this topic under the frame of the Fourth European Ceramic
Conference,1 due to the large number of abstracts submitted, by the increasing attendance
to the series of the Electroceramics Conferences (the next, the fifth of the series, will be
held in Aveiro, Portugal, next September), and by the launch of the new Journal of
Electroceramics, edited by Harry L. Tuller, which will be published by Kluwer in 1997.

One of the most desirable use of functional ceramics is in the field of chemical
sensors. In fact, the present practical exploitation of ceramic chemical sensors is limited,
whilst numerous potential applications can be identified, such as the monitoring and
control of environmental pollutants. Ceramics possess a unique structure consisting of
grains, grain boundaries, surfaces and pores, which makes them suitable for chemical
sensors.2 Vapors or gases are collected in the surfaces and open pores of ceramics by
adsorption, absorption, and condensation. For the detection of gases, the changes in
electrical conductivity of semiconducting oxides are used, resulting from the adsorption
and/or reaction of the gas with oxygen adsorbates on the oxide surfaces.3 For the humidity
detection, the change of surface conduction due to proton hopping between physisorbed
water molecules, with a Grotthuss chain reaction mechanism, is used, taking into account
also the capillary condensation of water within the pores, which results in electrolytic
conduction, added to protonic conduction.4
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The electrical properties of ceramics are fundamentally correlated with their chemical

composition and microstructure.5 The effect of crystal and/or pore size, of deviations from
the stoichiometric composition, and of the presence at grain boundaries of small amounts
of secondary phases on the properties of electroceramics is so important that close control
of both starting materials and preparation conditions is fundamental.6 Ceramics with given
composition and microstructure can be produced by controlling the different steps of their
processing. In particular, much effort has been recently spent to the development of
innovative chemical methods for ceramics processing, in order to control the purity of
starting materials and to develop powder-free fabrication.7 The achievement of a
controlled ultrafine structure and chemical composition of the sensing materials has been
found to be effective to increase their gas sensitivity. The control of the microstructure of
the ceramic sensor element, in terms of its particle size, pore size distribution, and neck
size, is essential also for the effective correlation of the surface interactions with the
conductivity changes.

It is thus clear that a complete chemical, structural and morphological characterization
of electroceramics for sensors is essential for understanding their electrical properties.
Techniques such as x-ray diffraction (XRD), scanning electron microscopy (SEM), energy
dispersive x-ray (EDX) spectroscopy, and x-ray photoelectron spectroscopy (XPS) are of
great help for the evaluation of the ceramic properties. The last technique, which is
surface-sensitive, is particularly important for the study of materials for chemical sensors.**

In this paper, a couple of examples of the author's studies about electroceramics for
chemical sensors are reviewed. First, the preparation of trimetallic perovskite-type oxides
from the thermal decomposition of the appropriate hexacyano-complexes is discussed.9

Then, results about the novel humidity-sensitive electrical properties of sol-gel processed
alkali-doped titania films are reported.10 The correlation between composition and
microstructure of the ceramics with their sensitive electrical properties will be emphasized.

Perovskite-Type Oxides, LnMeO3 (Ln = rare earth elements, Me = transition metals)

Recently, there is a growing interest for perovskite-type oxides, LnMeC>3, with Ln =
rare earth elements and Me = transition metals. Their functional properties, such as mixed
conductivity by both ion and electron migration and highly nonstoichiometric composition,
permit their use in many innovative technological applications. These materials are active
oxidation catalysts,11-12 and can be employed as cathodes and membranes in solid oxide
fuel cells,13 as electrode materials for electrochemical oxygen sensors,14"16 as membranes
for oxygen separation,17"19 and as sensing materials for the detection of humidity,20-21

alcohol,22 and gases,23 such as oxygen,24-25 CO,26"28 and NO2.29 '30 Some of these
applications need either the achievement of dense structures, or the presence of porosity. In
both cases, the preparation of ultrafine, homogenously-sized powders is fundamental.

The conventional method for the preparation of mixed oxides, like perovskite-type
oxides, is the solid-state reaction at high temperatures of the corresponding single oxides.
By using this method, it is difficult to obtain single phase materials, since residual amounts
of the starting oxides are likely to remain in the final product, unless repeated cycles of
milling and heating are performed. Powders produced with this method, given that the
synthesis occurs at high temperatures, are coarse, with a non-uniformity of particle size
and shape, have a low specific surface area, multiphase character and in certain cases loss
of stoichiometry due to the volatilization of a reactant.31 The improvement of the ceramics
properties is obtained with the development of innovative processing methods through
chemistry, which allows the preparation of ultrafine and chemically pure powders of
mixed oxides at lower temperatures and, indeed, to improve the reproducibility of the
ceramics properties. Several chemical methods have been tried for the preparation of
perovskite-type oxides, which include sol-gel, hydrothermal treatments, and pyrolysis,
combustion or thermal decomposition of wet-chemically precipitated precursors.32"35

Particularly promising seems to be the preparation of perovskite-type oxides by the
thermal decomposition at low temperatures of hexacyano complexes. These compounds
are readily precipitated from aqueous solution, as it has been firstly proposed by Gallagher
in 1968.36 Stoichiometric LnMeC>3 perovskite-type oxides are obtained by the calcination
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at relatively low temperatures, about 600°C, of the appropriate complex.37 Recently, it has
been confirmed that homogeneous and nanosized powders of LnMeO3 perovskite-type
oxides, with relatively high specific surface area, can be synthesized by the thermal
decomposition at low temperatures of some heteronuclear complexes, if it is possible to
obtain such precursors in advance.38"43

Another very interesting feature of this method is the possibility to obtain single-
phase, trimetallic complexes, the decomposition of which leads to the formation of
trimetallic perovskite-type, containing either two rare earths and one transition metal44 or
one rare earth and two transition metals.45 The possibility to prepare perovkite-type rare
earth cobaltites containing heavy lanthanoids is discussed herebelow.

Experimental Procedure

As described elsewhere,42'43 the complexes were synthesized by mixing aqueous
solutions of equimolar amounts of hydrated Ln(III) nitrates (pure or a mixture in a
prescribed ratio Ln/Ln') and K3Fe(CN)6 or K3Co(CN)6 under continuous stirring. The
resulting precipitates were washed with water, ethanol and diethyl ether, before drying in
air at 50°C. The thermal decomposition behaviour of the precursors was studied by
simultaneous thermogravimetric and differential thermal analysis, with a heating rate of
5°C/min in flowing air. The complexes obtained were heated up to selected temperatures
to prepare the oxide samples, with a heating rate of 5 °C/min, for 30 min in air. The
structure of the complexes and of the decomposition products was analyzed by x-ray
diffraction (XRD), using a C u K a radiation with X - 0.154 nm.

Structural Characterization of LnFeO j and LnCoOj

The bimetallic perovskite-type oxides LnFeO 3 and LnCoO3 (with Ln = La - Yb) were
obtained by the thermal decomposition of the heteronuclear complexes in the series
Ln[Fe(CN)6]nH2O and Ln[Co(CN)<5]-nH2O. The XRD spectra of the complexes showed
that their crystal structure is orthorhombic, except for Ln = La. The XRD profiles of the
LaFe- and LaCo-complex are somewhat different from the patterns reported in the
literature for La[Fe(CN)6] 5H2O (JCPDS file No. 25-1198, with hexagonal structure, and
file No. 36-0675, with non defined structure) and for La[Co(CN)6]-5H20 (JCPDS file No.
36-0674, non defined but with a pattern very close to the hexagonal reported in the file No.
25-1198). Hulliger etal 37 have determined on single crystals two types of structures for
LnFe complexes (with Ln = La, Ce, Pr, Nd), depending on the number of crystallization
water molecules, that is hexagonal for n = 5 and orthorhombic for n = 4. A fitting
procedure of the measured XRD plots for the LaFe- and LaCo-complex showed that they
consisted of a mixture of hexagonal and orthorhombic crystal structures.46 These results
were confirmed by TGA measurements. The number of crystallization water molecules
was evaluated to be 4 for the complexes which showed the orthorhombic structure, while
the number of water molecules was about 4.5 (between 4 and 5) for the complexes which
showed a mixture of hexagonal and orthorhombic structures.47

Hulliger et al 3 7 demonstrated that a linear relationship exists between the lattice
constants of the Ln fern- and chromi-cyanides and the radius (r) of Ln ions. Fig. 1 shows
the correlation between the lattice constants for the LnFe and LnCo complexes, as
calculated from the XRD profiles, and r. For both the series of complexes, a linear
relationship is observed, confirming the results of Hulliger et al, when the orthorhombic
structures are considered.48 Further details of the XRD analysis are reported elsewhere.49

The lattice parameters for LnCo-complexes are smaller than those of LnFe-complexes.
This is probably due to the smaller size of Co ion with respect to Fe ion.

The formation temperature of the perovskite-type oxides is influenced by the Ln ionic
radii. For the LnFe-complexes, the formation of the single orthorhombic LaFeO3 phase
(JCPDS No. 37-1493) was observed for the product of the thermal decomposition at 600°C
of the LaFe-complex.47 Similar behaviour was observed for Ln = Pr, Nd, Sm, and Gd, but
with an increase in the formation temperature of the orthorhombic phase with decreasing
the Ln ionic radius. For Ln = Dy and Ho, the perovskite phase was accompanied by the
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presence of the peaks of the single oxides, Ln2C>3 and Fe2C>3.43 In the case of the LnCo-
complexes, the formation temperature of the perovskite-type oxides is about 600°C for Ln
= La, Pr, Nd and Sm, while for Ln = Eu, Gd, and Dy the formation temperature increases
with decreasing the radius of Ln ions. For Ln = Ho, Er and Yb, the perovskite-type oxides
could not be obtained at temperatures as high as 1100°C.42 The XRD results of the LnCo-
complexes decomposed at 1000°C were in agreement with the JCPDS files, showing the
crystal structures as follows; hexagonal for LaCo03 (JCPDS file No. 25-1060), cubic for
PrCoO3 (No. 25-1069) and NdCoO3 (No. 25-1064), and orthorhombic for SmCoC>3 (No.
25-1071), EuCoO3, GdCoO3 (No. 25-1057), and DyCoC>3 (No. 25-1051). However, it was
found that PrCo03 and NdCoO3 may be considered tetragonal rather than cubic.

Fig. 2 shows the correlation between the lattice constants for the decomposed LnFe
and LnCo complexes, as calculated from the XRD profiles, and r of Ln ions. Given the
above results, for LnFe the samples which did not give the formation of a single phase
were not considered. For LnCo, except for LaCoC>3, which has a hexagonal structure, it
was assumed that all the other LnCo03 could be described as orthorhombic structures,
given that the cubic and/or tetragonal structures may be considered as special cases of the
orthorhombic symmetry. The lattice constants of the decomposed products were evaluated
assuming as reference the orthorhombic structure of SmFeO3 (JCPDS file No. 39-1490).49

As shown in Fig. 2, a monotonic increase in the b and c lattice parameters and a decrease
in the a parameter with increasing Ln radius was observed for the LnFe system. For the
LnCo system, a similar trend was observed for the b and c lattice parameters, while the a
parameter decreased with increasing Ln ionic radius up to Sm, and then increases for ions
larger than Sm. The evaluation of the orthorhombic distortion parameter (30-5 a/b-1) for
the decomposed products increased with decreasing Ln ionic radius. Thus, it may be
assumed that the lack of the perovskite-type oxide formation for compounds with Ln with
a smaller ionic radius (Ho and Yb) is due to the higher orthorhombic distortion parameter.

0,12

r (nm)

Fig. 1 Correlation between lattice parame-
ters and r of Ln ions for LnFe (open
symbols) and LnCo (closed symbols)
complexes.

• 0,820,56

0,54

0,52

0,105 0,11 0,115 0,12 0,125
r (nm)

Fig. 2 Correlation between lattice parame-
ters (nm) and r of Ln ions for products of
the decomposition of LnFe (open symbols)
and LnCo (closed symbols) complexes.

Structural Characterization of LnxLn'].xCoO3

The trimetallic perovskite-type oxides LnxLn'i.xCoO3 were obtained by the thermal
decomposition of the appropriate heteronuclear complexes, LnxLn'i.x[Co(CN)6]nH2O.
The following combinations were prepared: LaSm, LaHo, SmEr, and SmYb. The selected
values of x were 0,0.2,0.4,0.5,0.6, 0.8, and 1.

The XRD spectra of the trimetallic complexes showed that their crystal structure is
orthorhombic, except for the Lao.8Smo.2Co-, Lao.6Hoo.4Co- and Lao.8Ho0.2Co-complexes
which consisted of a mixture of hexagonal and orthorhombic structures. Indeed, the TGA
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measurements showed that the number of crystallization water molecules was 4 for the
complexes with orthorhombic structure, while it was about 4.5 (between 4 and 5) for the
complexes which showed a mixture of hexagonal and orthorhombic structures.48 The
FWHM (full width at half maximum) of the (121) peaks of orthorhombic structures in the
XRD results were hardly influenced by the Ln/Ln' ratios. These results suggested that the
LnxLn'i_xCo-complexes which showed only the orthorhombic pattern are not a mixture of
powders of each LnCo- and Ln'Co-complexes.46

The XRD peaks of the orthorhombic structure shifted to lower angles with increasing
the content of the larger Ln ion (La or Sm). Given these results, the lattice parameters were
evaluated for the orthorhombic LnxLn'i_x[Co(CN)6]-4H2O complexes and plotted as a
function of the effective radius of the rare earth ions present in the complexes, that we
defined as reff = x rLn + (1-x) rLn'.44 The correlation is reported in Fig. 3, together with the
trend observed for LnCo-complexes. The same linear relationship observed for the LnCo-
complexes was observed.50 Deviations from this linear behaviour were observed for the
LaxHoi-xCo-complexes with orthorhombic structure, the estimated lattice parameters of
which showed shorter values than those determined for LnCo-complexes. The discrepancy
with the trend suggested that the La/Ho ratio in the complexes was lower than the
prescribed ratio of the La(III) and Ho(III) nitrate mixture. Elemental analysis performed
using x-ray fluorescence confirmed this hypothesis, showing La/Ho ratios lower than the
prescribed ones. This may be due to different precipitation kinetics for La and Ho. Based
on the assumption that the lattice parameter of the complexes with orthorhombic structure
is generally correlated with reff, it is possible to estimate the actual Ln/Ln' atomic ratios by
XRD measurements, upon calculation of the lattice parameters. It is concluded that the
lattice parameters of the LnxLn'i_xCo-complexes with orthorhombic structure are mainly
determined by the size of the rare earths ions present in the molecule. The effective radius
of Ln ions is a powerful parameter in elucidating the role played by lanthanoids.

The XRD profiles of the decomposition products of the LaxSmi.xCo-complexes (with
x = 0.2 ~ 0.8) showed the formation, already at 800°C, of a single perovskite-type phase,
neither hexagonal (as LaCoC>3) nor orthorhombic (as S111C0O3), but similar to the structure
of PrCoO3 and NCIC0O3. The XRD peaks shifted toward lower diffraction angles with
increasing the La content. For the SmxEri-xCo- and SmxYbi_xCo-complexes decomposed
at 1000°C, the perovskite-type oxide is not formed for x = 0 and 0.2, while for x = 0.4 ~
0.8 the crystal structure was orthorhombic, similar to the structure of DyCoC>3 and
GdCoC^O For LaxHoi_xCo-complexes, the addition of small amount of La was effective
for the formation of a single perovskitic phase containing Ho and Co.48

0,56 0,82

Fig. 3 Correlation between lattice parame-
ters and reff for LnCo (open symbols) and
SmxLn'i_xCo (closed symbols, with Ln' =
La, Er, and Yb) complexes.

0,46
0,11 0,12

0,72

reff (nm)

Fig. 4 Correlation between lattice parame -
ters (nm) and reff for products of the
decomposition of LnCo (open symbols)
and SmxLn'i-xCo (closed symbols, with
Ln' = La, Er, and Yb) complexes.
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From the above results, a correlation between the Ln ionic radius and the crystal

structure of the perovskite-type oxides can be clearly inferred. The presence of La and Sm
in the same oxide leads to the formation of a structure similar to that of cobaltites with Pr
and Nd, which have ionic radii between those of La and Sm. It was, thus, attempted to
correlate the lattice constants of the trimetallic perovskite-type oxides with the effective
ionic radius of Ln. As shown in Fig. 4, the trend fits very well the trend observed for
LnCo-complexes. The observed correlation suggests that the lattice parameters of the
LnxLn'i_xCo03 perovskite-type oxides with orthorhombic structure are primarily
influenced by the size of the rare earth ions present in the molecule. The structure observed
for reff > 0.1199 nm is hexagonal, while for reff < 0.1080 nm the perovskitic phase could
not be formed. In the latter case, the orthorhombic distortion parameter is larger than 0.267
and this is related to the absence of the formation of the perovskite-type oxide in this case.

In conclusion, the possibility to prepare at low temperatures trimetallic perovskite-
type oxides is demonstrated. This allows to modulate the functional properties of this class
of oxides in a very wide range. Preliminary results showed that also the preparation of
LnFexCoi_xC>3 perovskite-type oxides is possible at low temperatures.

Sol-Gel Processed TiO2 Films with 10 at% of K

Given that the present trend in sensor R & D is towards the fabrication of integrated
sensor, with miniaturization of the sensing elements,51 the author has decided to study ce-
ramic humidity sensors in thin film form. Ceramic thin films can be prepared with physical
or chemical deposition methods. It was evaluated that chemical methods give advantages
in terms of reproducibility and of control of the chemical composition and microstructure
of the ceramics. It must be kept in mind that for the use in humidity sensors, ceramic have
been applied as porous bodies, in order to allow water vapour to pass easily through the
pores and water condensation in the capillary-like pores between the grain surfaces.52

Considering the chemical methods, the sol-gel processing offers an economical technology
for ceramic film deposition, which can be competitive with polymer film production,
because it allows the preparation of high purity ceramics in their final film shape (by dip-
or spin-coating), with a homogeneous distribution of components on the atomic scale.53

It was thus decided to study the humidity-sensitive electrical properties of sol-gel
processed ceramic films.54 The attention has been addressed to sol-gel processed T1O2
films.55 However, the performance of these films was not satisfactory for practical
application (too high intrinsic resistance and limited sensitivity at low humidity values). It
was tried to improve the performance of this material by studying the effect of doping
TiC<2 films with alkali during their processing with the sol-gel technique.56 This choice
was made because the addition of alkali ions has been found to improve of the humidity-
sensing characteristics of a number of ceramic materials.4 The influence of the alkali ion
addition on the RH-sensilivity of porous ceramics is due to changes in the sinterability of
the material in pellet form,57 a decrease in the intrinsic resistance of the material,58 or an
increase in the number of water adsorption sites.59

TiC»2-based films with 10 at% of K (with respect to Ti) were deposited on AI2O3
substrates with comb-type Au electrodes by means of a sol-gel method.60 The
morphological SEM analysis showed for the films doped with 10 at% K heated to 300°C
and 500°C, a thin layer covering the grains of alumina, without the presence of pores.54

The addition of alkali did not modify the morphology of the films heated to low
temperatures. This means that the films were dense, free of capillary pores. It must be
reminded that it has been reported that the presence of a large pore volume is considered as
fundamental for the achievement of high humidity sensitivity for ceramic materials.61

The RH-sensitive electrical properties of the films were evaluated by means of EIS
measurements, carried out at 40°C, in the frequency range from 10"2 to 105 Hz.62 The
complex impedance plane plot for these films at 4% RH showed the presence of a single
semiarc. Above 4% RH, the spectrum loci decomposed into two semiarcs. The semicircle
at lower frequencies was largely distorted. The low-frequency behaviour was attributed to
the electrode interface, while the semiarc at high frequency was attributed to the
materials/RH interaction.
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Fig. 5 The RH dependence of the resis-
tance (solid lines) and of the capacitance
(dotted lines) for undoped and 10 at% K-
doped TiO2 films, at 40°C.

Fig. 6 The RH dependence of the resis-
tance of sol-gel processed 10 at% K-doped
TiO2 films at 40°C, measured at various
frequencies.

From the EIS data measured at high frequencies, resistance and capacitance values
were calculated, as shown in Fig. 5 for the undoped and the 10 at% K-doped T1O2 films.
The 10 at% K-doped films showed a dramatic variation in resistance with RH, of about 8
orders of magnitude over the entire RH range tested, whereas no significant changes were
observed in the capacitance values, which remained nearly constant. The variation of the
electrical properties is not in agreement with the ionic-type humidity sensing mechanism,
for which an increase in capacitance is to be observed with increasing RH, as for the
undoped films.

The humidity sensing electrical properties of TiC>2 films were remarkably improved
upon addition of 10 at% of K,63 although the films were free of porosity. The reported EIS
findings suggest the direct participation of alkali ions in the conduction in humid
environments. In fact, microstructural changes of the films were not observed, being the
doped films free of capillary pores. An increased number of water adsorption sites can be
discarded, too, because the EIS results clearly showed that the decrease in resistivity is not
merely due to water adsorption and surface proton hopping charge transport; the decrease
in resistance with RH is due to an increase in the number of charge carriers, which is not
accompanied by an increase in capacitance. This demonstrates that the conduction is not
due to an increase in the number of adsorbed water molecules. Thus, charge carriers are
alkali ions and not protons.62 As a matter of fact, the water adsorbed on grain surface
enhances ionic conductivity in the grain for the alkali-doped materials, due to the mobility
of K+ ions.

It has been reported by Sadaoka et al. that the addition of alkaline oxides to zirconium
phosphates improves their RH-sensing performance because alkali cations act as charge
carriers in the crystals, in addition to surface proton hopping.64 Recently, it has been
reported that the RH-sensitivity of sintered ZnO was much increased by the addition of
very small amounts of Li dopant, which did not affect the microstructure of the porous
compacts.65 Like in the present case, the addition of alkali ions, though in very different
concentrations for different materials, led to a distinct increase in RH-sensitivities,
probably due to direct participation of alkali ions to the humidity sensitive conduction.

For 10 at% alkali-doped TiC>2 films, the RH-sensitivity depends on the frequency at
which the resistance was measured. Fig. 6 shows the RH-dependence of the resistance of
the films measured at different frequencies. At 50 Hz, a linear variation of the logarithm of
the resistance with RH, of 4 orders of magnitude was observed over the entire RH range
tested (4-85% RH). Thus, it is possible to modify their response to RH by choosing the
frequency at which the resistance is measured, a feature which is among those of
intelligent materials.66-67 At the lowest RH values, a noticeable RH-sensitivity of about 3
orders of magnitude in the RH range from 4% to 10% was measured only at frequencies <
1 Hz, as shown in Fig. 7 for resistance measured at 100 mHz.
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doped TiCb films, at 40°C.

Fig. 6 The RH dependence of the resis-
tance of sol-gel processed 10 at% K-doped
TiO2 films at 40°C, measured at various
frequencies.

From the EIS data measured at high frequencies, resistance and capacitance values
were calculated, as shown in Fig. 5 for the undoped and the 10 at% K-doped TiC>2 films.
The 10 at% K-doped films showed a dramatic variation in resistance with RH, of about 8
orders of magnitude over the entire RH range tested, whereas no significant changes were
observed in the capacitance values, which remained nearly constant. The variation of the
electrical properties is not in agreement with the ionic-type humidity sensing mechanism,
for which an increase in capacitance is to be observed with increasing RH, as for the
undoped films.

The humidity sensing electrical properties of TiC>2 films were remarkably improved
upon addition of 10 at% of K,63 although the films were free of porosity. The reported EIS
findings suggest the direct participation of alkali ions in the conduction in humid
environments. In fact, microstructural changes of the films were not observed, being the
doped films free of capillary pores. An increased number of water adsorption sites can be
discarded, too, because the EIS results clearly showed that the decrease in resistivity is not
merely due to water adsorption and surface proton hopping charge transport; the decrease
in resistance with RH is due to an increase in the number of charge carriers, which is not
accompanied by an increase in capacitance. This demonstrates that the conduction is not
due to an increase in the number of adsorbed water molecules. Thus, charge carriers are
alkali ions and not protons.62 As a matter of fact, the water adsorbed on grain surface
enhances ionic conductivity in the grain for the alkali-doped materials, due to the mobility
of K+ ions.

It has been reported by Sadaoka et al. that the addition of alkaline oxides to zirconium
phosphates improves their RH-sensing performance because alkali cations act as charge
carriers in the crystals, in addition to surface proton hopping.64 Recently, it has been
reported that the RH-sensitivity of sintered ZnO was much increased by the addition of
very small amounts of Li dopant, which did not affect the microstructure of the porous
compacts.65 Like in the present case, the addition of alkali ions, though in very different
concentrations for different materials, led to a distinct increase in RH-sensitivities,
probably due to direct participation of alkali ions to the humidity sensitive conduction.

For 10 at% alkali-doped TiC>2 films, the RH-sensitivity depends on the frequency at
which the resistance was measured. Fig. 6 shows the RH-dependence of the resistance of
the films measured at different frequencies. At 50 Hz, a linear variation of the logarithm of
the resistance with RH, of 4 orders of magnitude was observed over the entire RH range
tested (4-85% RH). Thus, it is possible to modify their response to RH by choosing the
frequency at which the resistance is measured, a feature which is among those of
intelligent materials.66'67 At the lowest RH values, a noticeable RH-sensitivity of about 3
orders of magnitude in the RH range from 4% to 10% was measured only at frequencies <
1 Hz, as shown in Fig. 7 for resistance measured at 100 mHz.
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