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The Materials Science and Engineering Community in Egypt is 

presenting this symposium in the Honour of 

5ho£. J'.^fl. ota/inmaii 
Chairman. Atomic Energy Authority 

On his 60th Birthday Anniversary 

Jn recognition of his outstanding record and his sustained effort 

in promoting educational, R8lD and industrial activities in the 

field of materials science and engineering at the Egyptian 

Atomic Energy Authority as well as universities, research 

institutions and industry. 

Prof. Hammad contributed to the education of fundamentals of 

materials science in several Egyptian univerisites and his 

students ranged from physicists and chemists to metallurgical, 

chemical, nuclear, mechanical and electrical engineers. A good 

number of these students are holding prominent academic and 

industrial posts in Egypt and on the international level. 

Several R&lD activities and programmes in various areas of 

materials science and engineering »> the AEA and elsewhere in 

Egypt haw been of his initiation and/or enjoying a great share of 

his contribi:\ion. This has been published in national and 

international journals in more than one hundred publications. 

Prof. Hammad have always preached for and practically 

contributed to the interaction between academic institutions 

and industry and also to promoting approaches to develop 

materials strategics in Egypt. 
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STATEMENT OF HIS EXCELLENCY 

Eng. M.M. ABAZA 
MINISTER OF ELECTRICITY & ENERGY 

IN THE OPENING CEREMONY OF THE 
FIRST INT. SYMPOSIUM ON ADVANCES 

IN MATERIALS SCIENCE SAMS-94 

DEAR GUESTS FROM ALL OVER THE WORLD 

LADIES AND GENTLEMEN 

IT GIVES ME A GREAT PLEASURE TO WELCOME 
YOU IN EGYPT ON THE OCCASION OF THE 
INAGURATION OF THE FIRST INTERNATIONAL 
SYMPOSIUM ON ADVANCES IN MATERIALS SCIENCE 
SAMS-94. 

WE ARE HONOURED AND PREVILAGED TO HAVE 
WITH US THIS GATHERING OF MORE THAN FORTY 
DISTINGUISHED SCIENTISTS REPRESENTING 
UNIVERSITIES AND RESEARCH INSTITUTIONS OF 17 
COUNTRIES FROM NORTH AND SOUTH AMERICA, 
EUROPE, ASIA AND AFRICA. 

THE TOPICS ADDRESSED IN THIS SYMPOSIUM 
REPRESENT THE MOST RECENT ADVANCES IN 
SPECIAL MATERIALS COVERING CERAMICS, 
COMPOSITES, SUPERCONDUCTORS, SUPERALLOYS, 
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HIGH TEMP. MATERIALS AS WELL AS SYNTHESIZED 

AND MODIFIED SURFACES. THESE ARE JUST 

EXAMPLES IN THE VITAL .AND RAPIDLY DEVELOPING 

AREA OF ADVANCED MATERIALS. 

THE INTERACTION WITH THE RECENT 

ADVANCES IN THE MATERIALS SCIENCE THROUGH 

HOLDING SYMPOSIA OF THIS TYPE, ATTRACTING 

SCIENTISTS AND EXPERTS OF THIS HIGH CALIBER 

SHALL HOPEFULLY HELP .TO COPE WITH 

CHALLENGES TO DEVELOP MANY INDUSTRIES. THIS 

INCLUDES ENERGY INDUSTRIES : CLASSICAL, 

NUCLEAR AND RENEWABLE, IN ADDITION TO 

METALLURGICAL, CHEMICAL AND PETROCHEMICAL 

INDUSTRIES. 

I AM AWARE ALSO THAT YOUR SYMPOSIUM IS 

DEVOTING SESSIONS TO DISCUSSING THE STRATEGY 

OF METAL INDUSTRIES IN EGYPT AND I AM SURE 

THAT THE PARTICIPATION OF THIS OUTSTANDING 

FOREIGN EXPERIENCE WILL BE VERY BENEFICIAL 

ONCE AGAIN I WELCOME YOU IN OUR COUNTRY AND 

WISH YOU A SUCCESSFUL MEETING AND A 

PLEASANT STAY IN EGYPT. 
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First International Spring School & Symposium on 
Advances in Material Science (SAMS 94) 

Cairo, 15 • 20 March 1994 

PREFACE 

It gives me a great pleasure to introduce these valuable 
proceedings to the scientific community in the field of 
materials science in Egypt and in the world at large. These 
two volumes embody invited lectures and research papers 
from distinguished scientists in various disciplines of 
advanced mater ia l s r ep resen t ing reputed research 
ins t i tu t ions and universities all over the world. These 
scientists gathered in Cairo to contribute to this 
First International Spring School and Symposium on 

Advances in Materials Science (SAMS 94) 
in celebration of the 60th birthday of the AEA ex-chairman 
Prof. F.H. Hainmad, a distinguished materials scientist. 

I t gave the AEA a great honour to host this 
distinguished group of scientists, who contributed to the 
success of the symposium through their presentations and 
discussions, and who generously displayed their experience 
in vital advanced fields of materials science. This covered 
a r e a s like composites, ceramics, powder metallurgy, 
superalloys, solid state chemistry, superconductivity.... etc. 

I would like to thank all contributors to the success of 
the symposium; the scientific committee, guest scientists 
from all over the world and local participants. 

I would also like to thank all members of the organizing 
committee, who worked extremely hard for almost one year 
to make this international event a real success. 

The effort given in the editing of these proceedings is 
greatly appreciated. V^VU**. F fi\ 

Prof. H.F. Alz-~---^ 
Chairman, AEA, Egypt 

January 1995 
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First International Spring School & Symposium on 
Advances in Materials Science (SAMS 94) 15-20 March 1994 

ACTIVITIES OF THE 
ATOMIC ENERGY COMMISSION OF ARGENTINA 

IN THE AREA OF ADVANCED MATERIALS 

Manuel MONDINO 
Comisi6n National de Energia At6mica 

Avenida del Libertador 8250 
1429 Buenos Aires, ARGENTINA. 

Invited Conference, First International Spring School and Symposium on Advances in 
Materials Science, Cairo, Egypt, 15-20 March, 1994 

The wide scope of the activities of the Atomic Energy Commission (CNEA) in the 
area of advanced materials shall be reviewed. Since its beginnings in 1950, CNEA 
became engaged in research, development and applications programs for a wide variety 
of materials. Because of the stage of development of the country, the role played by 
CNEA soon became one of leading advanced research, and combining basic oriented 
research with development. Thus, human resources as well as knowledge and technology 
resulted from this effort. 

The presentation shall focus on two different and important types of materials: 
structural materials for advanced nuclear technology, and metal oxides, as an example 
of functional advanced materials for nuclear fuels. The derivations to non-nuclear 
applications in both areas shall be briefly outlined. 

Within structural nuiterials, zirconium alloys shall be the center of the talk. At present 
Argentina masters the technology of fabrication of structural in-core components made 
ofzircalloy and zirconium-2.5% niobium. The fuel elements used in our nuclear power 
plants are manufactured in a facility with CNEA-based technology. The origin of the 
development of metallurgy in CNEA can. be traced back to Professor J Sdbato, who 
stressed the importance of transformation metallurgy as opposed to extractive metallurgy. 
Not only technology was derived of CNEA's program; steels and other metals resulted 
in important achievements infields like corrosion of zirconium alloys in high temperature 
water, stress corrosion cracking models, etc. 

Within Junctional materials, the development of technology for the fabrication of 
uranium dioxide pellets shall be reviewed and the current efforts to develop mixed oxides 
for advanced nuclear fuels shall be outlined. The scope of the research lines in CNEA. 
regarding the use of metal oxides for non-nuclear technologies shall also be briefly 
commented. 
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1. INTRODUCTION FUEL CYCLE 

The Atomic Energy Commission of Argentina 
-CNEA, was created in 1950, and has since then 
been one of the most important institutions in 
Science and Technology in the country. It 
presently has the rank of a State Secretariat, and 
its President reports directly to the President of 
the Argentine Republic. We started, as several 
similar institutions created at the same time 
around the world, being mainly a research 
laboratory. However, since the start, "die" 
nuclear "technology" (defining technology as the 
knowledge organized for the production and 
commercialization of goods and commodities) 
including all its applications was the driving 
force. Nearly all the disciplines that contribute to 
this technology, probably even now die one with 
the largest degree of complexity in the history of 
mankind, were covered and pretty soon mastered 
to international level. Excellence was the guide 
and it remains now one of the three E avenues 
ever present in our institution: Excellence, 
Efficacy and Efficiency. 

At times we are operating two nuclear power 
stations: Atucha I, a 310 Mw plant, the first 
nucleoelectric one of Latin America, that started 
operating in 1974; and Embalse Nuclear Power 
Plant, a 600 Mw CANDU station, in operation 
since 1983. The whole fuel cycle production is 
mastered (Fig. 1). As we shall see below, 
achieving this mastering has been of a paramount 
importance for the development of materials 
science in our country. The Industrial Heavy 
Water Production Plant is presently in its last 
stages of commissioning. It shall supply all the 
heavy water required for our power reactors, and 
allow further exporting of this sensitive product. 

Three atomic centers concentrate most of our 
research activities: 

- The Constituyentes Atomic Center, site 
of most of our Research and Development 
Branch and where our first experimental reactor, 
the RA-1, was built. At present our research 
laboratories from the central headquarters are 
also moving to this site. 

- The Ezeiza Atomic Center, where some 

ricinii* I M M M I 

8 r K i ' i ! : ^ ^ 
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Figure 1 

of our industrial ventures related to materials 
science are located, namely the manufacturing 
plants of nuclear fuel elements and special alloys. 
At Ezeiza is also located our experimental reactor 
RA-3, totally designed by us and in operation 
since 1967. 

- The Bariloche Atomic Center, located 
1,800 km southwest from Buenos Aires, and site 
of probably the most prestigious institute for 
basic and applied Physics south of Rio Grande. 
Our newest experimental reactor, the RA-6, is 
located there. 

In this very brief description of the scope of 
activities carried out by CNEA, I want to 
highlight the complementary aspects whose 
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synergetic define the Institution: 
- First, CNEA is a science and technology 

institution. It has been vigorously involved in the 
formation of human resources, through very 
ambitious academic programs in cooperation with 
local Universities. The Balseiro Institute, at the 
Barilochc Atomic Center, is the best example. 
The recently created Technological Institute at the 
Constituyentes Atomic Center is another, and 
also a whole array of cooperation agreements 
with Universities. We are also involved in 
important doctoral and postdoctoral research in 
Physics, Chemistry, Biology, Materials Science, 
Engineering, etc. 

- Second, CNEA is a productive entity, 
that produces goods and services. Thus, CNEA 
generates close to 15% of the electricity of 
Argentina, produces all isotopes used in the 
country and offers services in high technology 
problems for a wide variety of fields. 

- Finally, the regulatory authority for all 
nuclear activities in the country is under the 
supervision of the President of CNEA. 

It is therefore not surprising to learn that 
CNEA has been and still is the leading institution 
in developing Materials Science in Argentina. 
The Metallurgy Department was created in 1955 
with the main purpose of solving problems 
related to the construction and operation of our 
reactors, and to die production of the correspon
ding fuel elements. In those days metallurgy did 
not exist as a scientific or engineering discipline 
in Argentina. However important the develop
ment and production needs were, J. Sabato, the 
founder of the Metallurgy Department, realized 
that it was first necessary to create that discipli
ne, metallurgy, in the region. 

The research and development program started 
in that department of CNEA, first permeated to 
other laboratories of the institution, as the then 
recently formed school of physics in Bariloche 
(now the Balseiro Institute named after its 
creator). At the same time the first fuel elements 
for experimental reactors were produced (devel
oping on the way an international patent), a 
program was started through the Organization of 
American States, which was the nucleus from 

which science and technology in metallurgy and 
materials science was irradiated not only to 
Argentina but to Latin America as a whole. (Fig. 
2) 

Figure 2 

Paramount to this success was the concept of 
S&bato that scientific excellence was the leading 
force for technology development. He frequently 
claimed that our aim on creating the metallurgy 
department was to be the best laboratory in the 
world1. It is important to realize that this 
discipline produced, as a spin-off from the 
nuclear development, a strongly needed scientific 
support to the somewhat feeble heavy industry in 

When Sibalo mentioned this concept to a reporter, he 
exclaimed: "But how long wilt it take?". Sabato 
answered: "100 years; how long did it take to create 
Harvard?". 
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Latin America. In fact, in 1955, when the 
Metallurgy Department was created at CNEA, 
the metal industry was the most important 
manufacturing industry in Argentina; however 
related academic activities were substantially 
null. 

Now to the main subject of the talk. Advanced 
Materials are cither the new materials used for 
advanced technology industries or traditional 
materials modified and tailored to satisfy extreme 
performance conditions and produced at the 
optimum ratio cost/performance. It can be said 
that advanced materials differ from standard ones 
in being scientifically tailored for the industrial 
use. Therefore, a material can be considered to 
be new or advanced depending on the degree of 
scientific and industrial development of the 
country and the region. In the present stage of 
globalization of the world economy this definition 
means however, that process quality and effi
ciency has to compete up to the international 
standards. This poses a highly demanding 
challenge to our scientists in the field of 
materials. 

I shall try to give a glimpse of the wide variety 
of activities now undertaken by the Atomic 
Energy Commission aiming to succeed in the 
above stressed challenge. Being a practicing 
scientist myself, I might distort somewhat the 
balance of the description by stressing aspects 
akin to my own lines, but the main problem is 
the impossibility to be all-inclusive. CNEA is a 
very large and complex organization, with around 
1,000 scientists, and I might not give an accurate 
overview of all lines, if that were possible. 
Anyhow, my colleagues from CNEA shall 
address more specific topics, and they may also 
convey to you a more detailed description. 

Since the start of nuclear development in 
Argentina it was realized that technological 
development should be related to feasibility and 
economical down-to-earth considerations. The 
experimental reactors built in the late 50's and 
early 60's were all constructed in Argentina and 
from the RA-3 reactor (1967) onwards, also ours 
were the design and engineering. 

Nuclear power stations signify an extremely 

intensive capital investment but are constructed 
once and have to operate during their expected 
life span. Plant maintenance and fuel element 
supply is needed on a regular basis all that time. 
Intelligent acquisition of the power stations with 
local participation in construction results in costs 
control and allows the acquisition of station 
maintenance skills. 

On the other side, fuel being a daily supply to 
the station, it is an economically and technically 
convenient decision to locally master the whole 
cycle. This decision, taken early in our institu
tion, strongly affects the development of advan
ced materials processing and performance 
predictions. Materials arc the bottleneck of this 
technology as they are of most new industries; by 
mastering one, the door is open for the country 
to develop others. 

We shall present a brief description of our 
lines: 

- Research and Development on Structural 
Materials, wim special emphasis on nuclear 
alloys, and 

- Research and Development on Functio
nal Materials, especially those resulting from the 
development of metal oxides for nuclear and non-
nuclear applications. 

2.1 NUCLEAR ALLOYS: ZIRCONIUM 
BASED 

Zirconium alloys are extensively used in 
nuclear technology due to the adequate combina
tion of their mechanical, chemical and activation 
properties. Argentine nuclear power reactors are 
of the heavy water pressurized type that require 
in-core structural alloys to have a small neutron 
capture section, as is the case for zirconium. The 
two currently most commonly used alloys are 
zircaIloy-4 and zirconium-2.5% niobium. Tabic 
I presents a summary of the composition of some 
zirconium alloys. 

A massive research program lias been ongoing 
for several years in relation with the phase 
diagrams of zirconium alloys. Our scientists are 
responsible for the Zr-based binary phase 
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diagrams compiled by the American Society for 
Materials of the U.S.A. 

CHEMICAL COMPOSITION OF THE ALLOYS 
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Considerable attention is also devoted to 
structural studies. The most recent neutron 
diffraction studies concentrated in the structural 
and phase stability studies of zirconium-niobium 
alloys, and in the characterization of hydrogen 
uptake by zircalloy-4. 

2.1.1 In-reactor performance 

The requirements posed for the structural 
in-core components performance need a vigorous 
R&D effort. This is tackled by us in cooperation 
with institutions and companies abroad. Among 
the subjects that required careful assessment, I 
might mention: 

- Corrosion and hydriding behavior of 
zirconium alloys that affects reactor performance 
and merits therefore a long term R&D program. 
I shall only illustrate here some local results. It 
was known that oxide growth in high temperature 
media takes place via a series of stages; now we 
have shown that one constant suffices to describe 
all the stages, provided that the oxide layer 
thickness changes at the transitions is adequately 
accounted for. The oxide has been characterized 
structurally at our laboratories, and the evolution 
from tetragonal to monoclinic zirconia explaining 
the corrosion rate transition point has been 
documented. These results are shown here, where 
the different behavior of zircaloy and zirconium-
2.5% niobium is illustrated (Figs. 3 and 4). At 
the transition point, the oxide film suffers 
structural and morphological changes, that are 
responsible for an enhanced corrosion rate. 

A fraction of the hydrogen generated in 
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Figure 3(a) Corrosion kinetics of Zry-4 and Zr-2.5%Nbat 
305 and 265°C under reactor chemistry conditions; in the 
latter case the morphology of the oxide at (he transition 
point is also shown 

the corrosion process is taken bv the alloy, and 
diffuses through the metal until it eventually 
forms hydrides that are responsible for the 
phenomenon of delayed hydrogen cracking This 
is the main cause of materia/ deterioration in 
reactor core, extensive studies are required for 
correlating in-reaclor surveillance measurement 
with change of metallurgical properties and 
performance prediction Among our own R&D 
results in this field, I will show now a new 
experimental setup being used to measure 
hydrogen diffusion rates in metals 'Fig. 5). 
Hydrogen is generated in the cathodic cell, and 
permeates through the metal to the anodic cell 
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Figure 3(b) Corrosion kinetics of Zry-4 al 435°C, 
comparing the fining with two cubic constants, and with 
one constant only 

Either the current or the potential can be set 
constant, in the galvanostatic and potentiostatic 
procedures respectively, and the time evolution of 
potential or current can be used to deduce the 
mechanisms of hydrogen uptake and diffusion 
through the metal that constitutes the membrane. 

- The behavior of zirconium alloys 
subjected to strong neutror.'c fluxes is also a 
subject of concern for our R&D programs. Thus, 
wc have built a sophisticated hot cell facility to 
handle irradiated specimens. 
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Figure 4(a) Time evolution of the corrosion rate and the 
dense oxide layer thickness at 435 °C for Zry-4 and Zr-
2.5%Nb, under reactor chemistry conditions 
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Figure 4(b) Fraction of tetragonal and monoclinic zirconia 
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Figure 5 New experimental setup to study hydrogen 
diffusion into metals 

From the theoretical viewpoint, the first 
theory explaining radiation growth of zirconium 
alloys was developed in our laboratories. 
Measurements in our experimental reactors later 
added new elements for improving the theoretical 
understanding. 

2.1.2 Design and construction of reactor 
components 

The Argentine experience in long term 
behavior of zirconium alloys for in-core compo
nents allowed us, among other achievements: 

- to define criteria for evaluation of the 
proposals for coolant channels design modifica
tions for Atucha II. 

- to develop under a AECL contract a new 
process to produce seamless Calandria tubes for 
CANDU reactors. 

Mastering of zirconium alloys behavior was the 
basis to develop the industrial facility (FAE S.A.) 
at Ezeiza where the fuel sheaths for Atucha and 

-11 

Embalse Nuclear Power Plants are now manufac
tured. 

2.2 NUCLEAR ALLOYS: STEEL 

A brief mention here to projects related to 
other alloys is adequate. The solicitations on 
materials used in nuclear technology are very 
severe, and non-destructive in-service inspections 
are routinely carried out by our staff in steam 
generator tubes and other parts. Also, a pressure 
vessel surveillance program was developed for 
Atucha I. This is related to the change of 
mechanical properties in the steels employed in 
reactor pressure vessels with neutron irradiation. 
The main macroscopic effects are a decrease in 
material toughness and an increase in the brittle-
ductile transition temperature. As a result, the 
probability of crack propagation in a brittle 
fracture mode during a temperature excursion 
increases. 

In order to check material properties changes, 
a set of capsules containing test specimens (Fig. 
6) made of the same material of the RPV are 
placed in certain positions at the reactor core 
with an advance lead factor compared with the 
neutron flux at the RPV inner wall. With the 
periodic testing of the samples during the 
reactor's lifetime, a complete and advanced 
knowledge of the behavior of reactor vessel 
material is obtained. For the Atucha I NPP a 
representative coupon (2900x2900 mm) was 
constructed with pieces of the most sensitive 
plates among those employed in constructing the 
vessel. Tensile, Charpy Impact and Fracture 
samples were cut from the coupon and placed in 
capsules specially designed for irradiation; flux 
monitors were also included. 

The knowledge accumulated by CNEA on steel 
performance and manufacturing is necessary not 
only for its own projects (as is the case of 
licensing the heavy water production facility) but 
also an assess for the country's steel industry. 



Stress Corrosion Cracking mechanism (Fig. 8). 

Figure 6 Partial descriplion of probe capsules used in the 
pressure vessel surveillance program 

2.3 NUCLEAR ALLOYS: PERFORMANCE 
UNDERSTANDING 

The scope on the work on structural materials 
would be very incomplete if I do not mention 
some latter, more basic achievements. Scientists 
from CNEA have developed a general model for 
the stress corrosion cracking of alloys, a pheno
menon of high impact in the failure of structural 
alloys. The tendency to develop cracks is related 
to the surface diffusion of salts formed by the 
metal with the anions present in solution. In turn, 
this tendency is related to the melting point of the 
salts. It is believed the surface contaminants 
induce high surface mobility on the metal surface 
because of the exchange of metal atoms between 
both phases (Fig. 7). The capture of a vacancy 
by the stressed tip of the crack is the elementary 
step for crack propagation in the surface-mobility 

Coni.iminanl 
Layer 

Figures 7 and 8 From Ciencia Hoy, Vol. 1, No. 3, p. 43 
(1989) 
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In Fig. 9 an Arrehnius plot shows experimental 
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data on penetration rate in steel compared with 
the theoretical predictions. 

Figure 9 

We have also developed coating techniques to 
improve the properties of surfaces. A diamond
like surface coating has been achieved through a 
bombardment process patented by CNEA. 
Polished silicon specimen, covered by the 
diamond-like deposit, show a largely enhanced 
resistance to scratching. (Fig. 10) 

Figure 10 

3. METAL OXIDES IN NUCLEAR TECHNO
LOGY 

3.1 NUCLEAR FUELS 

Nuclear fuels for power reactors are composed 
of uranium dioxide pellets packed in a zircalloy 
cladding. The two main.nuclear materials used 
for reactor fuel elements, the above described 
zirconium alloys and fuel reactive uranium, are 
obtained from raw materials that are metal 
oxides. Transformation metallurgy to obtain 
zirconium sponge from zirconium dioxide is 
mastered by CNEA, and we are also engaged in 
further basic studies on the carbochlorination 
process that transforms Zr02 into metallic Zr. 

By far, one of the most important efforts in 
our R&D programs was put in the mastering of 
the technology to manufacture sinterized U02 
pellets for nuclear fuels. Basic studies on the 
transformation processing of minerals lead to the 
synthesis in large scale of U02, both ex-AUC 
and ex-ADU. Further extensive studies were 
conducted on the reactive sinterization to yield 
materials of adequate composition, density and 
dimensional characteristics. 

The present research front is now in the 
manufacture of mixed oxide fuels for advanced 
and for intrinsically safe reactors. In the oxides, 
U02 must be doped with Th02, Gd203, etc. 
Several types of processes are being explored, 
based on the clever use of the hydrolytic 
properties of the metal ions, or the solubilities of 
adequate salts. Illustrated here are the results of 
the post-irradiation examination of mixed 
uranium-plutonium dioxide fuel, (U,Pu)02, that 
had been loaded with simulated fission products 
(iodine and cesium iodide) (Fig. 11). The 
purpose. of the work was to study the stress 
corrosion of the cladding. In the first photograph, 
plutonium islands are seen as bright spots through 
oc-autoradiography, the second one shows fission 
products distribution by /3-autoradiography, and 
the ceramography shown in the third photo 
illustrates densification in the central region. 
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Figure 11 

These pictures essentially are to illustrate the type 
of methodologies available to characterize 
irradiated fuel behavior. 

This program is of special interest in the 
technology of our advanced CAREM reactor*. 
The doping of gadolinium in the fuel simplifies 
reactivity control. 

3.2 NON-NUCLEAR APPLICATIONS 

The impressive versatility in the mechanical, 
electric, magnetic and chemical properties of 
metal oxides has led to a wide variety of applica
tions in materials science. It was only natural to 
explore some of the non-nuclear applications of 
CNEA'-s expertise, and to engage our scientists in 
research projects to explore some of the frontiers. 

We a»« studying high Tc superconductors. We 
are also studying the use of semiconductor metal 
oxides for the conversion of solar energy; Fig. 13 
illustrates the use of titanium dioxide particles for 

1 CAREM it a new reactor design with inherent safely 
feature* developed in Argentina. Fig. 12 snows ibe 
pressure vessel design. Figart 12 
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the purification of water from organic contami
nants by the action of solar light. Photo-electrons 
of the semiconductors catalyze the reaction 
between the organic contaminant (Red,) and 
oxygen (Ox2). 

Figure 13 Schematic representation of the use of semi
conductor oxides to achieve water purification by photolysis 
of organic contaminants. Also depicted is the possible 
photocorrosion of the metal oxide, with dissolution, a 
problem that is overcome by using uncorrodible oxides 
such as TiO, 

We are also developing metal oxide-based 
sensors. Figure 14 illustrates the changes in the 
current flowing through an UV-irradiated tin 
oxide Film, due to the presence of trichloro-
ethylene in the stream of nitrogen flowing along 
the film. 

Figure 14 

4. CONCLUDING REMARKS 

I have only given a bird-view of the activities 
of CNEA in Materials Science.I have tried to 
show that the development of a rather complex 
technology as the nuclear one requires a strong 
emphasis on mastering advanced materials 
performance and processing. It is important to 
realize that developmenx.-ef materials science is 
the key to access lorfroht-line technologies and, 
in turn, improve life quality and promote new 
and more stable creative jobs. 

I would only like to add now that CNEA has 
strongly emphasized international cooperation, 
thus becoming a center for the irradiation of 
science and technology to all Latin America. Of 
course, the spirit of cooperation is not restricted 
to Latin America, and CNEA opens its doors to 
all fruitful collaboration with other institutions of 
the world with'which we share the common goal 
of achieving better quality for human life through 
the development of science and technology. 
Certainly implicit in this message is the importan
ce we place in the use of advanced materials for 
a safer and cleaner environment. 
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ABSTRACT 
Technical rules and structural design codes serve as a guide for designers, manufactures users and 
licensing authorities. The principal idea of the rules is the limitation of stresses and strains, strain 
rates and strain ranges as well as the number of operational cycles. In Germany a lot of work was 
done for metallic components of the Helium Cooled High Temperature Reactor (HTR). The results 
has been evaluated and condensed in drafts for the KTA-rule "Metallic HTR-Components" part 1 
"Materials and Products" and part 2 "Design, Construction and Structural Mechanic analysis". The 
experience gained in this field is not only important for reactor components but it is also relevant 
for the general high temperature design. 

Dependent on the operation temperature suitable materials are to take into account. One class are 
ferritic martensitic steels with 9-12% chromium. For temperatures above 600°C austenitic steels or 
iron-base alloys as X10 NiCrAITi 32 20 are suitable, for very high temperatures (> 850 C) nickel-
base alloys are to take into consideration. 

During the analysis of the thermomechanical behaviour the failure relevant phenomena are to 
indentify and the integrity of a component must be demonstrated. 
In order to design an appropriate component material data of different kind must be available. 
Beside the data base design methods must be developed to carry out the stress strain analysis. 

From data, like yield limit, creep rupture strength and 1% creep strain limit, the basic strength 
values were derived taking into account an adequate safety margin. 
For the treatment of multiaxial situations recommendations were given, creep buckling and creep 
ratcheting were considered. The evaluation of creep fatigue damage and fracture mechanics con
cepts were discussed. 

1. INTRODUCTION 
In Germany the Helium Cooled High Temperature Reactor. (HTR) was one of the advanced nuclear 
reactors sponsored intensively during the last two decades. The combination of a ceramic nuclear 
reactor core and of the noble gas helium as coolant opened the possibility of producing heat at tem
perature levels up to 1000 C. So the HTR is usable not only for electric power generation but also 
for chemical process heat applications (e.g. coal gasification, methane reforming) [1.2,3]. 
The usage of the high temperature heat requires heat exchangers and other components which are 
designed for the specified loading conditions of an HTR. Extensive effort has been devoted to solve 
the problems of materials development and qualification. The work was additionally emphasized 

'lo commemorate tne 60tli oirtnday of Prof. Ur. F.H. Ilamniad 
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and stimulated by the requirements and recommendations to establish the KTA-rule 3221 "Metallic 
HTR-Components". In the FRG the regulation of the Nuclear Safety Committee (KTA) are used for 
the design of nuclear power station whereas German technical standards (DIN) or the Pressure 
Vessel Association Codes of Practice (AD, TRD) are used for fossil fired power stations. The 
structural metallic materials for the steam cycle type of pebble bed HTR are qualified for the pro
jected operating conditions 14]. The materials problems for metallic heat exchanging components 
for nuclear process heat application were solved to ensure an operational time of 100 000 h. Howe
ver, though at the time only minor activities are running for the HTR, the results and experiences 
obtained in research and development projects are valuable also for the design of conventional heat 
exchanging components. In the following materials and design considerations for typical HTR 
metallic high temperature components are presented. Safety-related requirements were formulated 
and the HTR integrity concept was established in conformity with the special properties of an HTR. 
Particular attention was to be paid to the role of the fuel elements being stable up to extremely high 
temperatures. The integrity concept serves the purpose of ensuring a safe activity confinement for 
the entire plant 

/ 
The components are classified according to their function as follows: 
- HTR components with barrier and retention functions (fuel elements, reactor pressure vessel, 

reactor containment); 
- HTR components whose failure would impair the barrier function 

(reactor internals, shut down systems, residual heat removal system); 
- HTR components whose failure would result in an ingress of foreign matter into primary circuit 

(steam generator, steam ducts); 
- for nuclear process heat application: (heat exchanging component, hot gas ducts). 

In addition to this, the components were further classified according to their safety-related signifi
cance in the event of failure. The safety-related significance was coupled to the radiological impact 
of a failure on the environment and operating staff of the plant. 
Safety related pressurised metallic components of the HTR are heat exchanging units (e.g. He/He 
Intermediate Heat Exchanger IHX, Steam/Methane Reformer RSO), the steam generators and tubes 
inside the reactor pressure vessel unit. Their failure can lead to the penetration of water or process 
gases into the primary circuit where they can attack the fuel elements. In process heat facilities, 
temperatures of up to 950°C can occur in the hottest regions of the heat exchangers. 

2. .Qualified rnattnals 
First of all a systematic study of the types of failure is most important for the qualification and 
selection of materials and for the design methods (Fig. 1). 
In the rule all use high temperature steels and some Fe and Nickel-alloys are referred. The fol
lowing three materials nowever have been extensively qualified: 

- X20 CrMoV 121 (ferritic 12% chromium steel forsteam pipes) 
- X10 NiCrAITi 32 20 (Alloy 800, iron-base alloy for hot going components like living steam 

collectors and pipes) 
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- NiCr23 Co 12 Mo (Alloy 617, nickel-base alloy for highest application temperatures ranging up 
to 950*C) 

Fig. 2 gives an survey on the data basis available for the three materials with respect to construction 
and design. The results are compiled in data sheets which are appendices for the german KTA 
design rule 3221 [5]. Test components (e.g. steam reformer, hot heat exchanger collector) were 
produced from the specified materials which demonstrated the possibility of manufactering. 

3. Basic data for design 

3.1 Physical properties The physical properties like Young's modulus, Poisson's ratio, specific 
heat, density and the coefficient of thermal expansion covering the temperature range must be 
known. They were collected from own measurements or other sources and compiled in tables 
[4,5,6]. Values are available for temperatures up to 1000 C. The scatter of the data is also given 
there. 

3.2 Mechanical short term properties Short term properties are available from room temperature 
up to 1000 C [4,5,6]. The tensile specimen were manufactured from different heats with an heat 
treatment as it is planned for the components. For Alloy 617 the curves in Fig. 3 show the tempe
rature dependence of the ultimate tensile strength, of the 0.2% yield stress and of the rupture elon
gation. 
Short term properties afier long term exposure are also important. During operation at high tempe
ratures above 600 C the microstructure changes. Secondary carbides are precipitated especially at 
the grain boundaries. So the ductility may decrease. Rupture elongations below 10% were observed 
for one heat after long term exposure at 800-900 C. Based on the short term properties the time 
independent allowable stress S m is derived. For austenitic steels and nickel base alloys S m is given 
as the minimum of: 

p,0.2,RT/L5 

p,0.2,T/u 

m,RT/3-0 
m,T/2-7 

The R-values are minimum values derived by statistical procedures. Rm ^j (Rm j) defines the 
ultimate strength at room temperature RT (temperature T), Rp Q 2 R T (Rp Q.2 T̂  ^ i e 0-2% y>e'd 
stress at room temperature RT (temperature T). 

3.3 Creep and creep rupture data Creep data for different heats of Alloy 617 and Alloy 800 have 
been established up to test durations of approximately 70 000 h for Alloy 617 and to 100 000 h for 
Alloy 800 [4,7], The constant load creep tests at different load levels and test temperatures provide 
the basic data for deriving the time dependent allowable stresses (St-values). The creep rupture 
strength for Alloy 617 is shown in Fig 4. for the temperature range 700 - lOOO'C. From these curves 
and similar curves for the creep strain limits, using specified safety margins, the time dependent 
value S. is obtained: 

s m = 
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fRp,l%,t,T 
Rm.l.T/1-35 

S,= minX 
/Rm,3t.T 
t*Rm,t,T+15K 

As in the cose of S m the R-values are minimum values derived by statistical procedures. Rm,t,T 
defines the creep rupture strength for time t and temperature T. Rpjg^t.T i s * e 1 % creeP s t r a i n 

limit. The derivation of S, considers the creep rupture and creep strain limitations. Safety margins 
with respect to rupture time and temperatures are taken into account (Rm(3t(T is the creep rupture 
strength for 3 times the operation time, Rm,t,T+15Kis d e r i v e d {or a 15 K higher temperature). 

In the first step of the design procedure, the S t values are used for the limitation of the primary 
stresses and for the definition of the wall thickness of pressurised components at high temperatures. 
The S( values for Alloy 617 are given in Fig. 5. 

The way of dimensioning and defining the wall thickness of creep exposed components differs from 
the procedure in pressure vessel loads for the fossile fired plants. During the operation history diffe
rent levels of pressure and temperatures are accumulated to collectives. For the loading classes A, B 
and C the resulted stresses are calculated in order to get the dimensioning time which is equivalent 
to the exhaustion 

D = S (t;ABi)<1.0 
i 

which t: duration of the loading collection j and tjj; the allowed loading time of this stress at the 
corresponding temperature. For geometrical discontinuities an inelastic analysis is proposed. 

The stationary creep behaviour can be satisfactorily described by Norton's creep law. For inelastic 
analysis, a set of isochronous stress-strain curves may be used to derive constitutive equations 
reflecting both primary and secondary creep. 

3.4 Creep Cross Over Curves The availability of time dependent and time independent allowable 
stresses asks for criteria under what circumstances they are to apply. 
At elevated temperatures the primary stress has to be limited in general against the time and tempe
rature dependent allowable stresses. Short time loading which may occur during upset conditions 
deserve particular considerations. Under special conditions it is possible to neglect creep effects 
during the loading. 
For the qualified materials so called "creep cross over curves" were derived. The principle reflecti
ons governing the derivation of the curves are given in [4]. The diagrams with such curves are to 
use as follows: The duration of a load case is predefined on the abscissa; the curve indicates then 
the component temperature beyond which creep must be taken into consideration in a stress strain 
analysis (Fig. 6). 
In a good approximation time-independent characteristics can be expected below this temperature. 
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3.5 Fatimic behaviour Cyclic stressing of components can be caused by rapidly changing primary 
loads, e.g. vibrations (high cycle fatigue, hef), or by thermally induced alternating strains (low cycle 
fatigue, Icf). The thermally induced alternating strains are simulated by strain controlled fatigue 
tests at constant temperature. The aim is to detennine the number of cycles to crack initiation as a 
function of temperature and strain amplitude [8,9]. Tests were carried out in a helium environment 
as well as in air. The results obtained suggest that a slightly higher number of load cycles to failure 
can be expected in the noble gas environment then in air showing that the influence of the contact 
fluid may be taken into account. From the results in air, LCF design curves for both Alloy 617 and 
Alloy 800 can be provided, using safety margins. In Fig. 7 design curves for Alloy 617 are shown. 
They are constructed for using in connection wiUi elastic analysis procedures. 

3.6 Environmental effects The selected materials should withstand the environmental attack. In 
practice the corrosion problem can be principially solved by the following mediods: 
- control of the chemistry of the contacting fluids; 

- consideration of corrosion attack by a wall thickness allowance; 
- control of surface conditions or application of protective coatings to reduce the attack of the 

material. 

Based on the results of the materials evaluation programme for HTR process heat the first two prin
ciples are used. For example, the steam corrosion in the secondary circuit is controlled by appro
priate conditioning of the feed water. 

The heat transferring gas in the primary circuit, helium, is slightly contaminated by H 2 0, CO, CH4, 
H2 and N2 in the bar range. Chromium is the metal element governing the corrosion reactions of 
the impurities with the Fe- and Ni-base alloys. No deleterious high temperature gas corrosion 
effects have been found at temperatures up to 750 C. At higher temperatures, compositions of the 
impurities with excessively high or very low carbon activities may cause carburisation or decarburi-
sation, respectively. By keeping the CO partial pressure of the cooling gas helium in a well defined 
range, unacceptable carburisation/decarburisation reactions can be avoided. It is important to 
remark that relatively small impurities can produce significant effects during long term operation at 
very high temperatures. A lot of theoretical and experimental work was necessary to understand the 
chemical processes [10]. 

4. Design methods and phenomena 

4.1 Multiaxial loadings For the real components which are exposed to multiaxial loading situations 
the question of life time must be considered also under this aspects. Creep laws and design values 
are normally derived from creep rupture tests on uniaxially loaded specimens and applying certain 
hypotheses to calculate equivalent stresses or strains. The validitiy of the data and parameters have 
been proved for tubes under multiaxial loading. For the tests semifinished products such as rods and 
tubes of different sizes were used which all were fabricated from the same master heat of Alloy 800 
and Alloy 617 to the same specification concerning the final heat treatment and grain size distribu
tion. 
The following loading conditions were applied and the time of failure determined [11]: 
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- internal pressure and tension; 
- tension and torsion; 
- tension, torsion and internal pressure. 

For complex loading situations a multiaxial stress state is often characterized by an effective stress, 
which represents a measure of the materials stressing. The von Mises equivalent stress plays here an 
important role. It is used for comparing different multiaxial load variants. 
The results of Fig. 8 show that the times to failure are different for situations having the same von 
Mises stress value. Tubes under pure internal pressure fail earlier than tubes loaded simultaneously 
by pressure and an additional axial tension load. 
Important for the failure beside the von Mises stress level is also the deformation behaviour and the 
orientation of the principal stresses. The last mentioned determine the pattern of the cracks formed 
during test at the outer surface (axial cracks for pressure load, circumferential cracks for pure axial 
tension). 
In the case where axial and circumferential stresses were nearly equal, the cracks form a net pattern. 
The curve in Fig. 8 represents theoretical expected failure times. The experimental points in the 
figure confirm the calculated results. Summarizing the available results of multiaxial creep tests it 
has been proved that the failure time of a typical thick-walled steam reformer tube can be well 
described by the use of the mathematical model. But for the thin walled tubes of the intermediate 
heat exchangers the agreement is rather poor because of surface and anisotropic microstructural 
effects [12]. 

Experiments and theoretical considerations show in most loading conditions a satisfying agreement. 
Nevertheless, the results are strongly dependent on the structural stability of the semifinished mate
rial. Changes in grain size and second phase precipitations in the initial stage of an experiment have 
an influence on the test results. The KTA-rule therefore proposed to proof which kind of hypothesis 
should be used for life time assessment. In the case were the strain is limited von Mises1 deviatoric 
stress can be used. 

4.2 Cyclic load controlled stress states The evaluation of components behaviour and the estima
tion of life time under combined static and cyclic loading is complicated at temperatures above 
800 C. For load cases, with internal pressure a static and a superposed cyclic axial tension, an 
enhanced deformation velocity in axial direction is observed. Therefore the times to failure for tu
bes under constant loads (internal pressure and a constant axial load) are larger than the times for 
tubes under the same static conditions which are exposed additionally to a cyclic axial load with 
mean value = 0 (Fig. 9). 
The number a defines the ratio of the static part to the cyclic axial load amplitude. There are diffe
rences between the thick walled tubes and the thinner ones. But the shortening of the times to fai
lure is clearly seen for the two types of tubes. 

4.3 Creep fatigue interaction Fundamental investigations of creep-fatigue interaction show a 
strong influence of hold times on fatigue life [9]. A hold time irrespective of its occurrence in the 
cycle always reduces fatigue life in comparison to continuously cycled tests at lower strain rates but 
of equal cycle duration. At high temperatures the stress level as well as the changes of strains are 
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responsible for materials damage. The classical evaluation is done by the life time fraction rule 
(Fig. 10). 
A creep induced "damage amount" and an other part resulting from strain cycles are added to the 
damage measure D. 
This procedure should normally restricted to situations with slowly changing stresses and clearly 
definable strain cycles. At very high temperatures otherwise rapid changes of stresses may occur in 
situations controlled by thermal strains because of relaxation processes. A typical stress cycle is 
shown in Fig. 11. An evaluation of the experimental tests show that the creep induced damage is 
overestimated if the classical generalised expression is used (first term on the right hand side of the 
equation in Fig. 11). 
The stress peak at the beginning of the cycle contributes to much to the calculated damage value. 
Therefore modifications were proposed. 

It should be mentioned that the life time prediction for the components at very high temperatures 
cannot be treated only by elastic analysis. Inelastic analysis is necessary to confirm a realistic ser
vice life according to the scheme of Fig. 10. 

4.4 Creep ratcheting Thermally induced stresses are much more important for the deformation 
behaviour at high temperatures than at lower temperatures. If in the creep regime cyclically acting 
thermal stresses are superposed to primary stresses, the resulting deformation rates may be larger 
than the rates under the primary stresses alone (creep ratcheting). A source of cyclic temperature 
fields are e.g. hot streaks in the fluids of heat exchangers. Special experiments were carried out to 
study the ratcheting phenomenon [13]. To obtain significant effects, rapid cyclic creep conditions 
were applied to thick walled tube specimens. The tubes were loaded in axial tension. Using an 
inductive heating facility cyclic temperature fields were produced in the tube walls. During an 
experiment changing phases of constant temperatures and cyclic temperatures were chosen. The 
Fig. 12 shows an experimental result: under cyclic conditions the axial elongation rate is remar
kably enhanced. Using finite element analysis in combination with viscoplastic constitutive equati
ons it was possible to obtain comparable results to the experiments. Therefore for creep exposed 
component an analysis is necessary, the use of simplified method, like the use of a kind of Bree-
diagramm may not appropriate. 

4.5 Creep buckling To achieve the planned operation time of 100 000 h in process heat plants, it is 
necessary to keep the loads as small as possible. The used pressures acting inside and outside of the 
tubes are in the HTR in the same range of 40-50 bars; therefore normal operation conditions are 
characterized by low load controlled primary stresses even for the hottest parts of the tubes. Under 
accident conditions it may happen that at very high temperatures load-controlled stresses consi
derably exceed the normal operational level, and buckling of tubes under external pressure may 
occur (Fig. 13). This phenomenon has been investigated in experiments, the results of which have 
been compared with theoretical calculations based on Hoff s model and finite element analysis [14], 
Buckling problems must be also considered for some specific hypothetical events for metallic com
ponents of the steam cycle. But in the temperature range of 550'C the buckling problems should be 
solved with elastic-plastic approaches. Summarizing the creep buckling, it should be noted that in 
the experiments both the duration of stressing at high temperatures and the initial ovalities exceeded 
by far the conditions expected for real components. Moreover, the observed collapse of tubes does 
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not acttiiilly represent a safety related problem, but rather a question of availability since all the 
cvfxiriniciiis have shown that the leak tightness is maintained despite tulw collapse through 
buckling. 

•l/i Hi|;h (finpcnittirc fracture mechanics The integrity of pressurised components and piping 
plays a very ini|x>ruini role in the safely estimation. In the recent years, the instability analysis of 
cracks has received a considerable attention. Raws or cracks can result either during the manufactu
ring or originated from fatigue exposure. The behaviour of defects at elevated temperatures under 
cyclic or constant load conditions needs the evaluation of laws for steady state crack growth. The 
fracture mechanics calculation is used to evaluate a detected or postulated flaw in the component. 
The analysis should result in the proof that at least within the next inspection period or the total ser
vice life, the crack will not grow to critical size. 

4.6.1 Fiitiptic crack growth In order to clarify the problems of transferability of fracture mecha
nics data from small specimens to tubes in the high temperature regime creep crack growth and 
fatigue crack growth experiments have been performed with standard specimens (1"CT, 1/2"CT, 
1/2"CCP) and with reformer tubes (120 mm o.d. and 10 mm w.t.) [15]. The tubes were stressed by 
cyclic tensile loads and, additionally, superimposed internal pressure. The crack growth was moni
tored by the DC potential drop technique. Fig. 14 shows the fatigue crack growth data for the diffe
rent standard specimens and steam reformer tubes of Alloy 800. The average curves for different 
specimen geometries are in good agreement 

The fatigue crack growth in Alloy 800, therefore can be described by the linear elastic AK approach 
up to temperatures of 850'C. 

4.6.2 Creep cpack growth In general the creep deformation exhibits a primary, secondary and ter-
tionary creep. When the secondary creep dominates, the creep strain can be described by Norton's 
creep law. In this case for a given crack geometry the path independent line integral C* defines the 
stress distribution at the tip of a crack. 

To check the transferability of creep crack growth data from standard CT-specimens to total scale 
components, tests on tubes under different loading conditions have been carried out. 

The C calculations by limit analysis technique for the tested reformer tube is in good agreement 
with that of the numerical solutions by EPRI and the correlated data points from the experiments 
are close to the data scatter band of standard CT specimens at the same test temperature. The results 
are summarised as follows:. 

- C* is a geometrical independent fracture mechanics parameter, which controls the creep crack 
growth in Alloy 800. 

- Creep crack growth data from standard CT specimens can be transferred to predict the crack 
growth in pipes. 

- Evaluation of the C -parameter by limit analysis technique is simple and effective. 
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For the alloys Alloy 800 and Alloy 617 the growth rate of a flaw or postulated cracks is given for 

Fatigue Crack Growth: da/dN = C (AKj)m with 

a = crack length 

AKj = cyclic stress intensity 
N = number of cycles 
m = parameters of the "Paris law" 

Creep Crack Growth: da/dt = B C*n with 

t = duration of creep loading 
C = energy rate integral 
B, n= parameters. 

The temperature dependent parameters are given in the appendices to KTA 3221.1. 

5. Final remarks 
This work should demonstrate that for metallic structural components, needed in an advanced HTR, 
the materials information, the design data and the methods of analysis are available, although, some 
work must still fullfilled to obtain the total scale of integrity proofs also for hypothetical events. 
The results are also usefull for the general design of components, which are exposed to high tempe
ratures. 
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Fig 2: Available data basis for the qualified high temperature alloys 
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Fig. 3: Temperature dependence of the ultimate tensile strength, the 0.2% yield stress and of the 
rupture elongation (Alloy 617) 
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Fig. 4: Creep rupture strength of Alloy 617 
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Fig. 6: Creep cross over curves for the qualified materials 

10 10' 10" 
number of allowable cycles NQ 

Fig. 7: Design curves for the determination of the number of admissble strain cycles (Alloy 617). 
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tension); equal values of von Mises stress; 0 Z = additional axial tension component The 
theoretically derived curve is in good agreement with the experimental results (x). 
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Fig. 9: Life time of Alloy 800 H tubes at 950'C with and without cyclic axial load. 
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Fig. 10: Scheme of creep-fatigue analysis (values for Alloy 617) 
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Fig. 11: Life time fraction rule at very high temperatures; proposal of modifications. 
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(25 MPa); constant temperature (900 C) in the time intervalls 1,3,5,7,9,11; cyclic 
temperatures (outer surface variations 880-920 C) during intervalls 2,4,6,8,10. 
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Fig. 13: Creep buckling of tubes under external pressure 
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Fig. 14: da/dN vs. AKj - curves for different specimen geometries of Alloy 800 (X 10 
NiCrAlTi3220) 
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INTRODUCTION 

The introduction of a new product or the change of an existing 
model involves reaching economic decisions, making designs, 
selecting materials and choosing manufacturing processes. These 
activities are interdependent and should not be performed in 
isolation from each other. This is because the materials and 
processes used in making the product can have a large influence op 
its design, shape, cost and performance in service. The 
relationship between material properties, manufacturing processes 
and component design is shown in Fig. 1. The figure also shows that 
there are other secondary relationships between material properties 
and manufacturing processes, between function and manufacturing 
processes, and between function and material properties. The 
relationship between design and material properties is complex 
because the behavior of the material in the finished product can be 
quite different from that of the stock material used in making it 
This point is illustrated in Fig. 2, which shows the direct 
influence of stock material properties, production method ana 
component geometry and shows that secondary relationships exist 
between geometry and production method, between stock material ana 
production method and stock material and component geometry. 

Figures 1 and V illustrate the complexity of the parameters, 
involved in materials selection and explain the reluctance of 
engineers to change a well known material by a new one, even though 
it may have superior properties or promise better economic 
performance. However, with increasing competitiveness and mounting 
pressure to produce better and more economic products, the engineer 
cannot afford to completely overlook the growing number of new 
materials and manufacturing processes. The increasing use of 
computers in the various stages of product development has made the 
problem of materials selection easier to solve. 

Because of spacfc .'.imitations, this paper can only give brier 
summaries of the v/arious methods that have recently been developer 
to help engineers n materials selection. Original sources should 
be consulted for o more detailed account of any of the methods 

-33-



SELECTION ON THE BASIS OF COST 

This method is based on the assumption that the cost of an 
engineering material has an overwhelming effect on its selection. 
This assumption is valid in many applications, especially those in 
the consumer industry. Fig. 3 compares some metallic and plastic 
materials on the basis of cost per unit weight, which is the basis 
on which many materials are sold. The figure shows the wide 
difference between the prices of the different materials and helps 
explain the wide use of plain carbon steels, low alloy steels and 
cast irons. It has been shown, however, that in many applications, 
especially those in which materials are not highly stressed, it is 
more appropriate to compare materials on the basis of relative cost 
per unit volume as shown in Pig. 4. With this method of comparison, 
plastics appear to be less expensive in view of their low density, 
which helps explain their increasing use for such applications. 

In applications where one material property stands out as the most 
critical service requirement, materials may be compared on the 
basis of their cost per unit property as follows: 

Where 

RC is relative cost per unit property of materials a and b. 
C is cost of material per unit weight. 
p is density of material. 
S is the property according to which materials are compared. 

The above formula may be used to compare materials on the basis of 
strength, if yielding is the major design criterion, or stiffness, 
if deflection is the major design criterion. In such cases, the 
formulas in Table 1 may be used depending on the shape of the 
component and loading condition. 
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Table 1 Formulas for estimating cost per unit property 

Cross-section and loading 
conditions 

Solid Cylinder in tension or 
compression 

Solid cylinder in bending 

Solid cylinder in torsion 

Solid cylindrical bar as 
slender column 

Solid rectangle in bending 

Thin-walled cylindrical 
pressure vessel 

Cost 
unit 

. of 

strength 

Op 
S2/J 

Op 
S2/J 

-

op 

op 
Sl/2 

Cost 
unit 

of 

stiffness 
Op 

E 

Op 
£1/2 

Op 
S2/3 

C*SL 
£1/2 

Op 
£1/3 

-

MATHEMATICAL METHODS OF MATERIALS SELECTION (1.2) 

Several mathematical procedures have been proposed for materials 
selection. The limits on properties method is a general form which, 
if simplified, becomes one of the other' mathematical formulas. In 
this method the performance requirements are divided into three 
categories: lower limit properties, upper limit properties, and 
target value properties. For example, if it is desired to have a 
strong light material, a lower limit on the strength and an upper 
limit on the density are specified. When compatibility between 
materials is important, a target value is specified. For example, 
a target value for the thermal expansion coefficient or for the 
position in the galvanic series may be specified to control thermal 
stresses or galvanic corrosion respectively. Whether a given 
property is specified as an upper limit or lower limit may depend 
upon the application. For example, when selecting material for an 
electrical cable, the electrical conductivity will be specified as 
a lower limit property for the conductor and as an upper limit 
property for the insulation. 

The limits on properties methods is usually suitable for optimizing 
material and process selection when the number of possible 
alternatives is relatively large. This is because the limits which 
are specified for the different properties can be used for 
eliminating unsuitable materials from a data bank. The remaining 
materials are those whose properties are above the lower limits, 
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below the upper limits and within the limits of target values of 
the respective specified requirements. After the screening stage, 
the limits on properties method can then be used to optimize the 
selection from among the remaining materials. When using the limits 
on properties method, it is customary to assign a weighting factor, 
a, which depends on the importance of the material property to the 
performance of the component. A merit parameter, m, is then 
calculated for each material according to the relationship: 

u L * J c 

where 1, u, and t stand for lower limit, upper limit, and target 
value properties respectively. 

n,, nu and nt are the numbers of lower limit, upper limit and 
target value properties. 
a,, Oj and ak are the weighting factors for the lower limit, 
upper limit and target value properties. 
X,, X, and Xk are the candidate material lower limit, upper 
limit and target value properties. 
Y,, Yj and Yk are the specified lower limits, upper limits and 
target values. 

According to the above formula, the lower the value of the merit 
parameter, m, the better the material. 

In this method, the cost of material can be treated as an upper 
limit property and given the appropriate weight. However, when the 
number of properties under consideration is large, this procedure 
may obscure the importance of the cost. Another way is to include 
the cost as a modifier to the merit parameter as follows: 

where CY and CX are the specified cost upper limit and the 
candidate material cost, m is the merit parameter calculated 
without taking the cost into account. 

In this case the material with the lowest cost-modified merit 
parameter, m', is the optimum. 

i-i X, M 
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MATERIAL SELECTION CHARTS 

Ashby has created useful material selection charts for this 
purpose. Fig. 5 gives a plot of the elastic modulus of polymers, 
metals, ceramics and composites against density, while Fig. 6 shows 
the same type of plot with strength against density. Depending upon 
the geometry and the loading, different relationships apply, as was 
shown earlier in Table (1). For example, for simple axial loading 
the relationship is E/p or op, for buckling of a slender column 
E,/2/p applies, and for the bending of a plate the relationship is 
E1/3//3. Lines with these slopes are shown on the figures. Depending 
on the mode of loading, materials which lie on a given line will 
perform equally well, while those above the line are better and 
those below the line are worse. 

COMPUTER ASSISTED MATERIALS SELECTION 

In many cases, the material and process selection starts by 
narrowing down the range of available alternatives to a manageable 
number. This preliminary selection of materials and processes can 
be a tedious task if performed manually from handbooks and supplier 
catalogs. This difficulty has prompted the introduction of several 
computer-based systems for material and/or process selection. The 
Metal Selector software METSEL was introduced by ASM in 1985 as a 
companion to Metals Handbook, desk edition <4). In addition to an 
expandable data base, the system provides graphic, unit conversion 
and the possibility of communication with ASM's bibliographical 
data base. An enhanced version, MetSel 2, was introduced in 1987. 
MetSel 2 is a menu-driven materials data base management program 
that allows the user to screen, or sift through, the data base to 
eliminate unlikely candidates and to narrow down the field to a 
small number of possible materials. 

The selection process starts with the whole range of materials in 
the data base. A variety of sift criteria are then used to define 
the requirements and to direct the search. These criteria include: 

1. Sifting by designations, UNS numbers, AISI numbers, 
common names, material group, country of origin and user 
identification are among the designations that can be 
used to sift the data base. 

2. Sifting by specifications allows the operator to select 
the materials that are acceptable to organizations like 
ASTM and SAE. 

3. Sifting by composition allows the operator to select the 
material that have certain min. and max. values of 
alloying elements. 
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4. Sifting by forms using options like rod, wire, sheet, 
tube, cast, forged, welded, etc. 

5. Sifting by class, e.g. fatigue resistant, corrosion 
resistant, heat resistant, electrical materials, etc. 

6. Sifting by rankings allows the operator to eliminate 
material that do not conform to certain levels of 
machinability, weldability, formability, availability, 
processing cost, etc. 

7. Sifting by properties, where selection can be performed 
according to specified numeric values of a set of 
properties. 

More than one of the above sifting criteria can be used co identify 
suitable materials. Sifting can be performed in the AND or OR 
modes. The AND mode narrows the search since the materials has to 
conform to all the specified criteria. The OR mode broadens the 
search, since materials that satisfy any of the requirements are 
selected. 

A hard copy of characteristics of these materials is then printed. 
The hard copy includes designations, specifications, composition, 
forms, properties, temper, processability, cost, etc. This 
information can then be used to optimize the selection and may be 
used in conjunction with the mathematical methods of selection 
described above. 

MATERIALS SELECTION EXPERT SYSTEMS 

Expert systems, also called knowledge-based or rule-based systems, 
are one of the areas of artificial intelligence and have great 
potential for applications in materials selection. A knowledge base 
is an important part of an expert system and contains the knowledge 
of a domain expert who often uses his experience and rules of thumb 
in reaching decisions. This knowledge is stored in the expert 
system in the form of rules which are manipulated by the inference 
engine of the expert system in order to arrive at optimum 
solutions. Although a generic expert system for materials selection 
is not available yet, there are several examples of knowledge-based 
systems that are currently used to help engineers in selecting 
materials for specific applications. Several of such expert systems 
have been developed at the American university in Cairo. 
PIPSEL.WATER is an example of such systems <5>. 

PIPSEL.WATER is a rule-based expert system which has been developed 
to assist design engineers in estimating the flow rates, 
calculating piping sizes and selecting the optimum materials and 
joining methods for water piping systems. The system arrives at its 
recommendations by combining the deductions from rules of thumb 
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with the results of mathematical calculations. PIPSEL.WATER is 
developed using VP-Expert shell (6> and runs on any IBM PC or 
compatible computer with a 640 KB RAM and 10 MB hard disk. 
PIPSEL.WATER employs backward chaining inference technique and has 
a user friendly interface and can explain WHY a question is being 
asked and HOW a recommendation is made. 

Fig. (7) Shows the architecture of PIPSEL.WATER. The user interface 
asks the user for information and gives recommendations and 
explanations. The knowledge base contains pipe materials database, 
joint type database and selection rules. The inference and 
calculations subsystems arrive at optimum recommendations by 
combining the results of calculation modules and deductions from 
the rules of thumb. Fig. (8) gives a flow chart which describes the 
steps followed by PIPSEL.WATER in arriving at its recommendation. 

Several users evaluated the system's data input, output and help 
screens and their comments were used to make PIPSEL.WATER easier 
and more friendly to use. 

The accuracy of the recommendations made by PIPSEL.WATER was tested 
by comparing them with actual case studies. The recommendations 
made by the system are close to those in the literature and domain 
experts. With the present version of the system it is recommended 
that sensitivity analysis be carried out before making a final 
recommendation, especially if the relative total costs of the 
highest ranking materials are close. 

PIPSEL.WATER can now be used by design engineers as an independent 
expert system for piping materials and fittings selection. Its 
capabilities, however, can be increased by making use of the stress 
and flow analysis facilities in piping design programs. Attempts 
are being made to use the system as an intelligent front-end to a 
commercial piping design and graphics package. 

REFERENCES 
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PIPSEL.WATER USER IMTERFACE 

Data 
(input by user) 

Explanations 
(given by system) 

Recommendations 
(reached by system) 

KNOWLEDGE BASE 

Expert system rules 
Pipe materials database 
Joint type database 

INFERENCE t CALCULATION 

VP-Expert Inference mech. 
Pipe diameter calculation 
Thickness calculation 
Cost calculation 

Fig. (7) PIPSEL.WATER system architecture 
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START 

Water flow rate and size 
calculations 

Screening by pressure 
rating and service 
temperature 

Screening by pipe laying 
conditions 

Coating selection 

Joining method selection 
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Fig. (8) Flow Chart for PIPSEL.WATER 
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Abstract 
The recommended value of the Debye - Waller thermal 

parameter B (a microscopic property of material) for 22 cubic 
elements, based on experimental measurements using x-ray, 
neutron, and y - ray diffraction as well as High Voltage 
Electron Diffraction have recently been published [Butt et al. 
(1988). Acta Cryst. A44, 396-398]. Similar data on B-values 
has been compiled for 53 cubic compounds [Butt et al., A49, 
171-174]. Using these data, interesting correlations of the 
parameter B with thermal, mechanical and defect properties 
of these cubic elements and compounds have been observed. 
These results show an evident relationship between the 
microscopic B- parameter and a number of macro or bulk 
properties of cubic elements and a few .macro properties of 
the cubic compounds. 

1. Introduction 
The temperature dependence of the intensity of 

radiation (x-rays, neutrons, y-rays, and electrons) diffracted 
from a crystal has been dealt with extensively using the 
Debye-Waller theory1-1'2^. The effect of the temperature is to 
reduce this intensity by an exponential factor known as the 
Debye-Waller factor exp (-2BSin29/X2), where 0 is the Bragg 
angle at which the diffracted intensity has been measured 
and X is the wavelength of the radiation. The quantity B is 
usually referred as the debye-Waller thermal parameter or 
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the temperature factor and is related to the Debye 
temperature Q of the solid through the relation. 

B = (6h2/mk)(T/02) [<>(x) + x/4] (1) 
where x = 0/T and the remaining symbols have their 

usual meanings as described in(1). For a monatomic cubic 
crystal for which the vibrations are isotropic, the mean 
square amplitude of atomic vibrations perpendicular to the 
diffracting plane, < u2

s>, is related to B via the relation. 
B = 8/n2 < u2

s > (2) 
The quantity B is a fundamental parameter of a solid 

at a given temperature. Apart from the fact that its 
temperature dependence leads to useful information on the 
atomic behaviour of solid materials (3), a knowledge of its 
value at room temperature is important, for example, in the 
design of the moderators of nuclear reactors. 

For a binary compound with two vibrating atoms of 
masses m l and m2, the temperature factor of the compound 
is represnted by a B-value which is the mass weighted 
average of the individual B factors of the cation and anion, 
i.e., 

m-̂  + m2 
Interrelation between different properties of materials 

are useful for the understanding of physical properties of 
the materials, as well as for the prediction of unknown 
parameters where no experimental data are available. A 
large number of papers have been published where 
macroscopic quantities such as melting point, thermal 
expansion coefficient, Debye temperature, moduli of 
elasticity, defect formation and migration energies, cohesive 
energy, etc. have been interrelated W-12\ 

In the present investigation using recently published 
data of temperature factors B of the cubic elements *13\ we 
have found interesting correlations of this microscopic 
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parameter with several macroscopic or bulk properties such 
as melting point, coefficient of thermal expansion, 
mechanical properties, and crystal defect energies. 
Correlations with other quantities like, cohesive energy, 
heat of fusion and density etc have also been investigated 

2. Results and Discussion 

2.1 General Properties 
2.1.1 COHESIVE ENERGY 

The cohesive energy Uc is defined as the energy per 
atom required to decompose a solid into free atoms. In Fig. 
1 the parameter B is plotted against the cohesive energy Uc. 
The least square fit to the plot yielded a relation. 

1.76 
B = 7.3/ U (3) 

c 
with a linear correlation coefficient of 0.97. However, when 
B is plotted against a2/Uc where "a" is the lattice parameter 
(Fig. 2), we get two different straight lines depending upon 
the type of the crystal structure of the element. These 
straight lines can be described by the following relations 

B = 0.15 a2/Uc for fee metals (4) 

B = 0.27 a2/Uc for bec metals 

Similar relations hold between the temperature factors and 
the heat of fusion which is the energy per atom required to 
melt the solid (Figs. 3&4). Both the cohesive energy and 
heat of fusion data is from Gschneidner(14). 

2.1.2 DENSITY 
The plot of B vs density r is shown in Fig. 5. The 

density data is taken from(15\ The temperature factor B 
decreases with increasing density. This is to be expected as 
higher density means tighter interatomic bonding arid 
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hence lower values of the temperature factors. The two 
alkali metals namely K & Na and Pb show some deviations 
from the normal straight line behavior which is best 
described by the relation. 

B = 3.2/p0-83 (5) 

2.2 Thermal Properties 
2.2.1 MELTING TEMPERATURE 

Melting point is an important but not too well 
understood property of materials. Several attempts have 
been made to correlate the melting point with other 
physical properties of the materials. In 1879 Carnelley^16^ 
pointed out that the melting point increases with the 
increase in the bond strength of the element. After that 
numerous attempts have been made to deduce simple rules 
relating melting point and other physical properties of 
s o l i d s ( 4 , 1 0 , 17-26). 

Ubbelohde (1978) reviewed the phenomenlogical 
theories of melting. These theories include entropy, 
mechanical and vibrational considerations. Of these, the 
Lindemann relations are most commonly used to analyze 
various fusion related properties of the elements. 
Lindemann^49^ suggested that the melting process in solids 
sets in when the mean square thermal displacements of an 
atom reaches fixed fraction of the square of the interatomic 
distance. Assuming that the lattice waves are described by 
the Debye model, he derived an empirical relation 
connecting the Debye temperature 0 and the melting point 
Tm of a solid: 

0 = CTm / m V2*3 

where m is the atomic weight, V is the atomic volume and C 
is the constant which according to Lindemann is 
independent of the structure of the solid. This result has 
been used as a handy method for estimating the Debye 
temperature of a material where no such measurements are 
available. 
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Fig. 6 illustrates the inverse relationship between B 
and the melting point T m . The values of the lattice 
constants and the melting point data are from*15 & 2 7 \ This 
behaviour is expected as the melting point is a function of 
cohesive energy and hence the bond strength which reflects 
the magnitude of the forces between the atoms. The 
relation between B and Tm as obtained from the least 
square fit is 

1.56 
B = 59036/ Tm (6) 

If B is plotted against a2/Tm (Fig. 7) once again we observe a 
similar trend as was observed in the case of cohesive energy 
and heat of fusion, i.e., we get two different straight lines. 
These lines correspond to metals crystalizing in fee and bee 
structures. The relationship between B, the lattice 
constant, a, and the melting point Tm is 

B = 8 ia
2/Tm (7) 

where 8j are constant and i = 1,2 stands for fee and bee 
metals. The constants (with the corresponding standard 
deviations) as computed numerically with least square fit 
are 67(2) and 283(1) for fee and bec metals respectively. 
Similar trends were observed when melting points of cubic 
compounds were plotted against B (Fig.8). However, there 
is considerable spread which is probably due to the fact that 
some of the compounds show both ionic and covalent 
character in bonding. 

2.2.2 COEFFICIENT OF THERMAL EXPANSION 
The coefficient of thermal expansion, a, of solids is an 

important fundamental parameter particularly in metals 
and is crucial in designing a variety of useful devices which 
are subjected to severe variations of temperature. It is 
therefore interesting to explore the properties which appear 
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to be correlated with coefficient of thermal expansion. 
Hanneman & Gatos(28) showed that a linear relation exists 
between the thermal expansion coefficient a and 
compressibility of the materials. Plendl(29) showed that a is 
inversely proportional to the atomic coordination valence 
and directly proportional to atomic coordination number of 
the metallic elements, whereas Van Uitert^20^ pointed out 
that for metals crystalizing in fee, bec or hexagonal closed 
packed metals the product aTm is constant. 

Konyaeva^12^ has pointed out that the thermal 
expansion coefficient decreases as the binding or cohesive 
energy of the element increases. As the temperature factor 
is also inversely proportional to the cohesive energy, 
therefore B and a are directly related as shown in Fig. 9. 
The least square fit to the data yields the following relation 
between B and a 

B = 196* 10"3 a1-25 (8) 
with a linear correlation factor of 0.93. At this point it is 
important to point out that the experimentally determined 
a values show considerable fluctuations. This may partly be 
due to different impurity contents of the various samples 
and partly due to different methods of determining the 
data. 

As Van Uitert pointed out that 
Tm = Constant/ a (9) 

using equation (7) and (9), we get 
B = Constant a2 a (10) 

where value of the constant depends upon the structure of 
the element. The plot of B versus a2ct once again shows two 
different straight lines (Fig. 10). The values of the 
constants obtained by linear regressions are 3.85 * 10"3 and 
6.25 * 10"3 for the fee and bee metals respectively. 
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2.3 Mechanical Properties 
The elastic properties of interest are the elastic 

constants, C n , C12, C44, Young's modulus Y, Bulk modulus 
K and its reciprocal compressibility %, shear modulus G, the 
poission's ratio u, and the hardness H of the material. 

As the three moduli of elasticity and the Poisson's 
ratio are related through the relations. 

Y = 2G(l+u) 
and 

K = Y/3(l-2u) 
therefore for an isotropic material which is free from 
texture, there are only two independent parameters i.e. 
Young's and Bulk modulus. As the compressibility is the 
reciprocal of the bulk modulus, therefore we will consider 
only the Young's modulus Y and the compressibility x-

2.3.1 COMPRESSIBILITY 
The volume compressibility x a n d its reciprocal the 

bulk modulus K, provide a convenient measure of the 
decrease in volume with pressure. Compressibility has 
been related to many physical properties of solids such as 
melting point*30*, energy of repulsion*3**, atomic volume*32* 
and coefficient of thermal expansion*28* etc. Materials with 
large interatomic distances are generally more compressible 
than the more tightly bound materials; hence the 
compressibility decreases with increasing atomic radius*33*. 
Bulk modulus also depends on the valency of the metal 
again because of the stronger binding. The materials with 
higher densities have higher bulk modulus because the 
short range forces make it increasingly difficult to compress 
the solid as the atoms move together. As the elements in 
which the atoms are tightly bonded have smaller B values, 
the temperature factor B and the compressibility % are 
directly related (Fig. 11). 
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2.3.2 YOUNG'S MODULUS 
The Young's modulus Y has been related to the Debye 

temperature and monovacancy formation energy^.34) The 
dependence of the Young's modulus on the specific heat of 
the solid is studied by Buch^35^. In Figs, 12-14, we have 
plotted y versus the temperature factor B of element and 
compounds. The Young's modulus and the compressibility 
data is from the compilation of Gschneidner^14). The 
agreement between the theoretical estimates and the 
experimentally observed values is seen to be very good. In 
case of compounds, the compounds with centre of symmetry 
(Space group Fm3m and Pm3m) give different slopes and 
intercepts than those without centre of symmetry (F43m). 
However, Cu halides and LiF and MgO show considerable 
deviation from the linear behaviour. This is again because 
all of these compounds are partially ionic and partially 
covalent. Due to this reason, these compounds were 
excluded from the least square fitting. 

2.3.3 HARDNESS 
The hardness of a material is not a simple property 

and complex stresses are involved during its testing. The 
hardness H of cubic elements under discussion seems to be 
well correlated with the B factor (Fig. 15). The elements 
having larger mean square amplitude of atomic vibrations 
have low hardness, while the elements with smaller values 
of B have high hardness values. Once again this is the 
consequence of the strong interatomic forces between the 
atoms. 
2.3.4 ELASTIC CONSTANTS 

The elastic constants CJJ , C12 and C44 are the stress 
components which in a specific direction determine the 
strain.produced in that direction. The elastic constants C^, 
C12 and C44 show good correlation when plotted against B 
(Figs. 16, 17 & 18). Elastic constants data was taken from 
Brandes^36). The values of the constants and the slopes as 
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obtained by linear regression for the Young's modulus, 
compressibility, hardness and the three elastic constants 
are summarized in Table 1. 

2.4 Crystal Defect Properties 
Vacancies play an important role for diffusion of 

atoms in crystalline solids. In metals, as in the other solids, 
vacancies are created by the thermal excitation, because as 
the atoms vibrate around their equilibrium positions, some 
acquire enough energy to leave the site completely. Thus 
the formation energy, Qv is the energy required to produce a 
single vacancy. The vacancy formation energy and 
activation energy for self diffusion are all dependent on the 
bonding strength of the constituent atoms. Gorecki^37* has 
collected considerable experimental data and has shown 
that Qv = U0/3, where U is the bonding energy per atom. 
Sherby & Simriad^38^ pointed out that the activation energy 
for self diffusion is the function of the valency of the 
element. Tiwari & Patil^39^ have shown that vacancy 
parameters are linear functions of valence bond strength 
(Cohesive energy/most prominent valency of the element). 
A number of empirical relations have been suggested 
between the vacancy parameters and various physical 
properties such as melting point, coefficient of thermal 
expansion, Young's modulus, Bulk modulus, Fermi energy, 
nearest neighbour interactions, and the Debye 
temperature*6' 7> 19>25 & 4°-44>. 

The plot of vacancy formation energy (Qv) and 
activation energy for self diffusion (Qd) versus B are shown 
in Figs. 19 & 20. Values of vacancy formation energy.as 
well as the activation energy for self diffusion are from 
Siegel (45 ) , Nihoul(46), Koehler(47) and Kraftmakher & 
Strelkov^48). Once again no structure dependence was 
observed in these plots. However, plots of temperature 
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factor versus a2/Qv and a2 /Qd (Figs. 21, 22) show similar 
structure dependence as was observed in the case of other 
properties. The structure dependence of these relations is 
due to the fact that number of bonds broken in the 
formation of vacancy and the energy associated with their 
distortion at any point are dependent on the crystal 
structure. Therefore nature of the bonding has profound 
influence on the diffusion characteristics. 

2.5 Correlation of B with Periodic Table 
The B-factor of the cubic elements reveal some 

interesting trends when viewed in relation to the periodic 
table. The adjacent triads of V, Nb and Ta, and Cr, Mo and 
W, adopt the bec type structure. The temperature factors 
decrease on descending the two groups, reflecting the 
increasing melting points and masses, but the origin of the 
reduction on passing from group V to VI, e.g. V to Cr is not 
clear. By contrast the fee triads of Ni, Pd and Pt, and Cu, 
Ag and Au, show a different, albeit internally consistent, 
trend which merits further scrutiny. The B factor of 
Iridium is notable, being larger than that of Rh; this may 
stem from the fact that only one determination has been 
reported for each of these elements. The most striking 
anomaly in the list, however, is Pb with a value that is 
substantially larger than that of any of the other elements 
in the fifth period. There can be little doubt that the value 
is incorrect, since all the determinations are in good accord 
and the Debye temperature (84°K) is in line with values 
obtained by other authors. One possibility is that the high 
value is related to the anomalously larger interatomic 
separation in metallic lead but the question is open for 
investigation. It is not surprising however that Pb appears 
to be out of line with some of the correlation plots. 
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3. Conclusion 
The correlation of Debye-Waller parameter B with the 

physical properties of materials have come out to be 
systematic in the properties described above. These results 
reveal an important aspect that the microscopic properties 
like B-factor can lead to information on the macroscopic or 
bulk properties of these materials. This connection between 
the micro and macro aspects of materials sets new trends in 
the interpretation of behaviour of the materials. 
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Abstract: 

Some intermetallic alloys, so called high temperature alloys, show an increase of their 
yield stress with temperature up to approximately 800K. This effect is anomalous by 
comparison with the standard reduction obtained in metals. If this effect were stable and the 
materials showed reasonable ductility, those alloys would be the perfect choice for energy 
generation at temperatures some hundred degrees above those presently used. 

The mechanical anomalous effect and alloy ductility are related to the structure and 
dynamics of microstructural defects and the energetics of defect interaction. 

Computer simulation of defects has proved to be a formidable allied in understanding 
the connection between basic material properties and defect configuration statics and 
dynamics. The main drawback of this technique is that it relies on fitting interatomic 
potentials to both fundamental calculations and experimental parameters. For calculating 
static configurations the long range field of the defect should reproduce the elastic response 
and the potential must, in turn, reproduce elastic properties with relatively high accuracy. 

Since the late 80's the interatomic potentials mostly used for defect simulation in 
metals and alloys are many-body potentials of the so called Embedded Atom Method (EAM). 
We have recently proposed an extension of these potentials including angular many body 
terms. This subject is discussed in the paper. Also we review some results on dislocation 
configuration and dynamics in alloys of Ni with Al. 
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INTRODUCTION 

Some ordered intermctallic alloys such as NijAI offer many advantages for 
engineering use, e.g.: resistance to oxidation and corrosion, low density and high melting 
point and, the most important, excellent high temperature strength. For example the yield 
strength of NijAI increases with temperature and reaches a maximum around 830K, 
becoming much stronger than 316 stainless steel at elevated temperatures. This effect, known 
already for more than a decade, appears in several Ni alloys ( see ref.' for a review). 
However, poor fracture resistance and fabricability limit their use as engineering materials. 
The large recent scientific effort in the field has allowed for a deeper understanding of the 
material properties and a proper tailoring of pieces fabrication. As a result of that effort 
nickel aluminides have nowadays a high potentiality of application to: 1) energy production 
through advanced water turbines and heating elements; 2) metal forming by improving tools 
such as the high temperature dies, cutting tools, molds, etc. 

Two main concerns jeopardize the feasibility of an extended engineering use of 
intermetallics: 1) understanding the origin of the anomalous effect (the increase of the yield 
point with temperature) and, therefore, its stability and the influence of the fabrication route, 
material purity, etc, on it and 2) improving the relatively poor ductility of these materials. 
Progress in our understanding of the first point has been made by comprehending.how the 
difference in antiphase boundary energy in (100) and (111) planes allows for the existence 
of two main yield systems at low and high temperature respectively and the beneficial effects 
of Boron addition in substoichiometric Ni3Ala. Also recently it has been shown that there 
is a strong effect of the environment on room temperature ductility and fracture of some 
alloys. The latter seems to be related to moisture induced hydrogen embrittlement. 

Since the early 60's computer simulation of defects in lattices has been used for 
understanding the connection between basic material properties and defect configuration 
statics and dynamics (see for instance 3). Our own group has recently been involved in 
several calculations regarding defect structure in intermetallic alloys 4X6. It is found that 
although some of the effects are related to the elastic field of the defect, some others are 
related to defect core properties. This research effort allows our institution (Comision 
Nacional de Energfa At6mica, CNEA) a larger mastering of materials science and 
surveillance on a rapidly evolving materials engineering area with revolutionary promises. 

The computer simulation technique is based on simulating a lattice by its atomic 
coordinates as an array at the computer. The array is maintained stable, i.e. its energy is 
minimum, by an appropriate interatomic potential. Those potentials are fitted to both basic 
properties of the interatomic forces and some experimental parameters of the material 
simulated. Elemental physical considerations provide guidance regarding the analytic shape 
of the potential and the experimental parameters serve as a database of numbers to be fitted. 
The whole process of computer simulation can be considered as a fitting of known perfect 
(or nearly perfect) lattice properties through the interatomic potential response and a 
prediction of unknown lattice properties through calculations employing that potential. For 
instance, if static configurations want to be calculated the long range field of the defect 
should reproduce the elastic response and the potential must, in turn, necessarily reproduce 
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elastic properties with relatively high accuracy. 
Although originally mainly pair interaction potentials were used, these posses intrinsic 

drawbacks related to the simultaneous fitting of equilibrium lattice parameters and elastic 
constants, and also about the same values for the cohesive energy and vacancy formation 
energy is obtained (see 7 and * for a discussion). Since the late 80's, semi-empirical many-
body potentials that overcome those drawbacks have become available. Among the most 
popular, the so called Embedded Atom Method (EAM) ' l 0 potentials are widely used for 
defect simulation in metals and alloys. Our calculations reported below were performed 
employing Voter's EAM ". However, the EAM potentials do not always reproduce the 
relevant perfect lattice properties. For example in the case of a negative Cauchy pressure no 
physically sound EAM can be fitted. Some effort has recently been devoted to extending 
those potentials ••"•"•'4. 

Interatomic potential fitting is always a painful job that requires craftsmanship. We 
have developed a systematic empirical approach to constructing EAM potentials for pure 
metals that is able to fit properties of bcca and hep lattices". As an extension of those works, 
we shall present below our current approach to obtaining EAM interatomic potentials for B2 
alloys. 

Some elastic and computer calculations of dislocation splitting in alloys are 
summarized in the following sections. Computer simulations-of dislocations statics and 
dynamics in NijAl and NiAl are reviewed and some new ones reported. These calculations 
contribute to a better understanding of crystal yield characteristics in Ni-AI alloys. The 
relevant dislocation yield properties covered by the calculations are summarized right 
bellow. 

1. CRYSTAL YIELD DISLOCATION MECHANISM 

We study as an example of two different alloy phases the Ll2, Ni3Al, and the B2, 
NiAl (Fig. 1). The first one is highly ductile compared to the second one and it is the alloy 
where the anomalous effect is better understood. The NiAl is a tougher alloy but with 
reduced ductility. However a comparison among theoretical predictions in these two alloys 
using the same calculation technique is of real interest, both for a better understanding of the 
aiioy properties and a? a test of the theoretical method potentiality. 

The main slip system for deformation in NijAl is < I l O > { l l l } . The [IlO] 
dislocation on a (111) plane is dissociated and energy considerations leads to conclude that 
the most feasible scheme is the one proposed by Copley and Kear16 and schematically shown 
in Fig. 2. The system of Fig. 2, in which the plane of the CSF between Shockley partial 
dislocations coincides with the APB plane, is of easy glide. However other non-planar 
dissociations are possible. Geometrical considerations show that the APB energy on the (111) 
plane is larger than on the (100). By looking at the unit cell of the NijAl, Fig. 1, it can be 
seenthata l / 2< I lO> glide on a (100) plane, leading to the APB structure, does not change 
the configuration energy to first neighbors,. The equivalent glide on the (111) plane. 
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schematically shown in Fig. 3, affects the first neighbors interaction. 
Cross slip of the [110] screw dislocation from the (111) extended dissociation towards 

the (100) one, shown in Fig. 4, favors a larger APB region but pins the dislocation. This 
pinning mechanism is considered die main cause of hardening increase with temperature. 
Takeuchi and Kuramoto17 were the first to propose this mechanism as the main cause of the 
anomalous effect. Later, Lall et al." and Ezz et al." completed the theory and added new 
experimental evidence. 

The above discussed stress induced glide on (111) plane and cross slip from (111) into 
(100) must overcome the intrinsic barrier of Peierls forces and dislocation core relocation, 
as well as the forces leading to stacking fault length reduction or increase by the effect of the 
stress on the interacting supcrpartial dislocations. 

For the B2 alloys, the wide range of deformation behavior has been correlated with 
the values of their APB energy. Low APB energy compounds, such as /J-CuZn, exhibit 
<111> slip at room temperature (RT) that resembles the one of pure bec metals20. For 
higher APB energies, such as FeAl, a transition from <111> slip at RT to <100> at 
higher temperatures has been reported21. The APB energy of NiAI is probably higher than 
either /3-CuZn or FeAl. Consistently the glide systems usually found are the < 100 > {001} 
and <100>{011}, and less frequently <111>{110} and <111>{112}22"J<. The first 
system is studied below. This system is not expected to provide an easy glide, the main 
reason being the almost non existent splitting of the dislocation core. However our purpose 
is to compare the resulting dislocation core barriers to glide with the relatively easy glide for 
the [110] dislocation in NijAl. 

2. COMPUTER SIMULATION 

Some of our computer results on dislocation configurations in NijAl and NiAI is 
summarized below. As stated earlier, all the simulations were performed using the many-
body interatomic potentials derived by Voter et al.". It was also mentioned that those 
potentials are not exactly fitted to the material elastic constants. Therefore a more systematic 
job is needed on interatomic potential development. This has been tackled by us in previous 
works '•" and next, as an advance, we briefly sketch our current approach to potential fitting 
of alloy properties. 

2.1 Many Body Interatomic Potential for Alloys 

There are in the literature several empirical many-body interatomic potentials that are 
commonly used in computer simulation studies of alloys "•25W, Most of them, in order to 
keep a small number of adjustable parameters, are not fitted to the exact values of the 
considered properties, but to overall features of the system in question. Moreover, the fitting 
procedure may involve simulation runs before the appropriate parameter values are chosen. 
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Though, in principle, this approach is meaningful, it precludes a clear understanding of the 
relationship between potential parameters and fitted experimental quantities. In this section 
and the appendix, we give the basis of an EAM type potential for binary alloys of the B2 
structure, and set up the proper equations for the magnitudes involved. 

Within the EAM' formalism, the energy of an atomic assembly is written as 

where tj.tj stand for the atomic species located at sites i and j respectively, V(R) is a standard 
pair interaction term, F is the so called embedding function, and p is interpreted as a "local 
electronic density". The latter is given as a superposition of pair-like functions 

Pt-T.+M (2) 
/•• 

We note that whereas V(R) is symmetric under atomic species permutation, F is a 
function associated only to the atomic species of the site considered. <j> is thought of as a 
"rigid electronic cloud" tied to the contributing species. All of these is embodied in the 
notation used in Eqs.(l) and (2). We may say that function F at site i only senses the "local 
electronic density" p, made up by the contribution of all its neighbors irrespective of their 
atomic nature. 

Assuming a binary alloy AB, the functions VM . VB8, FM FB, <t>s> and <£B ( <£A
=(£AA 

and 4>B=4>BB in the notation of Eq.(2) ), are fixed once for all by fitting pure element 
properties. However some arbitrariness remains in <£A and <£B, because they are determined 
but to a scaling factor. When the alloy is built, there is still freedom in determining the 
mixed pair potential VAB and the relative strengths of the electronic cloud contributions. 

The many-body part and the effective pair interaction potentials V'AA, V*BB and W',^ 
for the different atom species are deduced in the appendix. There it is shown that one can 
systematically fulfil equations for the alloy formation energy, the equilibrium condition, the 
bulk modulus, and the anisotropy ratio. 

2.2 Dislocation Core Structure 

Infinite straight dislocations are computer simulated. The atomistic simulation is 
performed by allowing the atom coordinates to relax to a minimum in the energy. Periodicity 
is imposed perpendicular to the dislocation line. A computer program based on DEVIL27 is 
used for the simulation. 

As shown by Pasianot et al." a simple approach to an accurate solution for calculating 
both, the static structure and the Peierls barrier, is obtained by surrounding the region free 
to relax by the fixed anisotropic solution for the dislocation being simulated: 
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I l m 
3 

£ A.(L..fc)In(z.) (3) 

where b is the Burgers vector, A„ and L„ arc vectors related to the dislocation line 
orientation and the elastic constants matrix 29M, z„= x.(x,+p„ x2) being p„ to the solutions 
of the so called "sextic equation", x the atomic coordinate and x, and x2 two unit vectors 
perpendicular to each other and to the dislocation line; plus the solution corresponding to the 
existence of line forces distributed over the dislocation core area: 

1 Im { £ ^ - [Am A(x , + p .x , ) ] | W 

The dipole strength tensor components Ay are calculated self- consistently from the forces 
acting between the atoms free to relax and the boundary atoms. 

For NijAl and using a model based on elasticity theory, we have found 5 three core 
configurations to be feasible for. a <110> dislocation dissociated on {111} planes: planar, 
non-planar and mixed; while for the same dislocation dissociated on {001} planes only non-
planar configurations are possible. These configurations for the screw dislocation are 
sketched in Fig. 5 and tables I and II, where the elastic model calculations for the 
dissociation on (111) and (100) planes are summarized (Pasianot et al.J) . The first sketch 
in Table I corresponds to the planar configuration, while the second and third are non-planar 
and die fourth and fifth mixed modes. Computer simulation shows that, for the dissociation 
on {111} planes, the three configurations can be obtained. The non-planar core has the zig
zag shape predicted by elasticity, however the center of the CSF region is found near the 
APB plane (Y is not equal to X/2, Fig. 5, as elasticity predicts). It is also found that the 
planar core is the minimum energy configuration among those tested 4. However the 
differences in energy between planar and non-planar cores are much smaller in the discrete 
model than the ones predicted by elasticity. The simulation with the APB on {001} planes 
shows that the core configurations do not depend on the orientation of the APB plane5. 

The core differential displacement map (a graphical method'first proposed by Vitek 
et al.3' ) for the computer simulated left 1/2[110] screw superpartial dislocation in NijAl is 
plotted in Fig. 6. Edge and screw components are plotted. For some cases the strain 
invariants Y, and Y2 provide a clearer picture of the configuration32 

r, « 2(c*,*«&> 

(5) 

Y1 - tWn+^n 

where <y stand for strain tensor components. The strain invariants corresponding to the same 
superpartial of Fig. 6 are shown in Fig.7. It can be seen that the screw part (Y,) tries to split 
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towards other {111} planes than the one of the APB, while the edge part remains 
concentrated on the APD plane. 

We have also simulated the [100] edge dislocation on a (001) plane in NiAl (the screw 
orientation is unstable5). Differential displacements and strain invariants are plotted in Figs. 
8 and 9 respectively. Both figures show the tendency of the dislocation to extend on the 
corresponding (110) planes. 

The effect of stress is studied by imposing to the boundary atoms the elastic 
displacements corresponding to the maximum shear on the glide plane. These displacements 
are superposed to the elastic solution. Progressively larger stresses are imposed until the 
dislocation becomqs unstable and slips away. In this way Peierls stresses can be calculated. 
We obtained the approximate values 3x10"* /i (average shear modulus) for the [110] screw 
dislocation in Ni3Al, 10'2 fi for the [100] Al-rich edge dislocation in NiAl and a still higher 
value for the Ni-rich one. Figs. 10 and 11, show the difference between atomic 
displacements (subtracting elastic contributions) for the stress-free dislocation and the 
configuration with the largest stress we were able to simulate without glide to occur. It can 
be seen, Fig. 10, the very interesting effect that while for the easy glide dislocation in Ni3Al 
stress has mainly imposed a reordering of the bonds in the glide plane (111), for the much 
tougher NiAl (100) dislocation glide is achieved by relatively large displacements on (110) 
planes and rotational displacements at the core of the dislocation, Fig. 11. 
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APPENDIX 

Al. Parameters to fit many-body terms in the B2 alloy interatomic potential. 

A gage scaling parameter k is defined. If 0AB(R) stands for the contribution to the 

"electronic cloud" surrounding an A atom coming from a B atom located at R ( and 

conversely for <£uA(R)) then 4>m = 1/k «£„ ( <j>BA = k <£A ). 

Restricting ourselves to binary B2 alloys, k is determined through satisfaction of the 

Cauchy pressure relationship 

0(C""C").ACfflpit)[SNY«, (8v 4i(vHl-8,) *i(v)/t) ? 
2 36 v&4 (6) 

• ^ W O A (6, *i(v)+(l-ev) • > ) k)}2} 
veA 

where fl is the atomic volume, the additions extend over the shells about the respective 

atomic species, N, and R, are the number of atoms and radius of the shell, 0, equals 1 or 0 

depending on the center atom and the shell atom being of the same kind or not respectively, 

and pK and pB are given by 

p*-EMWvMi-»,)W)/*] 
(7) 

P * - 5 X ieA(vHi-ev)*» *) 
vcA 

In Eq. (6) we find the same situation than in pure metals', namely, because FA" and 

FB" are assumed to be positive the EAM is not able to fit alloys with negative Cauchy 

pressure. 

A2. Effective pair interaction in alloys. 

As in pure metals, in alloys it is still possible to define effective pair interaction 

potentials. Normalizing 4>A and 4>t such that pA=l and p,= l in the pure metals, and using 

ifo.-O-'iCPi"1)"0 (8) 

we have 
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KliW-KuW + 2^'(*) •„(*) (9) 

riaW-PaW + 2F>) V * ) (10) 

where V" are the effective pair potentials as Eqs.(12) ensures with pA and pB given by Eq. 

(7). We've written FA'(k), FB'(k) to make explicit that the derivatives should be taken at the 

alloy densities which are functions of parameter k. Also, due to Eqs.(8), VM and VBB are 

effective pair potentials for the pure elements. 

Size effects are apparent in Eqs. (9) and (10); because of Eqs.(8) and the <£'s being 

monotonous decreasing functions, the 2nd added terms of the right hand side of Eqs. (9) and 

(10) represent attractive or repulsive contributions. In fact, for the alloy we could have 

pB(k)<l andpA(k)>l resulting inFA'(k)>0and FB'(k)<0, i.e., one term is attractive and 

the other is repulsive. 

Whereas V"^ and V*BB are fixed once Eq.(6) is solved for k, V'AB is not. At this 

stage either V"AB or V ^ may be chosen as the (unction to fit; for consistency with the forms 

of Eqs. (9) and (10) it is preferable to use V^ instead of V*AB, in this sense we speak of 

"the" mixed pair potential between species A and B. The function VAB is imposed to fulfil 

the following equations for the alloy formation energy, the equilibrium condition, the bulk 

modulus, and the anjsotropy ratio, respectively. 
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I/* l/* 

EW-W>M-J:NA-J~ -ewv** (13) 

V Z V 

v (15) 

where AH is the alloy formation enthalpy (per molecule), HA and H„ are the cohesive 

energies of the pure elements, K,=y,2-A02 being A the anisotropy ratio 2C44/(Cn-C|]) and 

y2 and /3,2 are cubic-symmetry shell-related fractions'. The functions V ^ and V*BB are 

defined through Eqs.(9) and (10) and, V"AB should be replaced as a function of VAB according 

toEq. (11). 
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TABLE I 

X[nm] 
T 

Z [nm] W[nm] £[eV/nm] 

1.09 

0.94 

0.97 

0.89 

4.17 

5.43 

5.69 

5.02 

5.10 

1.83 

1.69 

1.69 

0.0 

0.9 

1.0 

0.5 

0.6 

iw 

w 

w 
«- » 

w 

A* 

A* 

"V 
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TABLE II 

JT[nm] 

1.05 . 

1.06 

Z [nm] 

9.42 

9.39 

E [eV/nm] 

- 1.2 

- 1.2 
z 

V \* 



ci • .#• 
* * IF 

Al (a) ^ "* (b) 
O Ni 

1. Unit cells for (he Ll2 (a) and B2 (b) structures. 
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APB 

LI •V////////////////////.—^ ' ( m > 

/ \ Z complex stacking fault ^ 

2. Dissociation scheme for a <110> superdislocation in Ni3Al on a {111} plane, Copley 
and Kear15. Dislocation boundaties of the complex stacking faults are Shockley partials, i.e. 
1/6<112>, the sum of which is 1/2<110>. 



3. (a) Stacking sequence of {111} planes in the Ll2 structure. 

(b) Antiphase Boundary (APB) produced by slip bA=[I01] of top layer. 

(c) Super Lattice Intrinsic Stacking Fault (SISF) produced by slip bs=l/3[211]. 

(d) Complex Sucking Fault (CSF) produced by sliding top layer in 1^=1/6(112]. 
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5. Schematic drawing of the position of the Shockely partial dislocations dissociated on 
different (111) planes, resulting from a [110] total Burgers vector. 
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7. Strain invariants corresponding to Fig. 6. Contour labels indicate strain [%]. 
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8. Differential displacement map for [100](001) edge dislocation in NiAl. Maximum 

arrow length is 0.95 A. 
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9. Strain invariant corresponding to Fig. 8. Contour labels indicate strain [%]. 
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10. Core atomic displacements for left 1/2[110] superpartial under a stress of 2.5 10"4 /x 

(close to critical), (a) Displacements along dislocation line (X: inwards, O: outwards), (b) 

displacements perpendicular to dislocation line. Maximum displacemenls are 2.87 10"2 A and 

1.65 10"2 A respectively. Elastic contribution has been subtracted. 
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1. Introduction 
Processing has turned out as an important branch of 

nowadays materials science. This is due to the fact that 
strongly enhanced requirements concerning low failure rates 
of structural parts and components under service conditions 
have been introduced in all high technology areas. 

If the probability of failure of a part used e.g. in a car 
or an aeroplane is set to about 10'6 per lifetime and less this 
can only be obtained in an economic way by most exact 
control of all different steps of the overall processing line. 
High standard quality control helps considerably to reach 
this goal but cannot lead to satisfying results if the 
processing itself contains unidentified reasons of materials 
weaknesses introduced either by improper parameter control 
or even by undiscovered mechanisms during the production 
procedure. 

Another reason enhancing the importance of 
processing research is seen in the fact of increasing 
complexity of materials with tailored properties for often 
multifunctional purposes. As an example alloys with complex 
microstructures are developed and have to be protected 
against environmental attack like corrosion and erosion by 
suitable coatings. Thereby not only the corrosion/erosion 
resistance of the coating has to be fulfilled. Long term 
coating failure arises and is a complex process of 
coating/substrate interaction and can only be controlled by a 
special compatibility tolerant processing taking into account 
the materials systems behaviour. As a consequence 
processing including the consideration of material 

-105-



interaction is one main new prospect of materials 
development. This integral way of looking to the needs for 
advanced materials/components manufacturing gives 
detailed processing a pronounced role in overall materials 
development. 

2. The Processing Task 
Processing is one element of three determining the 

overall materials cycle as shown in Fig. 1. 

rai.crostruct.ure/ 
interaction 

synthesis/ 
processing 

Properties/ 
failure behavior 

Fig. (1) : Cycle of nowadays material develoment 

A nowadays material product is related to a certain 
function or several functions of a system and has to fulfill 
several demands. It interacts with the other constituents of 
the system and its behaviour and qualification is customer 
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oriented. The several properties lead to a preliminary system 
integrated specification of the material properties like 
strength, conductivity, interaction under service conditions 
etc. Such a material component is processed selecting an 
adequate method fulfilling the demands of technology, 
feasibility and economy. This step already includes the 
decision about the suitable processing method being able to 
guarantee manufacturing of industrial scale. The properties 
of the processed component are tested under realistic 
operating conditions where nionsufficient behaviour becomes 
obvious. The microstructure identification of the materials 
follows, including the determination of failure inducing 
mechanisms and modes of appearance. This step discovers 
the reasons for failure and gives hints for improved 
processing. The cycle is closed and further interactions might 
be necessary to reach the goal. So processing always needs 
the support of characterisation and qualification as well as 
the information about microstructural state definition and 
its development under load. 

Processing materials and components has become of 
considerably enhanced interest with respect to 
comprehensive understanding and controlling of 
material/system properties. This includes process modeling 
and refers to the integration of simulation, sensor data, and 
expert systems. The overall goal of such a type of 
"intelligent" processing is to replace traditional empirical 
methods used for process development and control with 
science-or knowledge - based methods. In addition to 
facilitating improved process control and faster process -
development cycles, intelligent processing also helps support 
concurrent - engineering efforts as are simultaneous process 
and product development. 

Advanced processing is in various stages of 
development for use in many materials - forming processes 
including injection molding of plastics, forging, casting, 
extrusion, powder processing of metals and plasma spraying. 
An important aspect is the use of computer simulation of the 
process by implementing physical models. 

Fig. 2 gives a block diagram for the procedure. 
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Fig. (2) : Materials processing by simulation 

This general scheme indicates the interactive method 
correlating the results of a model which has to be adjusted 
according to the degree of desired agreement. 

Using this procedure the result is a verified simulation 
tool, which helps to improve the understanding of the acting 
mechanisms and provides measures of the influence of 
adjustable machine parameters. 

3. Processing examples from energy systems 
application 

In the following examples two different areas of 
selected energy related development projects are presented 
and described to some detail. 

3.1 Plasma spraying of protective coatings 
Plasma spraying is a well known and widely used 

coating technology with applications in numerous fields^. 
Protection against corrosive and erosive attack, heat impact 
and wear is the main function of coatings applied on suitable 
structural materials. 

Boron carbide is intended to be used as a coating 
material for the first wall of nuclear fusion machines^. 
Apart from the further development of the nuclear fusion 
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energy production process, the testing of suitable materials 
and construction methods is considered to be the most 
important task of the ITER (International Thermonuclear 
Experimental Reactor) under taking current ly in the 
planning stage. This includes the design of the walls 
surrounding the plasma. The interaction between the hot 
fusion plasma and vessel wall material must be analysed 
with respect to the way in which the plasma can be most 
effectively heated, confined and kept clean. Material of the 
low-Z elements can be considered for this purpose such as 
graphite or CFC or steel tiles coated with boron carbide. B4C 
coatings have the task of protecting the steel constructions 
tha t bear them agains t excessive thermal fatigue and 
melting as a consequence of disruptions. If they are to fulfill 
the task of a heat insulation layer in the long term they must 
themselves be resistant to thermal schock and display low 
rates of erosion. The plasma spraying of B4C has been 

studied intensively during the last two years^3-4^. 
Plasma spray processing is a highly complex operation 

with several transient mechanisms. 
Consequently one main problem of controlling the 

process is the identification of the dominating mechanisms 
and the intelligent dismantling with the aid of an adequate 
model. 

Fig. 3 displays the scheme of the type of analysis 
developed for the description of the plasma spray process in 
general. 

Fig. 4 gives a schematic view of the arrangement used. 
The one dimensional equation of conduction of heat is solved 
using convective flow as well as radiative flow of heat as 
boundary conditions. The plasma torch is t reated as a heat 
source with an effective mean plasma temperature and a 
heat transfer coefficient between plasma and substrate , 
determined in separate experiments. The mode and speed of 
moving the torch (gun) is maintained such that uniform heat 
transfer can be guaranteed. Stepwise reconstruction of the 
coating is simulated by adding a respective fraction of 
coating thickness. Respective strains are calculated and 
converted into stresses including the subsequent cooling of 
the coated structure. The model includes a relaxation term. 
A threshold stress is introduced limiting elastic strain to a 

-109-



Plasma and system parameters 

Measuring data: e.g.: substrate temperature, pressure, power, etc. 
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Fig. (3) : General scheme for the separation of main 
mechanism and simulation of plasma 
spraying. 



spraying distance. 
sample 

plasma gun 

meander motion 
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water cooled 
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thermocouple 

Advantage: 
1. uniform heat transfer 
2. active temperature control 
3. defined specimen cooling 
4. reproducible coating process 

Fig. (4) : General arrangement of the plasma spray 
procedure and sketch of the meander movement 
of the gun. 



certain level. 
Fig. 5 displays a typical histogramme where the 

temperature transient is given at a special position in the 
substrate and the temperature is measured and compared 
with the simulational result. The plasma torch heats the 
substrate, according to the meander movement in Fig. 3. A 
cooling phase follows and powder transport is activated. 
After having reached the desired coating temperature, 
coating begins. One or several meander cycles combined 
with interrupting cooling periods generates the "saw tooth" 
seen in the temperature curve. Constant rising or falling 
temperature during spraying can be set. After spraying the 
coated specimen is cooled to room temperature. 

According to the temperature history strains are 
calculated and convered into stresses. Stresses in coated 
specimen are measured by x-ray diffraction as well as the 
bore hole method and compared with calculational results. 

Fig. 6 gives an example for B4C coatings sprayed onto 
titanium substrate material. The measured and calculated 
residual stresses are plotted against substrate temperature 
during spraying. A similar result is given for the substrate 
material SS316L in Fig. 7. 

Increasing substrate temperature leads to enhanced 
compressive stress of the coating as can be expected from the 
differences of the thermal expansion coefficients between 
B4C and substrate and the different substrates, respectively. 

There is a deviation in the stress amplitude between 
measurement and calculation which has to be attributed to 
crack formation during solidification with an overall 
relaxation effect. 

The same type of results were obtained for Zirconia 
8YSZ thermal barrier coatings investigated to some extent in 
the course of this study. Fig. 8 compares residual stresses of 
zirconia 8YSZ coatings deposited onto SS316L as a function 
of substrate temperature. Again compressive stress 
increases with temperature as expected. The agreement 
between simulation and measurement is within a factor of 
two. 
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Fig. (6) : Comparison of calculated and measured stresses in 
BjC via titanium substrate coating temperature. 
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Fig. (7) : Comparison of calculated and measured stresses in 
B4C via SS316L substrate coating temperature. 
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3.2 Net shape powder processing of solid oxide fuel cell 
(SOFC) components 

In the last five years the electrochemical way of 
electricity generation by use of solid oxide fuel cells (SOFC) 
has got a new "technology push" and major respective 
development programmes in Europe, Japan and USA are 
under waŷ 5> 6> 7 l Especially planar designs of such fuel cell 
concepts are being developed generating numerous 
challenges with respect to material properties, processing 
technologies and materials compatibility. 

Fig. 9 gives a schematic view of a planar SOFC-Type 
indicating electrochemical reactions as well as the different 
components: the electrolyte (02"-ion conductor; dense and 
gastight, thin < 100 nm), the anode (fuel side, 
Ni/Zr02-cermet, electronic conductivity, porous, around 50um 
thick, sufficient three phase boundary area for the promotion 
of the oxygen/hydrogen reaction, the cathode (stable under 
air at 950°C, porous, around 50 um thick) and the 
interconnector (stable under reducing/ oxidizing atmosphere, 
electronic conductivity, dense and gastight). 

As the operating temperature is around 950"C extreme 
requirements on materials result. 

A new recently developed manufacturing process is 
described in the following called wet powder pouring 
(WPP)^ , and as a variant wet powder spraying (WPS)^. 
They are under development for the manufacturing of 
interconnectors as well as electrodes. 

The WPP process can be classified into the category of 
shaping and processing technologies for material powders. 
Although a related technology as Metal Injection Moulding 
(MIM)[la^ is well practiced for the production of net-shape 
parts, WPP suggests a different shaping route compared to 
MIM as indicated in Fig. 10. WPP requires no confirming 
injection equipment, the moulds are simple to produce, the 
volume fraction of binder is small and the particles have a 
wide range of sizes and shapes. Significant is the 
remarkably short debinding time which is related to the 
<10% volume binder content. 

Fig. 11 displays SEM-micrographs of fracture surfaces 
of green bodies after shaping where the large differences in 
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Fig. (9) •: Schematic configuration of a planar solid oxide 
fuel cell design. 
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Fig. 10 Comparison of the two PM shaping methods WPP and MIM 
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Fig. 11 SEM-micrographs of fractural surfaces of green bodies produced by WPP 
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Fig. 12 A selection of parts produced by WPP 
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Fig. (13) .'Densities obtained by sinterng Cr-alloys under 
different conditions. 
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amount of binder used can be seen immediately. In case of 
WPP the binder is concentrated at the contact zones between 
particles and most of the interparticle space is empty. In 
MIM green parts the interspace is completely filled with 
binder and the required different efforts to remove is 
obvious. 

Special processing problems came up during the 
development of WPP which were looked at very 
carefully: 
• The selection of a low (price ?, density ?, ) adhesive 

easy shapable mould material. 
• The optimum concentration ratio between powder, carrier 

and binder. 
• Mechanism of drying (carrier evaporation) and its 

acceleration. 
• Optimization of the combined debindingI'sintering 

procedure concerning low levels of residual impurities and 
low debinding times. 

The prefered choice of mould material was a special 
silicon rubber. It is inert against the alcoholic carrier, 
shows minor degradation and keeps its accuracy in size. 

The carrier content determines the pourability of the 
suspension. Determining physical mechanisms are, viscosity 
and sedimentation. Different binders and carriers have been 
investigated to optimize the parameters. The amount and 
type of binder, determine the strength of the green body a 
key property for hanlding procedures. A model for the 
description of the suspensions viscosity was adjusted. Green 
body strength was theoretically described as a function of 
binder content and particle size. 

A pouring device has been developed which allows 
homogeneous, bubble-free filling of moulds in a reproducible 
way. The apparatus consists of a stirrer, a degassing device 
and a vibrating unit for green part densification. 

Carrier removal can be a time consuming step in the 
overall process. Evaporation of the liquid carrier can be 
accelerated by slightly enhancing temperature and 
decreasing the ambient pressure. Also freeze drying has 
been considered. This increases the availability of the 
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moulds which may be an important point concerning 
production quantities. 

Deb ind ing k ine t i c s have been s tud ied by 
t h e r m o g r a v i m e t r i c m e a s u r e m e n t s in function of 
temperature, heat up rate and pressure. Heat up rates of 10 
K/min. can be used without any problem of loss of integrity 
which is extremly superior to MIM related figures. 

Typical parts produced via WPP are pictured in Fig. 
12. Examples of materials used are SS316L, iron, Ni-base 
superalloy U700, Stellites, Hardmetal a.o.. 

A novel application is the trial of WPP-processing to 
produce the interconnector as a main support structural 
component in current SOFC designs. This component 
consists of a PM-material , a chromium alloy, oxide 
dispersion strengthened with improved corrosion resistance. 
The alloy is synthesized by use of the mechanical alloying 
process. Shaping and compaction of the powder can be 
performed by hot pressing or hot isostatic pressing but 
profiling and structuring of the component needs maching 
which is difficult due to its strength and low ductility. So net 
shape forming seems an attractive at tempt. One main 
problem of this material is its poor sinterability which has 
been investigated recently. 

Fig. 13 gives resul ts from sinter ing studies of 
Cr5FelY203 under low and enhanced pressures. 

The goal is primarily gast ightness wi th reduced 
r equ i r emen t s in s t rength . Post densif icat ion by 
containerless HIP is possible if 95% of theoretical density is 
obtained. Some example as can be seen from Fig. 13 fulfil 
this condition. Fur the r developments concerning net 
shaping are under way. 

Wet powder spraying, WPS, has been developed as a 
v a r i a n t of W P P . Ident ica l m i x t u r e s of the 
powder-binder-carrier suspension are used to be processed 
by means of an air brush. Coatings can be manufactured 
ranging from 20 urn up to some mm. 

Fig. 14 shows a schematic flow-chart of the main steps. 
The spray gun used is a normal lacquer spray gun as they 

are common in the automobils industry. The movement of 
the gun is made by a 2-axis manipulating- system for 
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Fig. 14 Schematic presentation of the WPS process 
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Fig 16 Examples for fuel cells components WPS manufactured 
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receiving coatings that are reproducable in structure and 
thickness. 

Fig. 15 summarizes some results of coating thickness 
versus run number to demonstrate the ability of the process. 
The following steps, debindering and sintering, are similar 
steps in procesisng as described above for WPP. 

The control of the process is mainly by keeping the 
suspension stable and properly adjusting the spraying 
parameters. 

The electrochemical cell for an SOFC anode 
( N i Z r 0 2 - c e r m e t ) , electrolyte (8YSZ) and cathode 
(La0 gSr0 2Mn03 perowskite) has been produced by using tape 
cast foils of electrolyte and applying by the WPS mode 
anodes and cathodes. They are fired to abtain adhesion and 
pore structure. 

Fig. 16 displays cells as well as micrographs 
characterising their microstructure. 

A critical point during modelling WPP and WPS is seen 
in the proper description of the sedimentation process 
depending on viscosity, as well as size distribution and 
morphology of the powder. Studies to clarify this point are 
under way. 

4. Conclusions 
Advanced materials and their processing have shown 

to be strongly correlated. The success of new materials with 
tailored properties for mostly niche applications highly 
depends on adequate processing. This has to take into 
account the technical requirements of the component where 
the material is manufactured for and also the needs for 
economical production. Processing research is winning 
influence in overall materials science. Materials processing 
means the precise identification of all relevant steps, 
consisting of different physical effects and chemical reactions 
involved and subsequently their quant i ta t ive model 
description. Then as a result a comprehensive tool is 
available to control the process and optimise the product 
quality according to the testing output. 

The case study on plasma spraying described shows up 
the relevance of proper analysis of the transient nature of 
the process. The modeling results gained can be used in 
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future to derive stress controlled coating/substrate materials 
for various applications. Next step would be to include the 
simulation of thermal load testing which might give new 
knowledge concerning failure rate and mode and 
subsequently hints to improved processing. 

The powder shaping methods described are in the stage 
of proper analysis of all contributing single steps. Most of 
them are soundly understood. The modeling is in the stage 
of a simulation tool preparation. 

The examples discussed are closely related to materials 
in energy systems. They are able to bring about advances 
more rapidly and can help to shorten the way from R+D 
results to industrial realization. 
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Table (1) : Analysis of diffraction pattern of implanted 
Fe-30%Ni Films. 
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ABSTRACT 

An essential prerequisite to the understanding of energy transfer between dissimilar 

lanthanide ions in hexachloro-elp&solites A2BLnCl6 (A,B alkali metal ions; Ln trivalent rare-

earth ion) is the study of cross-relaxation processes and the migration of excitations in the 

pure elpasolites as well as the study of LnClJ" ions diluted into hosts with no energy levels 

available for the transfer process. In this contribution the optical spectra of Cs^NaSmClj are 

presented together with some recent results on the preparation, optical spectra and energy 

transfer in the system Cs^NaSn^Y^Clj. 

1. INTRODUCTION 

The radiative and non-radiative energy transfer processes involving lanthanide ions 

in inorganic solids are of considerable technological and scientific interest. The application 

of lanthanide ions in luminescent materials for display devices, lasers and upconverter 

phosphors has stimulated intensive studies of their properties in various crystalline 

environments. 

In most cases these investigations have been undertaken for lanthanides in 

noncentrosymmetric environments in order to ensure that the electric dipole no-phonon 

transitions within the4tN configuration become allowed [1]. A successful quantitative theory 
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exists for these cases (Judd-Ofell theory) where the parity selection rule is relaxed by the 

admixture of 4f'n 7 wavefunctions into the 4/" states [2,3]. l:or centrosymmetric complexes 

models involving vibrations of odd symmetry have been developed [4,5]. Generally the 

excited states of lanthanidcs in ccntrosymmetric complexes have much longer relaxation 

times. This offers interesting possibilities for optical pumping, energy storage and energy 

transfer. 

A well-documented system which provides centrosymmetric sites of octahedral symmetry for 

lanthanide ions are the hexachloro-elpasolites CsjNaLnCI6 (Ln=rare-earth ion [6-8]). Due 

to the high microsymmctry the number of excited states is minimized which reduces the 

number of possible energy transfer mechanisms. 

2. EXPERIMENTAL 

Single crystals were grown with the Bridgman technique using a modification of a 

method described in the literature [9,10]. CsCl, NaCl and Ln2Oj (Ln=rare-earth ion) were 

mixed in the molar ratio 2:l:'A and dissolved in concentrated HC1 under heating and stirring. 

CsjNaLntY,.,Cl4 compounds with x<0.1 were prepared in a similar way starting with 

CsjNaLn0.|Y0.9Cl6 and CsjNaYCl6 mixed in the corresponding molar ratio. After evaporation 

to dryness the powder was put into a quartz tube of 5mm inner diameter and evacuated under 

heating (2 days, 200°C). Then the quartz tube was sealed by melting off at a sufficiently 

large distance from the sample without interrupting the evacuation process. 

Transparent crystals ca. 2 to 3cm long were grown by a vertical Bridgman technique (Fig.l). 

The quartz tube was introduced at the top of a furnace with a known temperature gradient 

(Fig.2) and set to descend over a period of 4 days. 

To remove the crystals the quartz tube was cut and carefully broken. The crystals were 

immediately coated with high vacuum silica grease and stored in small phials containing 

magnesium perchlorate against moisture. 

With a few exceptions the quaternary rare-earth chlorides crystallize in a face-centered 

cubic lattice (Fm3m = 0 )̂ which is the same as for the mineral elpasolite, K2NaAlF6 (Fig.3). 

The lattice parameters for CsjNaYCl6 and Cs2NaSmCI6 are a= 10.7315(15)A and 

10.8341(9)A, respectively [9]. 
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Fig.l The Bridgman oven for growing 
transparent crystals of CsjNaLn.Yi.,0,. 
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Fig.2 Temperulure profile of the Bridgman furnace. The 
distance is measured from the top. 
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The absorption spectra 

were measured using 

the O M E G A - 1 0 

d o u b l e - b e a m 

spectrophotometer 

(Bruins Instruments, 

Germany) with a 

g r a t i n g - d o u b l e 

monochromator and 

adjustable entrance 

and exit slits and a 

R374 photomultiplier 

(Fig.4). For low temperature spectra the sample was kept in a ROKIO Leybold-Heraeus 

closed-cycle-continuous-fiow helium cryostat. The wavenumbers assigned to the absorption 

bands are accurate to ±4cm''. 

Fi};.3 The crystal structure of elpasolites. 
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2 
3 
4 
5 
6 
7 
8 

9 

Mercury lamp 
(calibration) 
Tungsten lump 
Deuterium lamp 
Granny 
Prism 
Sample holder 
Reference holder 
Photomultiplier 
tube 
Slit Fig.4 Double beam spectrophotometer for measuring absorption spectra 

(room temperature setup is shown). 

The experimental setup for measuring pulsed laser luminescent decay curves is shown in 

Fig.5. The excitation source was the 355nm line of a Spectron SL2Q+SL3A Nd:YAG laser 

which excites into one of the higher energy levels of the Sm3+ ion. After a very rapid 

radiationless decay down to the 4G5^ level luminescence occurs from this state. Fig.9 shows 

details of the relevant part of the energy level structure of Sm3+. The duration of the pulses 

was less than 10ns. The luminescence was measured at various wavelenghts using a Spex 

Minimate monochromator. The signals were averaged over about 5000 pulses with a 

modified PARTDH-9 waveform educator and transferred to a BBC microcomputer. The 

samples were cooled with liquid nitrogen and liquid helium, respectively. 

l 

, L @ 

Fig.5 Experimental setup for luminescence decay 
measurements. 

Nd:YAG laser rod surrounded by 
flash tubes 

2 KDP and KTP crystals for 2nd, 3rd 
or 4th harmonic generation 

3 Reflecting mirror 
3a Partly reflecting mirror 
4 Aperture 
5 . Intensity measurement of the 

incident laser beam 
6 Mirror and crystalline sample 
7 Cryostate 
8 Coloured glass to absorb high 

frequency radiation 
9 Monochromator 
10 Photomultiplier 
11 Registration of the luminescent 

spectrum 

3. OPTICAL ABSORPTION SPECTRA 

The 10K absorption spectrum of a CsjNaSmCl,, single crystal (2mm thickness) 

together with the energy level diagram of the free Sm,+ ion are shown in Fig.6 and Fig.7, 

respectively. SmJ+ has the electronic configuration [Xe]4/ with an odd number of electrons 

and is therefore a Kramers ion. The ground state 6H„2 is split into two levels in cubic 
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Tab. I Number and degeneracy of Stark levels arising from multiplets with half-integer ./-values 
(according (o ref.Jl 1J). Within this table Ihe symbol {«}, with n hulf-integer, means that integer 
found by rounding off n (i.e., {5/2} =2). If n is already an integer, then {«} = «. The degeneracy 
of the states is denoted by p. The function h(y) is given by: 

1/2 3/2 5/2 

h(y) I 0 1 
where y for a given J can be found from J=y+3q, with (7=0,1,2.. 

crystal system 

cubic 

other than cubic 

J-lll 

I 

0 

t 

3/2 

0 

1 

2 

5/2 

1 

1 

3 

7/2 

2 

I 

4 

9/2 

J 

2 

5 

... half-integer 

... h(y) + {jn\ 

... {(7+3/2)/3> 

: . . J+ l /2 

P 

2 

4 

2 

symmetries (see Tab.l), which 

are indicated as T7 and T, 

according to the OJ double 

group. At 10K all transitions 

originate from the r7 level of 

the ground state. A comparison 

with the energy level diagram 

in Fig.7 indicates that the two 

sharp lines at ca. 18000cm'1 are 

transitions to the split AGin 

state. This region is shown on 

an extended scale in Fig.8. Transitions to the next higher states *F3n and 4G 

7/2 a r e extremly 

weak and were not observable with the sample thickness used. At still higher energies the 

free ion states are already very close and split according to their J values (Tab.l). An 

assignment is further complicated due to the vibronic origins of the transitions. 

The oscillator strength P of a spectral line, corresponding to an electric dipole 

transition from the component / of the ground level of an ion to the component/of an 
excited level, is given by [2] 

16000 20000 22000 24000 26000 28000 
wavenumbera /cm'1 

Fig.6 Absorption spectrum of Cs,NaSmCI( at 10K. 

P=X[Bn2im/h]-\(i\D^\£)\2 . ( 1 ) 

In Eq.(l) m is the mass of an electron, h is Planck's constant, v is the frequency of the 

transition, and Dj" with q=-l,0,l are the components of the electric dipole operator. The 
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r 1 0 -

•H„„ 

Fig.7 Part of (he energy level diagram for the 
free Sin" ion. 

factor x is a function of the refractive index of 

the medium in which the ion is embedded. 

Generally, electric dipole transitions within the Af 

shell of a rare earth ion are parity forbidden. For 

complexes where the rare earth ion is not situated 

at a centre of inversion, Judd and Ofelt [2,3] 

derived an expression containing three 

phenomcnological parameters which accounts for 

the observed intensity of these transitions. The 

relaxation of the parity selection rule is achieved 

by mixing Af'5d or Af'Sg wavefunctions into 

the Af states via the odd parity components of 

the crystal field operator. The Judd-Ofelt theory 

contains several- drastic approximations. It is 

assumed that the levels of each excited 

configuration Af'5d or Af'Sg extend over an 

energy range small compared to the energy 

difference between the excited Af'n 7 and the Af 

configurations. With these assumptions closure is 

achieved and the extensive summations over the 

states of the ground- and perturbing 

configurations can be carried out. 

The oscillator strength P' corresponding to the 

transition 4>j -* f V of frequency p is then given by 

P / -E7iv<t J |U«>Hry* . (2) 

where if"' is a unit tensor operator of rank A, Tx' are the Judd-Ofclt parameters, and the sum 

runs over the three values 2,4, and 6 for A. The oscillator strengths obtained from this theory 

are accurate to ±10% [12]. 

Transitions that also involve changes in the vibrational modes of the system provide a 

contribution P" to the oscillator strength which can be formulated in precisely the same way, 
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P'/=E7fvtyJ|t/
aif>Cy> . (3 ) 

The parameters 7V and Tx" are related to Ihe radial parts of the Af wavefunctions, the 

wavefunctions of the perturbing excited configurations, the refractive index of the medium, 

and the ligand field which characterizes the environment of the ion. They are usually treated 

as phcnomenological parameters and are adjusted to fit the experimental data. 

If the rare-earth ion is situated at a centre of inversion, as in the elpasolites, P' is the sole 

contribution to the oscillator strength. In this case the odd parity components of the crystal 

field operator are symmetry forbidden and the relaxation of the parity selection rule is 

achieved by odd vibrations [4]. 
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Fig.8 Hot band system of Ihe magnetic dipole allowed transition 
*HW - *G„ of CsjNaSmCI,. 

4<^ 

X 

•H„ 
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— L s i _ 

Fig.9 Luminescent transitions from 
the CGvjr, level of CsjNaSmCI.. 

4. ENERGY TRANSFER THEORY 

The theory of resonant transfer of excitation energy from one ion (donor) to another 

(acceptor) has been developed by Forster [13] and Dexter [14]. Based on this theory Inokuti 

and Hirayama [15] made a detailed investigation of the resonant energy transfer processes 

due to the electrostatic muliipole and exchange interactions in systems in which many 

acceptors are randomly distributed around a donor. The great value of their work lies in the 

fact that they made precise numerical calculations on the yield and decay time of the 

luminescence of the donor as a function of the concentration of the acceptor. Their equations 

enable to decide which type of interaction is responsible for the transfer in the sample by 
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analyzing the decay curves and comparing with the model. 

Consider a system with two different ions, energy donors D, and energy acceptors A, 

randomly distributed in an inert medium. 

Then the transfer process consists of five stages: 

(1) absorption of a photon with energy EQ by the donor; 

(2) relaxation of the lattice surrounding the donor by an amount such that the available 

electronic energy in a radiative transition from the donor is E, < Eg (typical times for this step 

are 10" seconds); 

(3) transfer of energy E, to the acceptor; a spectral overlap between the donor emission and 

the acceptor absorption is essential for the resonant transfer of energy to occur; 

(4) relaxation around the acceptor such that the available electronic energy in a radiative 

transition is E,<E,; 

(5) emission of energy Ej from the acceptor. This requires a time period of about 10* 

seconds or much longer depending on the "forbiddennes" of the transition. 

Because of Ej < EQ the energy must stay on the acceptor, ions if appreciable relaxation occurs. 

Thus there is no energy transfer in the opposite direction. 

According to Fermi's golden rule the probability PM for energy transfer from a particular 

donor ion D to a particular acceptor ion A is given by 

*«-(-Y)p,|/ 'W*>Y'*|a , ( 4 ) 

where pE is the density of the states and H(R) represents the distance dependent interaction 

Hamiltonian between D and A. 

H(R) is determined by one of the following interactions: (a) electrostatic multipolar 

interaction (electricdipole-dipole, electric dipole-quadrupole, electric quadrupole-quadrupole, 

etc.), (b) magnetic dipole-dipole interaction, and (c) exchange interaction. Magnetic dipole-

dipole interactions are very weak and are thus usually neglected for transfer of excitation 

energy in the optical region. Exchange interaction requires a moderate overlap of the charge 

clouds of the electrons on the donor and the acceptor and will therefore be of minor 

importance for diluted materials. 

In the initial state, * ,= \D'A), the donor D is excited while the acceptor A is in its ground 

state; in the final state, ^fF~\DA'), D is in its ground state while A is excited. 

Suppose that a donor is excited at time /=0. If no acceptors are present the 

probability p(i) of finding the donor in the excited state at time i declines exponentially, 
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p( t )=p(0)e"* ' , c , (D> 

where k0 is the rate constant for spontaneous deactivation. 

When acceptors are present, the probability decreases more rapidly due to the additional 

competing process of energy transfer. Let k(RJ be the rate constant for energy transfer from 

a donor D to an acceptor A, at a distance Rlt then 

p l t l - p l O l e ^ n e - * 1 " ' 1 ' , (fi) 

where N is the total number of acceptors in a finite volume around the donor. 

In order to obtain a quantity that is related to the observed intensity of the donor 

luminescence the statistical average <t>(t) of p(i) over an infinitely large number of donors is 

taken, i.e., 

4>(C)=4>(0)e"*l,t l im If e-kl*,cw(R)dv\" .?, (?) 
« - . , V—\J V J 

where w(R) is the probability distribution of the donor-acceptor distance R in the volume V. 

Assuming a random spatial distribution of acceptors around a donor we put 

w[R)dV=4nR2dR/V , (8) 

where V is the volume of a sphere with radius Rv. 

Finally, we get the decay function 

* ( t ) = * ( 0 ) e ' V l im f-ii/%-*«»cR2dR\" '.' (9) 

For concentrated materials, i.e., small donor-acceptor distances, the following expression of 

the rate constant for energy transfer by the exchange mechanism has been derived [14]: 

k(R)=^-K2e'^fFD(E)FA(E)dE , (10) 

where K is a constant with the dimension of energy, and L is called the effective average 

Bohr radius. FD(E) and FJE) are properly normalized lineshape functions of the donor 

emission spectrum and the acceptor absorption spectrum. 

The exponential dependence of k(R) given in Eq.(IO) is only valid for large values of R. 

While k(R) will become very large for small distances, its contribution to <t>(t) is not 

significant (see Eq.(9)). 

At this stage it is convenient to introduce the "critical transfer distance" 
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Ro"-k^n-~^Ki[FDlE)FA{E)dB , (11) 
2 /C0n J 

and the term 

i=z2l . (12) 
1 L 

This leads to the expression for the energy transfer rate 

Obviously, for an isolated donor-acceptor pair separated by R0 the energy transfer occurs 

with the same rate as the spontaneous deactivation in the donor. 

A possible analytical solution of Eq.(13) is given by the inverse-power rate model, i.e., 

*<*)=*0(4)\ (") 
It corresponds to electric dipole-dipole interaction for j=6 , dipole-quadrupole interaction for 

j = 8 , quadrupole-quadrupole interaction for s=10, etc. 

The final result for the luminescence decay function then reads 

( J ) ( t ) = ( { . ( 0 ) e x p j - A 0 t - r ( l - ^ ) ^ ( / c o t ) ^ , (15) 

where T(1-3 /J ) represents the Gamma function, c is the acceptor concentration 

__ 3JV 

4nR 
(16) 

and c0 is called the critical transfer concentration 

47t.K0 

If the acceptor concentration increases above the critical transfer concentration, the distance 

between the ions becomes so small that energy transfer will be possible. If the critcal transfer 

concentration is small the energy transfer rate will be large, and vice versa. 

For the particular case of electric dipole-dipole interaction Eq.(15) becomes 

4>(C)=$(0)exp(-kot-/n-£-JIc^c) • (18) 

After normalization of the intensity and replacement of the unknown constants by parameters, 
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•4^— =A+exp(-C-c-0-/c) , <M°) (19) 

which can be obtained by fitting Eq.(I9) to the experimental data. A has been introduced to 

represent the noise of the measured decay curve. For a given set of parameters a decay curve 

calculated from Eq.(19) is shown in Fig. 10. 

0.1 

i? 0.01 

0.001 

A -0.0052 
C-134.6 
D-96.56 

1 1 1 — 

0 2 4 6 
time / ms 

Fig. 10 Calculated decay curve for a given set of parameters using Eq.(\9). 

5. RESULTS AND DISCUSSION 

The pure CsjNaSmCl6 system has been reported [16] to undergo a Oj to Cjh phase 

transition at ~ 100K. Changes in the immediate environment of the rare-earth ion due to 

phase transitions can be seen in the optical spectra. Fig.8 shows the absorption spectra for 

the 6HW -* 4Gsn transition of CsjNaSmCl6 at 300K and 10K. At 10K the two most intense 

bands are of magnetic dipole origin [17]. The additional bands in the 300K spectrum are hot 

bands (i.e., they originate from the thermally populated T, level of the 6HJrt ground state). 

These four transitions reveal the iyrg splitting (178cm"1) of the 6Hin ground state and the 
4Gin excited state (341cm-1 at 10K, and 350cm-' at 300K, respectively). The shift of the 

transitions to lower energies at 10K is due to the phase transition mentioned above. In both 

cases (10K and 300K) however, the microsymmetry is cubic. Otherwise, additional lines 

should occur because all possible microsymmetries other than cubic ones cause a splitting of 
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the free ion states with total angular 

momentum J into (J+'A) Stark 

components (compare with Tab.l). 

Intensity calculations of bands 

which originate in vibronic transitions 

cannot be performed within the Judd-

Ofelt theory. This model is applicable 

only for rare-earth ions in solution or 

those embedded in glasses at room 

temperature because the splitting of 

the total angular momentum J by the 

crystal field is neglected. For 

crystals, particularly at low 

temperature where only the lowest 

crystal field level of the ground state 

is populated, it is not possible to sum 

over Mj and M'j. which makes the 

calculation of intensity parameters 

much more difficult. However, with 

a method described by Faulkner et al. 

[4,5], oscillator strengths can be 

calculated in principle and compared to the experimental values. This will be done for our 

systems under investigation in a forthcoming contribution. 

The lower energy level T, of the 4Gin state was also used for the decay measurements 

(see Fig.9). Several transitions from this state occur in the luminescence spectrum. Only 

those which have been used for decay measurements are assigned with the corresponding 

wavelengths. In the concentrated compound C^NaSmClj and in • the diluted compounds 

CsjNaSm,Y,.,Cl6 (x^O. 1) the dominant feature of the luminescence is the orange emission 

from the *Giri stale. The lifetime of this state decreases rapidly as the SmJ+ concentration 

increases. This clearly indicates that some kind of energy transfer occurs in the concentrated 

compound. Looking at the energy level diagram (Fig. 11) a possible transfer pathway is 

proposed which consists of a donor emission from 4Gin to 6F9^ and an acceptor absorption 

from 6H3n to 4FOT [18]. This transfer pathway can schematically be denoted as 
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Fig. 11 Cross relaxation in Sm" doped samples. 



SmOGjnJ+SmfHjn) - 2 Sm(6F9/2). 

The best fit to the experimental decay curves was obtained with s=6 which corresponds to 

an electric dipole-dipole mechanism. For this case the critical distance of the transfer is 

estimated to 20A. 
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INTRODUCTION 
"The High Technology Research and Development Programme" also known as the 

"863 Programme", is the People's Republic of China's programme for the research and 
development of high technologies, set up in March 1986. 

The medium and long-term objectives of the 863 Programme are aimed at the 
frontiers of worldwide developments in high technology. Based on China's financial 
and material resources, the 863 Programme has adopted the principle of "Limiting 
targets and stressing focus" in the selection of research topics. Priority has been given 
to the following seven areas: 

* Biotechnology 
•Space Technology 
* Information Technology 
* Laser Technology 
* Automation Technology 
* Energy Technology 
* Advanced Materials 

1. Advanced Functional Materials 
2. High Performance Structure Materials 
3. Modern Materials Science and Technology 

MAIN TASKS AND KEY PROJECTS 
Our main tasks in this field are to develop materials science and technology and 

to provide key advanced materials for the related areas of the 863 Programme (such as 
information, space, energy and other high technologies). The key projects concern the 
following: 

* Optoelectronic materials 
* Synthetic crystals 
* Advanced composites 
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* Advanced ceramics 
* Advanced polymer materials 
* High prcformancc metallic materials 
* Materials for aerospace technology 
* Materials for laser technology 
* Energy materials 
* Biomedical materials 
* Intellegcnt materials 
* Surface and interface science 
* Materials design 
* Advanced processing and evaluau'on techniques 

OPTOELECTRONIC MATERIALS 
Optoelectronic materials arc primarily used in the field of information 

technology and consist of materials for information acquisition, transmission, 
storage, display, processing and calculation. The primary research topics are 
optoelectronic semiconductor materials and synthetic crystals. 

OPTOELECTRONIC SEMICONDUCTOR MATERIALS 
1. Semiconductor materials for 2-5|im optical fibre communication lasers and 

detectors, such as epilaycr growth of Sbrelatcd ternary and quaternary 
compound semiconductors, preparation of AlGaAsSb/InGaAsSbGaSb (InAs) 
multi-cpilayers and MBE growth of InAsSb/GaSb (InSb) and G^Si^ /S i 
strained superlattice materials; 

2. Visible semiconductor laser materials, such as MOCVD DH epilayer growth 
and CBE multiple quantum well microstructurc material growth; 

3. Preparation of GaSb and InAs single crystals and metalorganics (MO). 

SYNTHETIC CRYSTALS 
Growdi of synthetic crystals is one of the fields of high technology where China 

occupies a superior position. A variety of crystals with unique nonlinear optical 
properties, such as BBO, BGO, LBO, LAP, KTP and LN are routinely grown. Efforts 
are now being focused on crystal growth and fundamental research, including 
exploration for new crystals. 
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ADVANCED COMPOSITE MATERIALS 
Advanced composite materials, including PMC, MMC and CMC, arc some of the 

most important research topics of the 863 Programme. 

PMC 
1. High Temperature Thcrmosol Resin (PI) Matrix Composites. 
2. Thermoplastic Resin (PEEK, PPS, etc.) Matrix Composites. 

MMC 
1. Non-continuously Reinforced Composites. 
2. Continuously Reinforced Composites. 

CMC 
1. Non-continuously Reinforced Composites. 
2. Continuously Reinforced Composites. 

INTERFACE STUDY 

HIGH PERFORMANCE METALLIC MATERIALS 
RAPID SOLIDIFICATION MATERIALS 
1. Al-Li Alloys 
2. High Temperature Aluminium Alloys 
3. Titanium Alloys 

ORADERED INTERMETALLICS 
1. Nickel Aluminides (Ni3Al, NiAl) 

2. Titanium Aluminides (T13 Al, TiAl, TiA^) 

3. Iron Aluminides (Fe3Al, FeAl) 
4. New Alloy System (Nb-Ti-Al etc.) 
5. Environmental Effect 

ADVANCED CERAMIC MATERIALS 
STRUCTURAL CERAMICS 
1. Multiphased Ceramic SJ3N4, SiC ceramic matrix multiphased composites 

2.Nanoscaled Cermaics 
3. Design and Tailoring of Cermaic Materials. 
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FUNCTIONAL CERAMICS 
1. Fine Composite Materials. 
2. Ferroelectric Thin Films 
3. High Performance Multilayer Capacitors 
4. Electrostrictive Ceramics 
5. Ceramic Integrated and Storage Devices 

ADVANCED POLYMER MATERIALS 
STRUCTURAL POLYMER MATERIALS 
1. High Performance Engineering Plastics 
2. Liquid Crystalline Polymers (LCP) 
3. In-Situ Composites 
4. Polymer Matrix Composites 

FUNCTIONAL POLYMER MATERIALS 
1. Electroactive Polymers 
2. Optoelectronic Polymers 
3. Acceptor /Donor Polymers 
4. Ionically Conducting Polymers 
5. Electrolytes for Lithium Batteries 
6. Amorphous Polyoleifins (APO) 

MODERN MATERIALS SCIENCE AND TECHNOLOGY 
Modem materials science and technology research is focused on the development 

of material designs, guided by various levels of microstructure theories governing the 
combination of materials design, research and application, synthesis and processing, 
characterization and evaluation, etc. The main research subjects arc: 
* Microstructure design of materials and the prediction of their properties 
* Fine-composite functional materials 
* Nanophase materials 
* Advanced synthesis and processing of materials 
* Advanced materials characterization and evaluation techniques 
* Emerging materials and technology 
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ORGANIZATION AND MANAGEMENT 
* Functions of NAMCC 
1. Planning 
2. Management 
3. Assessment 
4. Distribution of Research Funds 

* Research Area: "High-tech Advanced Materials and Modern Materials Science and 
Technology" 
About 30 Research Projects 
About 300 Research Topics 

* NAMCC 
NAMCC-Funciional Materials Subcommittee 
NAMCC-Structural Materials Subcommittee 
NAMCC Office 

INTERNATIONAL COOPERATION 
* Exchange.of Scientists 
* Exchange of Publications 
* Bilateral or Multilateral Workshops and Seminars 
* Joint Research Projects 
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Abstract 
Advanced high-temperature materials require 

improved mechanical properties in addition to effective and 
economical processing methods. The synthesis of 
high-temperature materials through exothermic combustion 
reactions has the potential to fulfill the investigations of the 
last twenty years. Reactive Hot Isostatic Pressing (RHIP) 
uses this phenomenon to prepare dense materials and 
components starting from elemental powder mixtures. 
Typical materials under investigation are refractory carbide, 
nitrides, borides and intermetallic compounds. Of the many 
metallic phases synthesized by this method, aluminides have 
been the most widely investigated. The present work will 
concentrate on the reactive hot isostatic pressing of the 
systems NiAl, TiAl, Nb3Al and RuAl. All of them are 
promising candidates for future high-temperature 
applications due to their low density, high melting point and 
good corrosion resistance. However, the present use is 
limited by their low room temperature ductility and many 
researchers tried to overcome this disadvantage by alloying 
with other elements. 

Reactive processing in a hot isostatic pressing facility 
(HIP) has been used to create intermetallic compounds. 
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Using an "in situ" HIP dilatometer the densification 
characteristics and the starting point of the exothermic 
combustion reaction was measured. 

The comparison of the microstructures and densities 
after reactive sintering (RSIN) and reactive hot isostatic 
pressing showed no significant differences but theoretical 
density was only reached after RHIP treatment. Mechanical 
properties were measured by compressive tests because they 
give the right values of the ductile to brittle transition 
temperature. 

1. Introduction 
Intermetallic materials have been under investigation 

during the past 15 years as potential candidates for high 
temperature applications. Especially the aluminides have 
been characterized in detail following the objective to find 
refractory materials which could replace superalloys. 
Furthermore there is a special need for lightweight 
materials with high strength and long term corrosion 
resistance at elevated temperatures. Successful introduction 
as construction materials was not reached until now, due to 
the high room temperature brittleness and the 
manufacturing difficulties to these intermetallics. Reducing 
the brittelness has been tried by alloying the aluminides 
with metals like chromium, nibium or other refractories, and 
the improvement of the high temperature strength and creep 
rate can be done by dispersion hardening. A typical 
production method for these intermetallic components is 
casting, but this technique is often limited by the very high 
melting temperatures and the difficulties of producing 
dispersion strengthened materials by this route. So the 
powder metallurgical processing can be a potential procedure 
to enhance economy and to dope informetallics with ceramic 
dispersions. In the present report the fabrication of dense 
intermetallic materials, starting from elemental powders 
and using the exothermal forming reaction, is described in 
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detail. The densification during this temperature driven 
process is pressure supported by using the hot isostatic 
pressing (HIP) technology, in the following called reaction 
hot isostatic pressing (RHIP). RHIP experiments will be 
compared with reactive sintering (RSIN) experiments for 
NiAl, TiAl and RuAl materials. The advantages and the 
limitations of this advanced powder synthesis and 
compaction method are described. 

2. Reactive Powder Processing Methods 
All know reactive powder processing methods use the 

exothermic formation reaction between solids or between 
solids and gases. The basic methematical foundation for 
such processes was developed more than 40 years ago^ and 
first studied in detail under the direction of A. Merzhanov at 
the Soviet Institute of Chemical Physics in 1967^2^. Since 
these days, the applied research became evident in the 
former USSR, later in the US[3] and in Japan[4]. Table 1 
shows the variety of materials prepared by reactive 
processing methods in the past. There are. different 
techniques to carry out the experiments, depending on the 
material system, the heat and temperature generated during 
reaction and also on whether it is asynthesis or compaction 
process. In general, one can divide all the published methods 
in two groups : Reactive sintering and reactive processing 
with the simultaneous application of external pressure. 

Reactive sintering (RSIN) 
Basis of the reactive sintering process is to find starting 

materials which react exothermicly together. This reaction 
can be initiated by a heat source and propagates through the 
system either self sustaining or heat supported. The 
reactants (x, y) are converted to the product (xy). Because of 
the large temperature gradients and the high heating and 
cooling rates the product densification is often incomplete 
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and as a result of the remaining porosity the mechanical 
properties could be better compared to conventionally 
produced parts. The attempt to improve the properties of the 
product led to the application of pressure during reactive 
sintering. 

Reactive processing under external pressure 
This variation of the RSIN method makes it possible to 

produce products in highly dense forms. The pressure 
supported densification also allows the production of high 
temperature structural parts in (near) net shape technology 
and therefore this method could be a potential, cost effective 
tool. Fig. 1 shows schematically the two types of reactive 
processing and as a combination of these techniques the 
reactive hot isostatic pressing (RHIP) method. 

RHIP produces the ignition energy by the internal HIP 
heating elements and sustains the combustion reaction when 
necessary. The isostatically acting gas pressure causes a 
uniform shrinkage in all dimensions. But one needs 
encapsulation of the reactants to transmit the gas pressure 
to the powders. 

The chemical reaction of such a reactive processing can 
be written i.e. 

x (solid) + y (solid) -> xy (solid) + Q 

During exothermic reacting from x and y to the product 
xy the temperature rises. The theoretical limit value is the 
adiabatic temperature (Tad) and can be calculated from the 
thermodynamic functions of enthalpies (DH) and heat 
capacities (Cp) of the formation and transformation. Table 2 
shows adiabatic temperatures for the reactive synthesis of 
compounds. Due to the heat losses in real systems the 
adiabatic temperature will never be reached but it gives a 
good measure for estimating the intensity of the reaction. 
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Munir l d l uses the ratio of formation heat (AHY298) a n ^ the 
heat capacity (CP29s) a t 2 9 8 K and Tad to make a rough 
estimation of which products can be formed without external 
heat (Drfy298/Cp298 ^ 2000K). Below this value the reaction is 
not self sustaining. Fig. 2 shows this relationship for selected 
compounds. When the reaction is ignited the temperature in 
the combustion front rises very rapidly to the combustion 
temperature (Fig.3) and high temperature gradients can be 
calculated. The combustion front propagates through the 
reactants with velocities in the region of mm/s. Due to the 
highly exothermic character, the fast formation velcoity and 
the high temperature gradients the whole process is difficult 
to control. Table 3 gives characteristic data of self sustaining 
combustion processes. 

3, Experimental 
The procedure of the reactive processing (Fig. 4) 

depends on the used technique, but always s t a r t s from 
elemental powders with grain sizes smaller than 50 mm. 
These powders are mixed in conventional mixers under inert 
gas to protect the powders from contact wi th oxygen. 
Ternary elements (e.g. Cr, Nb, B) or dispersions of Y 2 0 3 and 
T i B 2 will be added if necessary. Fur thermore dilution 
elements are necessary. Dilution elements or alloys can be 
added at this stage (e.g. prealloyed intermetallics) to act as a 
hea t sink and give a proper shape retent ion or avoid 
destroying of the RHIP encapsulations. Then the powder 
mixtures either are filled in capsules or compacted by cold 
isostatic pressing (CIP) or uniaxial pressing. The HIP 
capsules are sealed under vacuum^ . After that samples are 
ready for the RHIP or SIN experiments. The last processing 
step is the machining of test samples e.g. for tensile test, 
compression test, hardness and density measurements and 
metallographic investigations. Table 4 shows the particle 
sizes and shapes of the powders used in the present work. 
All these powders are commercially available. 
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4. Reactive Processing of selected inter-
metallic compounds 
The following results of this chapter give a short 

overview of the formation behaviour at the different 
processing steps for NiAl- TiAl and RuAl-intermetallic 
compounds. Characteristic phenomena and differences in 
the microstructure will be shown. 

4.1 Reactive sintering (RSIN) 
Reactive sintering experiments at the above mentioned 

aluminides should show the possibility of producing dense, 
near ne t shape products. The result of numerous tests gave 
similar findings for all test materials and the different 
conditions (temperature, heating rate, green density): 

Dur ing the exothermic reaction a swelling of the 
samples occured and leads to increasing porosity. That can 
be seen in Fig. 5 for a Ti-Al compound. The reaction starts 
below 600°C with a solid state interaction, expressed by a 
slight densification and accompanied by increasing heat 
generation, partial melting and a strong decrease in density. 
Especially for the Ti-Al-system we could show, tha t the 
Kirkendall porosity developed during combustion is not the 
only reason for this swelling phenomena, but also the release 
of Hydrogen visibly affects the density. In Fig. 6 the 
microstructure of Ru-Al samles is illustrated for the cold 
isostatic, the reactive sintered and the reactive HIPed state. 
In comparison to CIP (rel. density -65%) and RHIP (-94%), 
RSIN gives relative densities of about 40%. 

For these intermetallics, densification by sintering 
s t a r t s a t t empera tures close to the compound melting 
temperature . A dilatometer experiment (Fig. 7) is given for 
Ru-Al. Remarkable shrinkage of the sample is visible for 
temperatures higher than 1700°C. This experiment was done 
in a HIP dilatometer without encapsulation of the sample in 
an Argon atmosphere. 

Due to the high, adiabatic temperatures of these 
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compounds, melting during the exothermic combustion takes 
place. In case of detrimental surface to volume ratio of the 
sample a high amount of melt is formed and weakens the 
whole sample structure, connected with destroying the 
sample shape. Sometimes the high instationarity of the 
process gives different phases after exothermic reaction. A 
stoichiometric mixture TiAl resul ts in a mult iphase 
microstructure with the phases Ti2Al, TiAl and TiAl3 (Fig. 8). 

4.2 Reactive Hot Isostatic Pressing (RHIP) 
Main disadvantage of the reactive sintering process is 

the high amount of porosity formed during the exothermic 
reaction and the poor sinterability of the formed compounds. 
RHIP experiments of the intermetallic compounds NiAl, TiAl 
and RuAl were carried out to overcome the RSIN difficulties 
and to study the densification behaviour of these aluminides 
s tar t ing from elemental powders. Following characteristic 
findings of RHIP experiments are reported in a short 
overview. More detailed informations will be given at 
literature[4>5 '6] 

Addition to elements, alloys and compounds, which do 
not participate in the exothermic reaction acting as heat sink 
can avoid destroying the capsule. Another reason to add 
ternary elements (Cr, Nb, W...) or compounds (Y203, TiB2...) is 
to lower the room temperature brittleness of the aluminides 
and to increase the high temperature strength or creep 
resistance. In the system NiAl, additions of chromium should 
result in more room temperature ductility. Fig. 9 shows a 
comparison between RHIP and RSIN experiments for NiAl + 
20wt.% Cr and NiAl + 25 wt.% Cr. Using RHIP technique, it 
is always possible to get full or nearly full density, while 
RSIN produces remarkable porosity. Chromium addition 
results in a two phase material, one chromium rich phase, 
the other NiAl rich. 

The densification behaviour of the above mentioned 
aluminides is dependent on the intermetallic compound. Fig. 
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10 shows the densification of different NiAl compounds with 
additions of prealloyed NiAl, Y203, and Cr in comparison to a 
fully prealloyed NiAl powder. In all cases nearly 100% dense 
products result from the RHIP cycles. RuAI is a potential 
candidate as a high temperature, high strength mateiral. 
Because of the high strength above 1200°C, it seems that 
high pressures and temperatures are necessary to reach full 
density. 1600°C and 180MPa leads only to a relative density 
of about 90%. The microstructuree of RuAI produced by 
RHIP is shown in Fig. 11. Also here the influence of HIP 
temperature and pressure is remarkable, expressed by the 
remaining porosity. 

The examined aluminides are brittle materials without 
additions of ternary elements. To see the effect of Cr on the 
room temperature brittleness of NiAl compression tests have 
been carried out in the temperature range from R.T. to 
600°C, Fig. 12 shows the temperature dependent behaviour 
of the yield stress, the ultimate strength and the elongation 
to fracture. The strengths of the materials alloyed with Cr 
are substantially higher than those of the other two 
materials. This does not apply to the 0.2% yield stress. 
Concerning elongation, which is a measure of ductility, 
however, the NiAl + 15% Cr material is clearly superior. The 
Nial +15 wt.% Cr compound exhibits more than 20% room 
temperature total elongation, whereas the brittle to ductile 
transformation temperature for the other compositions 
should be between 200 and 300C. First tensile tests with 
slightly other chromium additions could not confirm these 
results and have to repeated with modified Cr contents. But 
these results clearly show that only tensile or impact tests 
give the right values and are useful measures to assess this 
class of materials. 

5. Summary 
The reactive processing method as a process for the 

synthesis of mateirals has taken its attractiveness from 
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potentional advantages of this highly instationary 
exothermic solid-solid or solid-gas interaction. The synthesis 
and production of materials and structural parts could be 
done in a single step process. The application of pressure 
leads to highly dense bodies under solid state conditions. 
One important point is the energy savings by using the 
exothermic heat of the combustion reaction. In some cases 
the strong exothermic interaction leads to self sustaining 
reactive processes, once ignited the combustion propagates 
through the reactants and forms the product. The swelling 
effect during reactive sintering can be used for producing 
refractory filter materials by a cost effective method starting 
from elemental powders. Looking to the powder production, 
there is often shown the effect of product purification during 
combustion due to the high reaction temperatures and the 
volatility of impurity elements. For the intermetallic 
compounds NiAl, TiAl, RuAl the advantage of reactive hot 
isostatic pressing (RHIP) in comparison to the reactive 
sintering method could clearly be shown. RHIP is an 
effective processing method to produce highly dense 
materials and structural parts. Further work has to be done 
in respect to the often uncontrolled phase formation and in 
increasing the mechanical properties of this materials group. 
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7. Tables and Figures 

Tab. 1 : Examples of Materials Prepared by Reactive Processing'3' 

Bo rides 

Carbides 

Carbonitrides 

Cemented carbides 

Chalcogenides 

Composites 

Hydrides 

Intermetallics 
Nitrides 

Silicides 

CrB, HfB2, NbB2, TaB2, TiB2, LaB6, MoB2 

TiC, ZrC, HfC, NbC, SiC. Cr3C2, B4C, WC 

TiC-TiN, NbC-NbN, TaC-TaN 

TiC-Ni, TiC-(Ni, Mo), Wc-Co. Cr3C2-(Ni, Mo) 

MoS2, TaSe2, NbS2, WSe2 

TiC-TiB2 , T iBa -A^Q, B4C-AI2C3 TiN-AljOj 

TiH2,ZrH2,NbH2 

NiAl, FeAl, NbGe, TiNi, CoTi, CuAl 
TiN, ZrN, BN, AIN, SiaN,, TaN (cubic and hexagonal) 

MoSi2, TaSi2, Ti5Si3 , ZrSi2 

Tab. 2 : Adiabatic Temperatures for the Combustion Synthesis of Compounds'3' 

Compound 

TiB2 

ZrB2 

NbB2 

TaB2 

MoB 

LaB6 

B4C 

AI4Q3 

TiC 

HfC 

TaC 

SiC 

V\C 

Tud 

(K) 

3190 

3310 

2400 

3370 

1800 

2800 

1000 

1200 

3210 

3900 

2700 

1800 

1000 

Compound 

TiN 

ZrN 

HfN 

NbN 

TaN 

Si3N4 

EN 

AIN 

Be3N4 

Ti5Si3 

Zr5Si3 

NbSi2 

MoSi2 

T-ud 

(K) 

4900 

4900 

5100 

3500 

3360 

4300 

3700 

2900 

3200 

2500 

2800 

1900 

1900 
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Tab. 3 : Characteristic Process Values 

Adiabatic Temperatures 

Combustion Temperatures 

Velocity of the Combution Front 

Temperature Gradients 

< 5000-C 

600- > 4000-C 

0.1 - 15 cm/s 

103 - 106 k/s 

Tab. 4 : Powder Characteristics of elemental Al, Cr, Ni, Ru, Ti prealloyed 

NiAl and Y2Q3 

Powder 

Al 

Cr 

Ni 

R j 

Ti 

NiAl 

prealloyed 

Y2Cb 

Particle 

Size frim) 

<20 

<20 

< 3 - 7 

<20 
< 160 

<45 

<2 

Particle 

Shape 

spiky 

spiky 

spiky 

spiky 

spherical 

e l l i p t i ca l 

spherical 

-162-



RSIN 

Pressure 

Ignltnn Ignition • Pratiua 

Produa 

ZonQ ol SynihsiJi • 

MUad rucunt • 

Ignition 
• 

Isofttatic Prtiiw* 

£ ^ £ • 
0 0 

ESI Mutdrtactani • • Oani* Product 

• i Zont ol Synmult CZ1 Porout Product 

Fig. 1: Schematic of reactive processing methods 

a. 
o 

7000 

6000 

sooo 

4000 

3000 

2000 

1000 

0 

-

-

- D,C 

T I 1 

vc 
o , 

vcJ 

T«Oj / 
o / 

T»c/ 
/ O N b C 

Nee2o/ 

S * 0 / 5 H h S i j 

O r / iWjBj 

/Wo 

1 . 1 _ 

,>-

-

-

-

0 1000 2000 3000 4000 

Tad(K) 

Fig. 2: Relationship of AHf298'"-P298 ancl t^ie adiabatic 
temperature /3/ 

-163-



I 

Time 

Fig. 3: Schematic representation of the temperature profile 
during reactive processing 12/ 

Fig. 4: Flow chart of the reactive processing of intermetallic 
compounds 
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Fig. 8: TiAl microstructure with different formed phases during 
reactive sintering 
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INTRODUCTION 

Many inorganic powdered materials are prepared by precipitation and/or 
crystallization from aqueous solutions; subsequent processing depends on the particular 
application (pigments, ceramics, electronics, etc). 

Crystallization is a complex phenomenon, with three stages: generation of a 
supersaturated solution, nucleation of the solid phase, and growth to yield the final particles. 
A traditional problem in crystallization technology has been the modelling of nucleation and 
growth in different process conditions, to obtain the particle size distribution function and its 
temporal evolution. 

Advanced materials requirements pose stringent conditions as to the shape of the 
particles and the characteristics of the size distribution function. Thus, it not only necessary 
to describe the evolution of shape and size; it is further required to direct the process towards 
the required morphologies. 

Many important advanced and classical inorganic materials are oxides of hydrolyzable 
metals, especially transition metals. Their synthesis from aqueous solution is growing in 
importance, because the soft conditions ('Chimie douce') permits a better control of the 
stages, and thus the tailoring of particfe size and morphology can be better achieved. 

In this paper, the factors that define the structure, size and morphology of inorganic 
powders is analyzed as a result of both thermodynamic and kinetic factors. The experimental 
results on several systems are presented. 

Finally, as an example of an important application of inorganic powders, some results 
on the use of solar energy to degrade organic pollutants in aqueous media through powdered 
titanium dioxide are presented. 
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CRYSTAL EQUILIBRIUM SHAPE 

Although not true in general, in some cases each particle of a powder is a single 
microcrystal. In such cases, crystal chemistry determines particle shape. The equilibrium 
shape of a crystal in contact with water is such that complies with the Gibbs-Curie classical 
theorem: 

E Ss (7j = minimum (1) 

where S and a are the surface areas and specific surfaceenergies for each face present. From 
this theorem, the Wulff condition results, that defines the distances h from the center of the 
crystal to each face present in the equilibrium crystal habit: 

E hj/0; = constant (2) 

Estimation of surface free eenergies may be done using either the geometrical 
Bravais-Donnay-Harker law, or the bond analysis of Hartman-Perdok. The main factor 
defining the development of each face in the equilibrium form is the interplanar distance 
dhkl. Faces with large dyj shall be well developed. 

GROWTH RATE DETERMINED CRYSTAL SHAPES 

Because of the anisotropy of growth rates along the different crystal directions, a 
kinetic shape is defined, that takes into account factors such as inhibition of growth of certain 
faces by ionic adsorption. In simple cases, the equilibrium and the kinetic shapes are similar, 
because the rate of advance of any given face is estimated through: 

R = k/dm (3) 

We have calculated some equilibrium and kinetic shapes for iron oxides and related 
phases: a-FeOOH (goethite), 7-FeOOH (lepidocrocite), FejO* (magnetite) and Fe(OH)j 
(ferrous hydroxide).1 The results are shown in Figure 1. 

SHAPE OF POLYCRYSTALLINE PARTICLES 

It is very usual to obtain acicular goethite particles. However, x-ray broadening and 
SEM demonstrate that these particles are in fact aggregates of much smaller crystallites. It 
has been well established that the nucleation and growth stages involve at least the formation 
of primary particles, size in the order of nanometers, followed by the transformation of these 
through several possible parallel paths: normal growth, aggregation, and even 
dissolution-reprecipitation. The most usual growth mechanism is aggregation that may itself 
take place through different mechanisms. It is most important to distinguish oriented from 
disoriented aggregation. In the small size domain we are considering, surface colloidal forces 
dominate the possible interation between particles, which are usually charged through the 
adsorption of H+, OH", or other ions. In our laboratories a large program of characterization 
of these interactions is going on. For our present purposes, our important conclusion is that 
disoriented aggregation is expected to take place only near the point of zero charge, i.e., 
when immersed in solutions in which no net surface charge develops through ionic 
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adsorption. Thus, in our laboratories we have been able to prepare spherical particles of 
various ferrites MFej04 through the disordered aggregation of primary particles near the 
point of zero charge.2,3 Figure 2 shows some examples. 

When the primary particles bear important surface charges, fast indiscriminate 
aggregation is totally arrested, and only specific interactions lead to larger particles: 
autoepitaxis, dipole-dipole or magnetic interactions. Figure 3 shows the results for the 
important case of the iron(hydr)oxides sketched in Figure 1. The specific interactions 
manifest themselves in the approximate preservation of the primary particles shape.* 

A further usual type of particles results when the primary particles are formed by 
polymerization rather than by crystallization. As there are no crystallographic constrains, 
minimization of interfacial energy prevails, and spherical particles are formed. Again, it is 
now possible to prepare these with a very narrow particle size distribution,5 as illustrated in 
Figure 4 for the case of Cu(OH)j. 

Coprecipitation of two or more metals to yield mixed oxides of desired composition, 
size and morphology is still now an open research front, because of the difficulties to master 
the hydrolytic behaviour and the crystal chemistry of all the involved ions. Thus, we have 
been able to synthesize precursors for Gd2Cu04 and for barium hexaferrite,6'7 but we have 
not yet suceeded in preparing precursors for yttrium-barium-copper high Tc superconductors; 
for these, the citrate route is still now the most promising one, within the field of soft 
chemistry. 

In some cases, particulate metal oxides are materials of interest without any further 
processing. As an example, titanium dioxide colloids are being explored in our laboratories 
for their use in solar energy conversion. Solar energy cells are becoming a commercially 
available option to photovoltaic cells, based of Ti02 powders deposited on electrodes. A 
further use is in photo- or photoelectro-catalysis, in techniques to clean aquatic systems from 
organic pollutants. We are exploring synthetic techniques, starting from titanium alkoxides, 
based on the stability of peroxo species in solution. Some of the deposits obtained thus far* 
are shown in Figure 5. We are also developing a surface treatment procedure to enhace the 
adsorptive capacity of commercial TiO, powders, that has allowed us to increase in 50% the 
amount of adsorbed organic pollutant on the oxide,9 as shown in Table I. 

The basis of the use of TiO, powders to achieve photodegradation of organics is 
depicted in Figure 6. Titanium dioxide is a wide bandgap semiconductor (Eg ca.3.2 ev), and 
oxidation of the organic is performed by the photoholes created in the valence band upon 
illumination. A comparison of several possible semiconducting metal oxides is shown in 
Figure 7. Conduction band electrons are consumed by dissolved oxygen, and the net reaction 
is the autooxidation of the organic matter under mild conditions. Of a whole suite of possible 
semiconductors, Ti02 is especially promising because of its very low corrodibilily;10 a 
separate program on thermal and photochemical corrosion of metal oxides is underway in our 
laboratories. Photooxidation leads to the total mineralization of organic matter; in 
experiments recently performed in our laboratories, total mineralization of salicylic acid was 
achieved in 90 min, provided that good reactor conditions are set up, as to guarantee that 
adsorption of the acid onto the oxide does not limit the photolysis rate. This condition can 
be achieved only in well stirred conditions, or under constant removal of photolyzed 
substrate. Figure 8 shows a typical adsorption isotherm." This type of technology, belongs 
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to the so-called environmentally friendly technologies, and illustrates the importance given 
by our Institution to achieve a cleaner environment through friendly innovations. 

FINAL REMARKS 

I have chosen to describe only the application of our synthetic procedures to systems 
of interest in solar eanergy use. However, the applicability of the method is much more 
widespred, and we are also studying at present subjects such as the obtention of uniform 
coating of one material onto another (for pigments or similar applications), obtention of 
hexaferrites by alternatives routes, etc. 
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ABSTRACT 

Laminated fiber composites consist of unidirectional plies in which the 

fiber — or longitudinal — direction in one ply is generally different from that of 

the adjoining plies. However, the thickness direction of the laminate is the 

transverse direction of all plies. Nevertheless properties of the laminate as a 

whole in the thickness direction may be significantly different from the transverse 

properties of the constituent plies. This paper examines the thickness modulus, 

strength and thermal expansion of a series of graphite-epoxy angle-ply laminates 

in relation to the properties of the individual ply and the ply angle. Both analysis 

and experiment reveal that the thickness modulus as well as the thickness 

thermal expansion coefficient increase with ply angle to a maximum at 45°. 

INTRODUCTION 

The elastic and thermal expansion properties of fiber reinforced composite 

laminates are related to the properties of the individual ply by the stacking 

sequence of the plies in the laminate, their respective thicknesses and the fiber 

orientation in each ply. The properties of the ply in turn depend on those of the 

fiber and matrix and their volume fractions. 

In-plane properties of the laminates have received the most attention both 

experimentally and analytically and the literature abounds with such work (1—4). 

Relatively little attention has been given to properties involving the thickness 

direction (5-6). And yet there are numerous applications that require knowledge 
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of these properties such as the case of thick walled filament wound tubes under 

internal pressure in which the radial direction is the equivalent to the thickness 

direction of an angle-ply laminate. This paper describes work on the thickness-

related elastic properties and thermal expansion of angle-ply graphite epoxy 

laminates. 

MATERIALS AND SAMPLE PREPARATION 

The material selected for this study was a graphite-epoxy system supplied 

by -NARMCO Corporation identified as Rigidite 5208/Graphite R. The material 

was received in the form of 4 inch wide prepreg-tape in which the fibers ran in the 

lengthwise direction of the tape. 

Relatively thick laminates, approximately one thousand plies thick, were 

made from the prepreg tape by stacking the tapes in the proper sequence and 

autoclave curing according to the tape manufacturers recommended cure cycle. 

The lay-up of the angle-ply laminates is illustrated in Fig. la . Strictly speaking 

for the laminate to be "balanced" the laminate should possess midplane 

symmetry, i.e. for every ply above this plane there must be one at the same 

distance below it having the same fiber orientation as depicted in Fig. lb. 

However, thick laminates in which the fiber orientation alternated from +9 in one 

ply to -6 in the next all the way through were prepared, from which samples 

were cut for our experiments. The difference between such samples and ones 

with midplane symmetry is insignificant since such difference tends to vanish as 

the number of plies goes into double digits. 

In addition thin walled tubular torsion samples were prepared for the 

determination of the in-plane shear modulus of the unidirectional materials and 

16 ply thick angle-ply laminate panels were also prepared for measuring the in-

plane elastic moduli and in-plane thermal expansion coefficients. 
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TESTING 

In-plane elastic constants of unidirectional compoaites were performed in 

tension on coupons cut out of 6" x 6" panels. These yielded values of the 

longitudinal modulus EL, transverse modulus, E-i>, the major Poissons ratio VLT 

and even though the value of V^L can be calculated from these constants, it was 

also determined experimentally. The shear modulus GLT w a a determined in 

torsion of a thin-walled tube with fibers parallel to the tube axis, and VTT the 

transverse-transverse Poissons ratio was determined in compression on a 

relatively thick sample. Samples were instrumented with electrical SR-4 strain 

gauges and the loads were applied using a Tinus-Olsen Universal Testing 

Machine. For the torsion test a twisting device was designed and constructed in 

which the tube was gripped at one end and a twisting head at the other end 

applied the torque using the Tinus-Olsen machine. The angular rotation of one 

end relative to the other was then monitored using a triptometer. 

The thermal expansion coefficients both in-plane and along the thickness 

direction for all laminate configurations were determined between 50°C and 150°C 

using an Orton automatic dilatometer which was modified to substantially 

increase its sensitivity. 

Mechanical testing of the angle-ply laminates along the thickness direction 

was performed in compression on samples instrumented with electrical strain 

gauges, to measure elastic constants. (The relatively large strain in the few 

samples that were compressed to failure was monitored with a mechanical dial 

gauge of .0001 inch sensitivity which in effect measured the separation of the 

platens of the of the testing machine.) 
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ANALYSIS 

Elastic Properties 

For the purpose of analysis only a simplified construction which 

sufficiently represents the whole laminate is needed. This consists of two layers 

with identical thickness one (layer a) with fibers making an angle +8 with the 

laminate coordinate axis and the other (layer b) with fibers making an angle of 

-6 . Since each layer is treated as an orthotropic continum and the bond between 

layers is assumed to be perfect the combined laminate is thus orthotropic and the 

shear strains y23» Y31. a n ^ Y12 must he zero when the laminate is under loading in 

its principal directions 1, 2 and 3. 

The independent elastic constants of the individual ply referred to the ply 

material axes are EL, E^, VLX, GLT 8°^ VTT where L stands for longitudinal and 

T for transverse. These are determined experimentally and are thus known 

quantities. The compliance matrix for the ply which is transversely isotropic can 

be written as follows in terms of the moduli and Poissons ratios that engineers are 

accustomed to. 

JL zhii. Z2SL 0 0 0 

l^mnJply = 

E. ET ET 

r l i x _L zhL 0 0 0 
EL ET ET 

~1' 
E 

-v XL 
Ej ET 

0 0 0 

0 0 
*TT 

JTL 

G LT 
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note however that V-JL = VLT ET/EL and GTT = Er/2(1 + VTT) leaving only 5 

independent constants in the above matrix. 

The compliance matrix using axes 1, 2 and 3, the principal materials axes 

of the lamina is obtained by transforming the stress for the 1, 2, 3 axes system to 

the L, T, T, axes system, obtaining the strains using the compliance matrix above 

then transforming the strains back to the 1, 2, 3 system. Note that the third axis 

in both systems i.e. T and 3 are the same. Once the compliance matrix of the ply 

in the 1, 2, 3 axes system is known we can write 6 equations relating stresses to 

strain for each of the two plies for a total of 12 equations. 

Compatibility requires strains, both normal and shear, to be the same for 

each of the two pliea as it is for the laminate and all shear stresses are equal to 

zero 

thus e u * e l b " e l 

Yl2.»Yl2b-Yl2«0 

•ft3a«Y23b-Y23»0 

Y3U»Y31b»Y31"0 

and for equilibrium we have 

a la + o r l b a 2 a l 

0*2, + ca, • 2oj> 

°3a * °3b * °3 

and by specifying the values of the stresses applied to the laminate o*i, o^. a3> t12> 

T23, T31 we have 36 equations for the 36 unknowns (6 stresses and 6 strains for each 

of two plys and for the laminate as a whole). 

In our case of applying a stress 03 along the thickness direction, and all 

other stresses Oj = o 2 = 0 and t 1 2 = t2 3 = 131 = 0 the computations are fairly simple 

-187-



and with the aid of a high speed computer can be easily and rapidly obtained. 

Thus E3 Youngs modulus along the thickness direction is 03/83, V23 is -tzizz, V31 is 

-Ej/e3. For the in-plane modulus Ej , all stress components except 0j are zero but 

Ej is 02/£lf V12 = -€^ZV 

In addition to the rigorous analysis described above, finite element analysis 

was also performed using computer code ELAS 75. This program is developed by 

Dr. S. Utku (7), and is a versatile energy based linear elasticity program which 

handles many types of structures including general solids. 

Thermal Expansion 

The thermal expansion coefficient of properly stacked laminates in the 

laminate plane, i.e., c<i and a 2 have been the subject of many studies, both 

theoretically and experimentally (8-10). As to the thermal expansion along the 

thickness direction of angle-ply laminates, invoking conditions of compatibility 

and equilibrium the following relationship may be obtained (11). 

I, Bin'29 
" ^ I . c o s ^ e + I j s i n ^ e ^ 

where I, = E^E, 

I» = G L T [ E «. + ( 1 + 2 V « . T ) E T ] 

I, = ELGLT(ctT -aL ) (V T T -vn) 

RESULTS, OBSERVATIONS, AND DISCUSSION 

Elastic Properties 

Variation of Youngs modulus with ply angle both in plane and through 

thickness has been established by analysis, the validity of which has been checked 
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with experimental results. Fig. 2 shows these results. Only the in-plane Ej is 

shown in the figure since E2 for ply angle 8 is the same as E2 for ply angle (90-0), 

of course by the same token the E3 curve is symmetric about the ± 45° angle i.e. as 

far as E3 is concerned the same laminate may be described as ± 9 or ± (90-5). The 

continuous line on these graphs are for calculated values (which were identical 

within the range of computational error for the rigorous and the finite element 

analysis). The points on the graph are experimental points and because of the 

fairly large interval between them we could not justify curve fitting for the 

experimental results. It may be remarked here that the value of Ej at a ply angle 

of 6 is significantly higher than that of the unidirectional composite at the same 

angle with fiber direction. It is clear that thickness modulus increases with the 

ply angle reaching a maximum at ± 45°. This maximum value is more than 

twice as much as that of the transverse modulus. Had the plies been just stacked 

but not bound to one another the thickness modulus would have naturally been 

the transverse modulus, and alternate layers would have incurred opposite shear 

strains. The fact that shear strain is absent in the laminate means that these 

plies are imposing shear stresses on one another which translates into an in-

plane stress pattern which becomes more intense as the ply angle increases 

toward ± 45°. Poissons ratios involving the 3 directions are shown on Fig. 3 

together with the in-plane one v^2 and here again the solid lines give the 

calculated values and the points represent experimental results. Very small 

values of Poissons ratio — close to zero — and very large exceeding unity have 

been observed and reported frequently for Vx2 and come as no surprise. However, 

the Poissons ratio V23 and V31 — particularly the former — have distinctly 

negative values reaching around -.7 at about ± 65°. This has been repeatedly 

confirmed by experiment and adds one more to the peculiarities or unusual 

behavior of fiber composites. However, at any value of ply angle the sum of V31 and 
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V32 (or V23 E3/E2) is always positive. For example at ± 60 V23 = -.56, E3 = 1.73 x 106 

psi, and E2 = 8.59 x 106 psi thus v32 = -.56 x 1.73/8.59 = -.113 and v31 = .62. So v32 + 
v31 = + .507. This means that upon compression in the thickness direction the 

croso sectional area increases as one would intuitively expect even though in the 2 

direction the material actually contracts. 

Thermal Expansion 

The in-plane thermal expansion coefficient of the graphite-epoxy angle ply 

laminates and their thickness thermal expansion coefficient are given in Fig. 4. 

For the in-plane expansion only cti is shown since 02 at ply angle 6 is the same aa 

ci} for ply angle (90-6). Again the solid linos represent the theoretical predictions 

and the points are experimental determinations and it can be seen that the 

experimental values of the in-plane coefficients follow the theoretical prediction 

very closely indeed. The value of aj at 0° is a^ the longitudinal thermal expansion 

coefficient of the unidirectional composite and 04 at 90° is a? the transverse 

coefficient. Notice that the coefficient dips significantly below the longitudinal 

coefficient and it may be mentioned that it goes well below its value for a 

unidirectional composite at the same angle with the fiber direction. 

Both theory and experiment indicate that the thermal expansion coefficient 

of the laminate is significantly higher than the transverse coefficient of the 

individual ply even though this direction a transverse direction to each ply in the 

laminate. Here again, had the plies been simply stacked with no bond between 

them the coefficient would have naturally been the transverse coefficient. The 

maximum value of the thickness coefficient is reached when the ply angle is ± 45 

(such laminate is often referred to as cross-ply) at which the coefficient was 

calculated and measured to be over 90 x l O - 6 / ^ whereas the transverse coefficient 

is only 54 x 10-6/°C. 
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CONCLUSIONS 

1. Youngs modulus of angle-ply laminates along the thickness direction is 

substantially higher than the transverse modulus of the ply material. 

2. Poisson's ratio involving the thickness direction V31 and V32 vary within 

wide limits from positive values exceeding unity to negative values of 

significant magnitude, but the sum of the two for any ply angle is always 

positive. 

3. The coefficient of thermal expansion along the thickness direction of angle-

ply laminates is much higher than the transverse coefficient of thermal 

expansion of the ply material. 
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Abstract: 
Advanced ceramic materials have a number of unique properties compared with other materials. 
Among the most important are their excellent corrosion and wear resistance, high temperature 
stability and for some ceramic materials a high mechanical strength both at room and at higher 
temperatures. Many ceramic materials used today, however, suffer from a low fracture 
toughness and with the aim of improving this property a number of ceramic composites have 
been developed. In this paper the results obtained in our work on preparation and testing of 
ceramic matrix composites, reinforced with ceramic fibres, particles and platelets will be 
presented and discussed. 

Introduction: 
Advanced technical ceramics have a number of very useful engineering properties, such as: high 
temperature strength, low density, high stiffness, low thermal expansion and thermal 
conductivity, good corrosion and oxidation resistance, high hardness and good wear and erosion 
resistance. There are therefore many important applications for these materials, especially for 
functional ceramics where these characteristic properties can be combined with specific 
electrical, magnetic and/or optical properties. 

However ceramic materials generally suffer from an inherent brittleness and therefore gives a 
low fracture toughness, which limits their applications to conditions where the ceramic 
components are only subjected to relatively low stresses. There is therefore a strong incentive 
towards developing tougher and thus more reliable ceramic materials which undergoes "graceful" 
rather than catastrophic failure. 

In comparison with monolitic ceramic materials, the ceramic matrix composites (CMCs) 
containing ceramic reinforcements - particles, whiskers, platelets and fibres - offer many 
possibilities of toughening for instance by crack deflection, crack bridging and pull-out of the 
reinforcing phase. Much effort has therefore been devoted world-wide to developing new CMCs 
with improved mechanical properties. 

During the last five years research and development on CMCs has been carried out within the 
Danish Centre for Advanced Technical Ceramics at Riso National Laboratory. In this work the 
research was focused on the following systems: Zirconia reinforced with alumina in the form 
of particles, short fibres (whiskers) and platelets, and alumina matrix composites reinforced with 
zirconia particles and titanium boride platelets. In this paper the properties obtained for these 
systems are presented and discussed. 
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Mechanical properties: 
Generally the theoretical strength of a ceramic material is considered to be 10-20% of the 
Young's modulus, E. For A1203, which has a relatively high E modulus of about 380GPa, the 
theoretical strength is thus in the order of 38Gpa. However, this very high strength is never 
reached in practice - for AljOj the room temperature tensile strength is typically - 400 MPa. 

The difference between the strength values actually achieved and those theoretically obtainable 
for a monolithic ceramic like Al3Oj, is due to two factors: the inherent low toughness of ceramic 
materials, and the presence of flaws which act as a stress raisers leading to development of 
cracks. 

The relation between the fracture strength, a, and the flaw size, a, with fracture toughness, Kk 
(MPam*) (critical stress intensity factor) as the controlling factor can be expressed by the 
Griffith equation derived for brittle materials: 

o - Y • K,jfr (1> 

where Y is a geometrical factor depending on the sample geometry and the testing technique 
used. 

From this equation it will be noted that for a given K̂  - material constant - the fracture strength 
will decrease with increasing flaw size. One way to improve the strength of a ceramic material 
will therefore be to decrease the size and number of the flaws present in the ceramic as a result 
of processing. Narrowing the flaw size distribution furthermore increases the reliability (high 
weibul modulus) and a strict control of all processes involved in the fabrication is therefore 
necessary to produce ceramic components with good and reliable mechanical properties. 

After optimum properties have been obtained by improving the manufacturing processes, to 
reduce the flawsize, eq. 1 indicates that there is a further possibility of improving the mechanical 
strength by improving the fracture toughness, Kfc. Such improvements could furthermore provide 
the basis for a wider use of ceramic materials in structural applications, as the main reason for 
the reluctance to use these materials under high stresses is their inherent brittleness. 

There are several mechanisms by which the fracture toughness of a ceramic material can be 
improved: 

(1) Transformation toughening - unique property of ZrOj ceramics. This toughening arises 
from the volume expansion due to the phase transformation from the tetragonal to the 
monoclinic phase triggered by mechanical stresses, creating a compressive stress field 
around the crack tip. 

(2) Crack deflection/branching - the energy of the advancing crack can be adsorbed when 
it encounters a second phase, for instance a reinforcing phase such as particles, 
whiskers, fibres or platelets. This mechanism requires a weak interphase or a mismatch 
of properties, especially thermal expansion, between the second phase and the matrix. 
A good example of a material with pronounced crack deflection is multilayered 
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materials with weak interfaces between the layers. In the SiC/C laminate composite for 
instance, the cracks are strongly deflected at the laminate interfaces resulting in an 
apparent K,c of ~ ISMPam*. 

(3) Crack bridging - elastic energy is stored when the advancing crack is bridged by the 
reinforcing phases. This effect can also be observed in materials containing elongated 
grains, for instance in AljOj and SijN4. 

(4) Fibre pull-out - in "long" (continuous) - fibre composites, where the fibres have 
sufficiently high transverse strength, the load will, to a certain level, be carried by the 
fibres which then can be pulled out of the matrix. This mechanism generally requires 
that the interfacial bond between the matrix and the fibre is reasonably strong so that 
the energy of the advancing crack is effectively absorbed by the resistance of the fibres 
to pull-out. The friction involved in this pull-out also play an important role. 

(5) Residual stresses - in composites with a thermal expansion mismatch between the matrix 
and the reinforcing phase stresses will be formed during cooling from the fabrication 
temperature. If the coefficient of thermal expansion is larger for the reinforcing phase 
than for the matrix compressive stresses will be set-up in the latter which can postpone 
the multiple matrix cracking generally observed in fibre composites. 

(6) Matrix microcracking - when the difference between the thermo-mechanical properties 
of the matrix and the reinforcing phase becomes sufficiently large, microcracks will be 
formed. These microcracks either can act as arrestors for crack propagation or as crack 
deflectors. 

Comparing the two types of ceramic materials, the monolithic and ceramic matrix composites, 
there are thus many more possibilities of improving the mechanical properties and the reliability 
by fracture toughness improvements for the ceramic composites. This makes these materials very 
attractive for the development of new engineering ceramics with improved properties. For some 
of the ceramic composites it is also possible to produce "damage tolerant" materials, i.e. 
materials for which the initial cracking, does not produce complete (catastrophic) failure, but 
causes detectable changes in the bulk properties such that overstressed components can be 
replaced. 

Experimental: 

Materials and Processing 
Five composite material systems have been studied: zirconia toughened alumina ((Y)Zr02p, -- > 
A1203), alumina particle reinforced zirconia (Al203p. --> (Ce)ZrOJ[l], alumina short fibre 
reinforced zirconia (Al2Oj,r --> (Y)ZrOj), alumina platelet reinforced zirconia (Al203pi --> 
(Y)Zr02)[2,3], and titanium boride platelet in alumina (TiBjp, - Al20,)[4]. Sources of the main 
starting materials are listed in Table 1. 
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Materials 

A1A 

A1A„ 

AlAp. 

TiBjp, 

(Ce)Zr02 

(Y)ZrO, 

Systems 

(Y)Zr03p.--> A1A 

A 1Ap.--> (Ce)ZrO, 

TiB,,, ~> A1A 

Al 2Ow -> (Y)ZrO, 

M A * " > OOZrO, 

TiB2pl--> A1A 

A1203 - > (Ce)Zr02 

A l A . r - > (Y)Zr02 

A1AP. -> (Y)Zr02 

Sources 

Reynolds HPT 

Alcoa A16 SG 

Alcoa A16 SG 

ICI, 6-A1A 

Atochem 

Union Carbide Coatings 
Service Co. HCT-30 

TosohTZ12Ce 

Tosoh TZ2Y, 2.5Y, 3Y 

Tosoh TZ3Y 

Table 1. Sources of the starting materials in the different composites 

The processing techniques, which were varied for each individual system, generally included 
mixing of the ingredients, forming and sintering. Pressureless sintering at temperatures over 
1500 °C was used as the standard technique to densify the materials. Detailed descriptions of 
these techniques are summarized in Table 2. 

Characterization 
Density of the sintered materials was measured by the buoyancy method. Flexural strength (a,) 
was measured by four-point bending test on samples polished on the tensile surfaces. Diamond 
indentations were made on the polished surfaces to determine the hardness (Hv) and fracture 
toughness K|C (Vickers indentation method). In some cases K]c was also measured by the 
Chevron Notched Beam (CNB) method. Scanning electron microscopy (SEM, Jeol 840) was 
used to study the microstructure. Crystalline phases in some cases were determined from the X-
ray diffraction (XRD) spectrum. 
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Systems 

(Y)Zr02p.--> A1A 

AliOjp. - > (Ce)ZrOj 

Al203rf--> (Y)ZrO, 

Ai20Jp,"> (Y)ZrO, 

TiB3pl-> AljO, 

Features of the processing technique 

chemical co-precipitation of 3 mol% Y2Oj - ZrO, 
on dispersed Al2Oj powder; dry pressing 

wet mixing at PH=2 the two dispersed powders by ball 
milling; dry pressing 

elimination of agglomerates in A120]|(; wet mixing 
in ethanol by ball milling; dry pressing 

wet mixing in water the dispersed ingredients by ultra-
sonication, and ball milling; pressure filtration, or slip 
casting 

wet mixing in water with dispersant by ultrasonication, 
and ball milling; pressure filtration 

Table 2. Summary of the experimental systems and the processing technique; 

Results and Discussion: 

m Z r O v - > A17Q, 
The precipitation technique yielded a composite with a homogeneous distribution of Y-TZP 
particles at the alumina grain boundaries. A fine microstnicture and no exaggerated grain growth 
were observed in the Al2Oj matrix due to grain boundary pinning by the Y-TZP particles. The 
sintered material had an average density of -97 % of the theoretical density, a, and KIC were 
325 MPa and 5 MPam*. respectively. 

A1A-. " > (Ce)ZrQ7 
Table 3 shows the composite properties as a function of sintering temperature. It is demonstrated 
here that both strength and toughness could be improved in this composite system compared to 
those of the matrix. The increased strength of the composite is considered to be the result of 
good dispersion of A1203 particles at the TZ12Ce grain boundaries effectively pinning the 
TZ12Ce grains, giving a finer grain size, as shown in Fig.l. The high fracture toughness of the 
composite was thought to be the combination of transformation toughening of the matrix and 
some crack deflection by the A1203 particles. Transformation toughening must have played a 
major role since the matrix alone had a high toughness. 



System 

20 wt % 

Al2o3p.--> 

(Ce)Zr02 

matrix 

Sintering 
T/ °C 

1450 

1550 

1650 

Relative 
density/% 

97 

98+ 

99+ 

99 

a, /MPa 

675 

650 

660 

525 

Klc/MPam* 

13 

28 

20 

20-25 

Hv/GPa 

11.0 

11.5 

11.25 

9.0 

Table 3. Physical properties as a function of sintering temperature for (Ce)ZrOj matrix and 
composites containing 20 wt % AljOj particles. 

8*v m&3 

r-

7S10 10KU X5*QO0̂  :ilFift UOs? 

(b) 
Fig. 1. SEM o materials sintered at 1550°C, for (a) matrix, (b) composite. 
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AliQ. r f--> fY)ZrQi 
Due to the higher aspect ratios of short fibre reinforcements, ceramic composites of this type 
usually have higher K,c values in comparison to particulate materials. However short fibres tend 
to bundle more readily than particles, therefore processing to reduce agglomeration and increase 
dispersion in the matrix is an important consideration. 

Composites containing 10 wt% and 20 wt% Al2Oj,, in (Y)Zr02 matrices were synthesized by a 
colloidal process. Dry pressed composite powders were sintered at 1450 °C - 1650 °C for 2h. 
Some of the samples were pre-sintered at 1450 °C, and subsequendy hot isostatically pressed 
(HIP) at 1500 °C for lh at 100 MPa. Figure 2 shows the bending strength as a function of 
sintering temperature. Optimum mechanical properties, a, = 760 MPa and Klc = 9.2 MPam* 
were obtained for 20 wt% Al203>f - TZ3Y samples pressureless sintered at 1600 °C. 

aao 
Bond Strenrjth MPa. •o - ror *m « * Aaoaoo -M-THTA/IO «T* M X W W ) 

800 -

760 -

700 

850 -

600 

SCO 
1450 1600 1560 1S00 

Sintering Tompratura C. 
1660 1700 

Fig.2. Bending strength as a function of sintering temperature for composites containing 10 
wt%, and 20 wt% Al203l, in (Y)Zr02 

I i B » i - > M & 
Figure 3-6 show the effect of different sintering parameters on the relative density of the 
composite and matrix. The fact that both N2/9% H2 and Ar/3% H2 resulted in lower relative 
densities for the composite relative to pure Ar is probably due to the lower oxygen partial 
pressure in these atmosphere. Figure 4 reveals that under identical sintering conditions the 
densification becomes more difficult with increasing amount of TiBjp,, and that using the TiBj 
powder bed is beneficial for the densification. The SEM fractograph (Figure 7) of samples 
sintered at 1680 °C, 2h in Ar in a TiBj powder bed shows qualitatively that the grain size 
decreases with the addition of TiBj, but porosity also increased, which is consistent with the 
sintering results (Figure 4). 



Examining the fracture surfaces of the materials CFigure 7) shows that intergranular fracture 
dominates although transgranular fracture mode can also be observed, which however apparently 
becomes less with the increase of TiB,,,, loading. Fracture toughness values of the composites 
were intended to be measured by Vickers indentation technique, this was however not successful 
probably because of the large grain size relative to the crack length in the material. 

K,c values measured by CNB method were - 4 MPam", which was not significantly improved 
compared to the matrix material (typically 3 - 4 MPam"). This may due to the fact that the 
aspect ratio of the TiBj,,, was not high (-4), the platelet behaved more like particles, and 
therefore, these platelets were not very efficient as reinforcing phase. In addition, there was little 
thermal expansion coefficient mismatch between TiB,,,, and that of AljOj, resulting little internal 
stress which could make some contribution to the toughening. 

Qualitative analysis of the platelet texture by SEM indicated a significant degree of alignment 
could be obtained in platelet reinforced ceramic matrix composites produced by pressure 
filtration. The platelet texture, however, varied greatly throughout the individual compacts 
according to the flow conditions present. High viscosity suspensions in combination with low 
platelet contents ( less than 10 wt%) was in favour of maximizing platelet alignment and 
minimizing "eddy" texturing[2]. Figure 8, 9 show the "eddy" texturing and alignment parallel 
to the adjacent chamber wall. A schematic representation of the platelet orientation in the 
pressure filtrated disc is presented in Figure 10. 

Such a unique microstructure generated anisotropic properties. Figure 11 shows the indentation 
fracture toughness varies according to the position of the indents in the same sample. The values 
roughly correlated to the degree of platelet alignment on each surface[3]. 
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Fig.7. SEM fractograph of samples sintered at 1680 °C for 2h in Ar with TiBi 
powder bed. (a) A1JD3 - 3O0ppm MgO (AM); (b) AM - 5 wt% TiB^ (c) 
AM - 20 wt% TiBjpp (d) AM - 30 wt% TiB^. 
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Fig.8. Backscattered SEM (BS) of eddy texturing 

Fig.SL SEM (BS) of AlA,,, alignment near chamber wall 

PRESSING DIRECTION 

-No Definable Ocicolalian 

Fig.lO. Schematic representation of flow patterns on a sectioned surface 
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Fig.12. Schematic illustration of a standard slip cast bar, and the orientation of the 
platelets 
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Eg.13. SEM of (Y)Zr02 -10 v/t% Al203pl formed by slip, casting 
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(Y)ZrO, - 10 wt% AljOjp, composite formed by slip casting also showed strong texturing along 
the walls of the mould. Figure 12 is a schematic illustration of a standard slip cast bar, and the 
orientation of the platelets. Figure 13 is an SEM of (Y)ZrOj - 10 wt% Al203p, formed by slip 
casting. K,c measurement using CNB method was performed on samples cut from the middle 
part of the slip cast bar. Cracks were introduced to propagate in two different directions. 
Perpendicular to platelet plane the K,c was measured to be 11.7 MPam", whereas the K1C value 
found when the cracks were propagating perpendicular to the platelet edges was 17.1 MPam*. 
These values were the average of 4 samples in each case. It should be noted that the absolute 
K,c values may not be correct because stable crack growth was not obtained during the 
measurement. The values however shows the difference in the two situations. Assuming that the 
platelets are relatively stronger than the matrix and that the interphase between the two phases 
is strong, which eliminates mechanisms like crack deflection, crack bridging and platelet pull-
out, this difference in K,c can be explained by the different load carrying capacity of the platelets 
in the two directions - high across the platelets, where the cracks have to propagate from one 
edge to the other, and lower through the thickness of the platelets where the cracks propagate 
from one surface to the other. 

It is also worth noting that the KIC value measured using the same method for the matrix 
materials was 5.9 MPam* (average value of 10 measurements), which shows that the presence 
of the platelets effectively increased the fracture toughness 2-3 times. 

Conclusions: 
Based on the results in the present work some conclusions are summarized as following. 

KIC values depend on the technique used in the measurement. 

Controlled platelet orientation in a platelet reinforced composite results in greater 
improvement on the fracture toughness of the material. 

Larger volume of controlled oriented platelets could be obtained by slip casting than by. 
pressure filtration. 

The effectiveness of different toughening agents may be ranked from the most as short 
fibres, platelets, and particles. 
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ABSTRACT 

This paper reviews high performance fibers used in the 
production of textile composites. Techniques used to produce 
preforms using these fibers are discussed. The properties of fibers 
such as kevlar, spectra, glass, carbon and ceramic are presented. 

The paper also discusses densification or consolidation 
techniques used to produce composites from each fiber. 

Finally, the paper compares the properties of Carbon/Epoxy 
composites with that of 6061 aluminum. 

1. INTRODUCTION 

Fiber composites owe their success to the development of 
structurally efficient reinforcing fibers. Materials in fiber form are 
inherently stronger than in bulk form because the size of a flaw is 
limited by the small diameter of the fiber and the flaw will not 
propagate to fail the entire assembly of Fibers [1], 

In a fiber composite, the fiber is the major load-bearing 
component while the role of the matrix is to hold the fibers in place, 
distribute the stress to the fiber, and protect the fiber against 
adverse environments. When fibers are bound by a matrix, the 
synergistic effect of the two components endow the composite with 
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3450 MPa 
at 5% 
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1250 MPa 
at 14% 

3J 470 
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Figure 1. Mechanical properties of typical fibers. 

3. CONSOLIDATION OF PREFORMS 

Preforms can be consolidated with different types of matrices 

such as ceramic matrix, glass matrix, metal matrix, polymer matrix 

and carbon matrix. Among all these matrices, polymer matrix is 

particularly attractive because of its relative ease in processing, low 

density, and good mechanical and dielectric properties. 

There are several consolidation techniques available. These 

techniques are schematically illustrated in Figure 2. 
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Figure 2. Consolidation techniques. 
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4. PROPERTIES OF 3-D BRAIDED CARBON/EPOXY COMPOSITES 

The properties of fiber composites are influenced by many 
factors such as the fiber volume fraction, the type of resin, fiber tow 
size, fiber orientation, etc. 

In a study to evaluate the impact resistance [2], two groups of 
panels were fabricated. One group had a pitch length of 0.3" (7.6 
mm), the other 0.9" (23 mm). The panels were impacted with an 
energy of 166 ft-lb/inch. Table 2 shows the compressive strengths. 
The panel with smaller pitch length (representing larger braid 
angle) exhibited poor initial compressive strength but better 
damage resistance. 

Table 2 Compressive strength before and after impact [2] 

Process Pitch Fiber 
Length Volume 

4-step 0.3" 43.1% 
4-steD 0.9" 40.6% 
* unable to break 

Strength, ksi 
BeJbrelmDact After Impart 

38.5 29.3 
>40.7* 2fi1 

Reduction 
24% 
>56% 

Steel Nut 

Upper Instron 
Jaw 

Lower Instron Jaw 

Aluminum 
washer 

8-32 threaded rod 

Figure 2. Test specimen and the set-up of the test. 
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Another study tested the pull-out loads of 3-D braided 
composites and that of 6061 aluminum. Carbon/Epoxy composites 
were fabricated from 3K, 6K and 12K Celion G30-50O carbon fibers. 
The set-up of the test and test results are shown in Figure 2 and in 
Table 3 respectively [3]. The thread in the test was 8-32 which is 
approximately equal to M5 metric thread. A comparison between 
the composite and the aluminum is made in Table 4. 

Table 3 Test results of specimens consolidated with Epon828/T401 

Tow size 

3K* 
6K* 

12K* 
3K** 

6K** 
12K** 

Number of 
specimens 

5 
5 

5 

5 
5 

5 

Mean pull-out 
load (lb) 

895.1 
1061.5 
1032.2 

1108.6 
1078.2 

1124.4 

Coefficient of 
Variation (%) 

2.46 
5.91 
5.64 

4.65 

9.15 
3.58 

* specimens with axials 
41 * specimens without axials 

Table 4 Pull-out load of 3-D braided composites and 
aluminum specimen 

Specimen type 

12K specimen 
without axials* 

12K specimen 
without axials** 

6061 
aluminum 

Pull-out 
loadGb) 

1447.0 

1124.4 

1113.5 

Density 
(lb/in3 (g/cm3)) 

0.0532 (1.475) 

0.0531 (1.470) 

0.097 (2.7) 

Specific puU-out 
load (in3) 

27,199 

21,175 

11,479 

* Consolidated with TACTIX123/Melamine 5260; 
** Consolidated with Epon 828/T401. 
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The properties of braided composites varies with the set up 
and the braiding technique. The behaviors of composites reinforced 
with different braided preforms in 4-point bending test are 
illustrated in Figure 3 [4]. All the specimens had a fiber volume 
fraction of approximately 50% and were made from identical carbon 
fibers. The 3-D braided specimen with axials was more brittle and 
stronger compared to the other two composites. 

1000 

800 

600 

400 

200 

0 
0 1 2 3 4 

Figure 3. Typical curves of stress vs mid-point deflection 
in 4-point bending tests. 

5. CONCLUSIONS 

A variety of high performance fibers and matrices are 
available for different applications. The consolidation process can 
be done with several techniques. The properties of fiber composites 
can be tailored corresponding to applications. 

3-D braided composites have many unique properties such as 
high pull-out load and good damage resistance. 
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ABSTRACT 

Optimization of thcrmomechanical forming of metals is based on studies of microstructure, 
crystallographic texture and mechanical properties with the aim of establishing the relationship 
between processing parameters and properties of the processed metal. These themes are dealt 
with in this paper discussing microstructure and texture evolution and the relationship between 
microstructure, texture and mechanical properties in cold and hot deformed metals. 

The evolution of deformation microslructures is summarized for FCC metals deformed over 
a large strain range. This microstructural evolution is discussed within a general framework 
which consists of a continuous subdivision of grains by dislocation boundaries. These 
boundaries form as a result of the requirement for strain accommodation balanced by energy 
considerations. The dislocation boundaries include cell boundaries, dense dislocation walls, 
microbands, lamellar boundaries and subgrain boundaries. These different features are each 

•possessing characteristic crystallographic and macroscopic orientation, morphology, 
misorientation angle and frequency. The texture evolution has been determined experimentally 
using neutron diffraction and it has been simulated applying the Los Alamos polycrystal 
plasticity code (LApp). It is observed that the simulation agrees qualitatively well with the 
experiments, however, the simulated textures develop with a faster rate and are sharper than 
the experimental textures. These deviations can be caused by different types of heterogeneous 
deformation related to processing characterisdes and to the materials behaviour especially 
grain subdivision. The coupling between microstructure and texture evolution is discussed as 
well as the effect of microstructure and texture on die flow stress and flow stress anisotropy 
of cold-rolled materials. 

INTRODUCTION 

An important issue in the optimization of thermomechanical forming of metals and alloys is 
the effect of process parameters on the properties of the processed material (1 - 4). Detailed 
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materials characterization is therefore mandatory, - of the microstructure, the crystallographic 
texture and the mechanical properties (5). The observed properties characterize the product, 
but are also used in an optimization of the process parameters such as strain, strain rate and 
temperature. Only thereby, both good process economy and acceptable product quality can 
be obtained. The important coupling between materials properties and process conditions 
relies on the following information: (i) Empirical relationships based on experimental 
observations, (ii) Material specific models based on observations and theoretical 
considerations, (iii) Application specific models based on various types of constitutive 
equations. Within the field of thermomechanical forming, therefore many different research 
directions are pursued. Examples are: (i) Characterization of structure, crystallographic 
texture and mechanical properties including the development of advanced and automated 
techniques, (ii) Experimental and theoretical description of the microstructure and texture 
evolution, (iii) Formulation of relationships between microstructure, texture and mechanical 
properties, (iv) Modelling and simulation nf material properties and process conditions 
including the development of realistic constitutive equations to be used in such models. 

Thermomechanical forming is at present a very active research field in order to improve 
quality and price of materials and products both in production and under development (1-5). 
Within this large field the present paper will concentrate on the microstructural evolution 
during cold and hot deformation. This is because a theoretical framework recently has been 
established for this evolution which couples together microstructure, crystallographic textures 
and mechanical properties (6-12). This framework will be presented as an introductory section 
followed by a section summarizing relevant microsiruciural observations of medium and high 
stacking fault energy (SFE) metals. In a following section the coupling between 
microstructure and texture evolution is discussed and in a final section some examples are 
given of the relationship between flow stress and microstructure. 

EVOLUTIONARY FRAMEWORK 

In pure FCC metals with medium to high SFE the deformation microstructure develops with 
strain from a structure containing loose dislocation arrangement (tangles) to a structure 
consisting of well defined cells and subgrains (6-20). However, the structural analysis also 
shows that the microstructurc contains structural inhomogeneities mostly in the form of 
dislocation boundaries and walls of extended length. These different types of boundaries have 
been characterized by parameters which include their macroscopic orientation to the 
deformation axis, crystallographic orientation, misorientation and the morphology of the 
boundary. 

The multitude of dislocation boundaries in a deformed metal requires a nomenclature in order 
to allow for a clear distinction of the many experimental observations. Such a nomenclature 
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has been proposed (11) and is applied in this paper. More important is. however, to establish 
a theoretical framework for the evolution of deformation microstructures. Such a framework 
has been developed over the last five years (6-12) for medium and high stacking fault FCC 
metals. It is based on two principles: (i) There are differences in the number and selection of 
simultaneously acting slip systems among neighbouring volumes of individual grains and (ii) 
The dislocation formed during plastic deformation are trapped into Low Energy Dislocation 
Structures LEDS (6). 

The evolution of deformation microstructures has been described in terms of grain subdivision 
involving the formation of rotated volume elements of two sizes. At the larger size scale the 
rotated volume element is called a cell block which contains from one to several ordinary 
dislocation cells (11) see Fig. 1. At the smaller scale the rotated element is a dislocation cell. 
Each cell block slips on a different number and selection of simultaneously acting slip 
systems than its neighbouring volume element. In any one cell block the number of slip 
systems falls short of the five slip systems required to make any arbitrary shape changes for 
homogeneous deformation as suggested by Taylor (21). Fewer slip systems are favoured 
within each cell block to minimize the energy increase associated with a large number of 
intersecting slip systems. Intersecting slip systems for example increase the flow stress and 

energy through dislocation jog forma
tion. Although the number of slip 
systems operating within an individ
ual cell block is less than that 
required for homogeneous (Taylor) 

. deformation groups of neighbouring 
cell blocks collectively act to approxi-

)DW/MB m a t e ^ e Taylor criterion. 

The cell blocks are bounded by dislo
cation boundaries (Fig. 1) which 
accommodate the lattice misorienta-
tion which results from glide on dif
ferent slip system combinations in 

Fig. 1. Idealized microstructure showing cell neighbouring cell blocks. The bound
aries which accommodate these lattice 
misorientations are called geometri
cally necessary boundaries (9). The 
ordinary cells are also bounded by 
dislocation boundaries which, how
ever, form as a result of statistical 
trapping of glide dislocations supple
mented by forest dislocations. These 

Idealized microstructure showing cell 
blocks (CB's) bounded by dislocation 
boundaries in the form of dense dislo
cation walls (DDW's) and micro-
bands (MB's). Ordinary dislocation 
cells are present within the cell 
blocks. (From Ref. 20). 
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boundaries have been called incidental dislocation boundaries (9). 

The second principle suggested above deals with the energy of the dislocation configurations. 
According to this principle dislocation locally trap each other such that they mutually screen 
their stresses to a distance which is near the distance between the nearest neighbour. In the 
resulting low energy structures the dislocations are positioned in local energy minima (6). 
This concept further suggests that among the configurations accessible to the dislocations that 
particular microstmctures form in which the dislocations have their lowest possible energy 
per unit length of dislocation line. In general, the energy U^ per unit length of dislocation 
line is to a first approximation (6) 

4JI \b 
(1) 

where G is the shear modulus, b is the Burgers vector and f(Y) is a function of Poisson's ratio 
y. R is the so-called upper cut-off radius. For a low energy configuraiion R has been taken 
to be the average dislocation spacing (22), i.e. 
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Fig. 2. 

ONE•BURGERS 
VECTOR ARRAYS 

MUU1 • BURGERS 
VECTOR ARRAYS 

Single- and multi-Burgers vectors 
arrays listed according to their rela
tive energy per unit length of disloca
tion line in the array. (From Ref. 26). 

For a given dislocation density, two 
dimensional dislocation arrays (walls) 
are therefore energetically favourable 
to a quasi uniform, three-dimensional 
distribution of dislocations since R 
will be smaller in the walls. Thus the 
LEDS concept relates directly to the 
formation of cell or subgrain struc
tures consisting of dislocation walls in 
an almost dislocation free matrix (6). 
In general dislocation arrays decrease 
their energy per unit length of dislo
cation line with an increasing number 
of participating Burgers vectors, see 
Fig. 2. However, some dislocation 
configurations may form in preference 
to others and constraining factors can, 
for example, be available slip sys
tems, dislocation mobility, factional 
stress and non-dislocation obstacles 
(U). 
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In order to make the LEDS concept more predictive, numerical calculations have been carried 
out (23. 24). Such computations show, for a given dislocaiion density, that a cell block 
structure has a lower energy than the distribution of isolated cells in a matrix. Further the 
computations lead to the conclusion that for a cell block structure (composed of dislocations 
with three co-planar Burgers vectors) the energy per unit length of dislocation line is lowest 
when the cells are (i) similar, (ii) roughly equiaxed, (iii) of similar size, (iv) relatively rotated 
around the same axis by equal but alternating angles, and (v) are parallelipipidal rather than 
of hexagonal (honeycomb) shape. Together the above points led to the prediction of the so-
called checkerboard structure, which has been observed to be a characteristic feature of the 
microstructure after cold and hot deformation (25, 26). 

MICROSTRUCTURAL EVOLUTION 

The theoretical evolutionary framework has been studied extensively in cold deformed metals 
of medium and high stacking fault as aluminium, nickel, copper and 304L-stuinless steel (6-
12, 19-20). The deformation modes have included rolling, torsion, plane strain compression 
and high energy release rate forging (HERF). From this experimental base examples will be 
given in the following to illustrate the theoretical framework suggested above. 

The microstructural evolution leading to grain subdivision and lattice rotations have been 
observed by many different techniques both on a relatively coarse scale compared to the grain 
size and on a relatively fine scale (27-29). An example of grain subdivision in the early stage 

of the deformation process is 
shown in Fig. 3 which is a 
channelling contrast micrograph of 
aluminium deformed 5% in ten
sion. In a recent study (30) the 
grain subdivision has been studied 
by the electron back scattering 
pattern technique (EBSP) which 
offers the possibility of measuring 
the local crystallographic orienta
tion within a deformed grain. The 
spatial resolution of this technique 

Fig. 3. Grain break-up in aluminium (99.6%) j s aD0Ut j u m . Scans have been 

strained 5% observed by channelling m a ( j e through several grains in 
contrast technique in a scanning elec- rolled aluminium and at each step 
iron microscope (From Ref. 28). 
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Fig. 4. Electron back scattering pattern (EBSP) analysis of rotations in the 
rolling plane of aluminium (99.996%). The grains are scanned from grain 
boundary to grain boundary (see text) (a) 5% reduction, (b) 20% 
reduction, (c) 30% reducuon. (From Ref.30). 
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each step the crystallographic orientation is determined from the EBSP. In this way maps of 
orientauons along the selected scan lines are obtained. The orientation can be represented in 
different ways (30-32). In Fig. 4 the local misorientation is plotted with respect to a 
neighbouring volume based on calculation of angle/axis pairs. This figure shows the misorien
tation angle (8m) plotted versus the position in the grains for specimens rolled to 5, 20 and 
30 per cent reduction. It is observed that relatively large differences in lattice rotation exist 
within the individual grains and that the rotations increase with the degree of deformation. 
Fig. 4 also shows that 6m alternates between positive and negative values with an average 
near to zero and that cumulative orientation changes can be found but only over quite small 
distances. 

The grain subdivision has been studied in more detail by TEM. An example is shown in Fig. 
5 and Fig. 6) for cold-rolled aluminium and nickel, respectively. The microstructure consists 
of cell blocks (CBs) bounded by geometrically necessary boundaries in the form of dense 

dislocation walls (DDWs) and first gener
ation microbands (MB Is). The DDWs/-
MBls have been found to have special 
macroscopic orientations with respect to 
the deformation axes. Common macrosco
pic orientations observed at small and 
medium strains include families of bound
aries. Families which are either 0 - 10° or 
70 - 80° with the shear direction have 
been found for torsion deformations (33) 
whereas in rolling deformation families 
have been observed ±40° and +16° to the 
rolling plane (34). With increasing defor
mation the spacing between DDWs and 
MB Is de- creases decreases and the struc-

Fig. 5. Thin foil from longitudinal secuon of ture thereby refines. The misorientation 
also increases with increasing strain, for 
example ranging from 1 - 3 ° observed 
after 10% cold-rolling of nickel reaching 5 
to 10° after 50% reduction (29). In addi
tion to the typical "low strain" features 
shown in Fig. 5 and Fig. 6 a characteristic 
dislocation configuration has been 
observed at medium strains, which indicate 
that localized glide has taken place along 
(111) planes, see Fig. 7. This configur
ation is composed of a string of S-shaped 

Thin foil from longitudinal secuon of 
30% cold-rolled pure aluminium.The 
rolling direction is marked RD. Geo
metrically necessary boundaries (see 
text) are present in the form of dense 
dislocation walls and microbands 
forming an angle of about 40° to the 
rolling direction (From Ref. 20). 
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Fig. 6. Thin foil from longitudinal section of 50% cold-rolled pure nickel (99.99%). The 
rolling direction is marked RD. One of the seven cell blocks (CB's)is labelled in this 
photo as well as one of the two dense dislocation walls (DDW's) and two of the five 
first generation microbands (MBl's). (From Ref. 43). 
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Fig. 7. Thin foil from longitudinal section of 50% cold-rolled pure nickel. The rolling 
direction is marked RD. Uniformly spaced S-bands intersecting parallel microbands 
(MBl's) are marked with a S and an arrow. The shear offsets incrementally tilt the 
microband walls creating a S-shaped configuration as shown by the dotted line. 
(From Ref. 12). 
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perturbations, which are the remnants of coarse slip intersecting a preexisting structure of 
microband walls (12). This configuration has been called an S-band. The coarse localized 
glide is important for two reasons. If the S-bands are distributed evenly across a grain then 
the interaction of coarse slip in S-bands widi the microband walls provides a mechanism for 
the creating of large strain microstructures such as the lamellar structure (12). If the S-bands 
are distributed heterogeneously in narrow regions across a grain so that these narrow regions 
alternate with strips of unperturbed microbands (see Fig. 7) then higher angle boundaries can 
form between the strips (12). 

At large strains the structure described above coexists with large strain structures over a wide 
strain range (12, 35). The most typical large strain structure consists of lamellar bands which 
are cell blocks bounded by single boundaries. This lamellar structure is typically interspersed 
with strips of equiaxed subgrains, see Fig. 8. These lamellar boundaries are geometrically 
necessary boundaries which have a macroscopic orientation with respect to the deformation 
axes. For example in a rolled specimen the lamellar boundaries form angles of ±15° with the 
rolling plane. The misorientation across the lamellar boundaries can become quite high, for 
example in the range 5 to 30° in nickel cold rolled to 98% reduction (12). Also to be noted 
is that orientations normally alternate so that little cumulative misorientations develop over 
large distances. 

The microstructural evolution has above been described for polycrystalline materials deformed 
over a large strain range at room temperature. To conclude this microstructural description 
some recent observations (36) on deformed aluminium single crystals are summarized. The 
reason is to illustrate the similarities between the behaviour of polycrystals and single crystals 
and to show the strength of applying a number of experimental techniques in the 
microstructural analysis. Actually optical metallography has been combined with EBSP and 
TEM. Fig. 9 and Fig. 10 show the results after 70% reduction in plane strain compression of 
two crystals of different orientations. Fig. 9, shows the structure of a crystal of orientation 

(110) <Tl2> (Brass orientation), illustrating a good correspondence between optical and 
TEM observations and demonstrating grain subdivision as discussed above. Also shown in 
Fig. 9 is that the changes in misorientations measured by EBSP is not very large across the 
crystal. Fig. 10 shows the structure of a crystal of orientation tll2) <T74> (near S-
orientation) and the good correspondence between optical and TEM observations as in Fig. 
9. This crystal shows the occurrence of localized glide resulting in S-band formation. It also 
shows much larger misorientations in the structure than observed for the crystal in the Brass-
orientation. This study (36) shows that the crystallographic orientation which controls the slip 
pattern of the crystal is an important parameter in the microstructural evolution taking place 
during deformation. It also shows that the microstructural features are similar in single 
crystals and polycrystals. 
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Fig. 8. Thin foil from longitudinal section of 98% cold-rolled pure nickel. The rolling 
direction is marked RD. This large area view covers several grains and shows a 
composite microstructure of lamellar boundaries (LB's) surrounding strips of 
equiaxed subgrains (ES). (From Ref. 12). 
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Fig. 9. Thin foil from longitudinal sections of a crystal of orientation {110)<T12> 
deformed 70% by channel-die compression, (a) Optical micrograph (polarized light), 
(b) Local misorientation A8 measured at 2 \xm intervals along X,. (c) TEM 
micrograph showing DDW's and MBl's. (From Ret'. 36). 
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(a) 

X (/*m) 

Fig. 10. Thin foil from longitudinal section of a crystal of orientation (112)<T74> 
deformed 70% by channel-die compression, (a) Optical micrograph (polarized light, 
(b) Local misorientation AO measured at 2 um intervals along X,. (c) TEM 
micrograph showing MBl's sheared into S-shaped configurations. (From Ref. 36). 
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Most of the structural information in support of the evolutionary framework has been obtained 
by cold deformation. However, a number of studies show (2, 26, 29, 37, 39) ) that the 
microstructural evolution during hot deformation is quite similar. In general for medium and 
high stacking fault energy metals, ordinary cells, dense dislocation walls, microbands, lamellar 
boundaries and subgrain boundaries can be observed during hot deformation. However, the 
relative proportion of these features may strongly depend on factors such as temperature, 
strain rale, slacking fault energy and friction stress. A hot deformation structure is illustrated 
in Fig. 11 for Al-1% Mn plane strain compressed at 573 K (0.6 Tm). The microstructure in 
Fig. 11 contains many dense dislocation walls and microbands outlining cell blocks. However, 
regions containing primarily equiaxed cells and subgrains are more pronounced following 
deformation at 573 K than following room temperature deformation. Increasing the defo
rmation temperature to 773 K (-0.8 Tm) further increases the proportion of equiaxed cells and 
subgrains (Fig. .12) and fewer dense dislocation walls and microbands have been observed, 
i.e. the microstructure is more homogeneous. This homogenization can be understood with 
reference to the evolutionary framework in which the formation of structural heterogeneities 
have been related to the operation of fewer slip systems within the individual cell blocks, than 
suggested by the Taylor model (21). A reason for the operation of fewer slip systems is the 
energy benefit (see the preceding section). The importance of this energy benefit is assumed 
to diminish as thermal activation at elevated temperatures leads to reduction in the flow stress 
and possible to an increase in the number of active slip systems. Besides an increase in the 
number of slip systems, activation of new slip systems may also take place at high 
temperatures (40). The increase in the number of slip systems with increasing temperature will 
reduce the grain subdivision and lead to more homogeneous microstructure in agreement with 
the experimental observations also showing that a decreasing strain rate at elevated 
temperatures will lead to a structural homogenization. 

A detailed analysis of the different microstructural features based on the LEDS concept has 
not been carried out. However, many experimental observations point to the fact that the 
dislocation configurations formed during the plastic deformation are low energy structures. 
For example, the distribution of dislocation in high density, rotational boundaries separated 
by areas of very low dislocation density and the tendency that cell blocks show alternating 
rotations in a checkerboard structure. Both observations are in good agreement with numerical 
predictions (23, 24). Also the residual stress state in the deformed metal is not very high as 
shown by direct TEM (12) observations and by convergent beam electron diffraction 
measurements in the TEM (41). Low energy dislocation structures will be able to reduce their 
energy per unit length of dislocation line further at elevated temperatures as the dislocation 
mobility is increased (due to enhanced cross slip and possibly by climb) and as the friction 
stress is decreased; More perfect structures should therefore result which agrees with the 
common finding of equiaxed rather perfect subgrains after high temperature deformation. 
These subgrains are bounded by quite sharp and perfect boundaries and are often observed 
in a characteristic checkerboard structure. 
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Fig. 11. Thin foil from the longitudinal section of Al-1 wL% Mn 50% plane strain 
compressed at 573 K (e = 0.5). The microstructure consists of cell blocks, dense 
dislocation walls and microbands (MB's), ordinary cells and subgrains. (From Ref. 
39). 
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Fig. 12. Thin foil from the longitudinal section of Al-1 wt.% Mn plane strain compressed 
at 773 K (e = 0.5). The microstructure mainly consists of equiaxed subgrains. 
(From Ref. 39). 
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Fig. 13. Orientation distribution function of nickel following 

rolling deformation, a) 37% reduction, b) 50% 
reduction, c) 90% reduction, and d) %% reduction. 
(From Ref. 43). 



In conclusion it appears that the microsimctural evolution is in good agreement with the 
principles laid down in the proposed evolutionary framework. The experimental basis for this 
conclusion is extensive covering different medium and high stacking fault energy metals, 
polycrystals and single crystals and many different deformation modes at low and high 
temperatures. 

TEXTURE AND M1CROSTRUCTURE 

The texture evolution in medium and high stacking fault energy metals follows a common 
pattern (42). An example of the texture development during cold-rolling is shown for pure 
nickel. Fig. 13 presents the orientation distribution functions for the recrystallized, 37%, 50%, 
90% and 98% cold rolled samples (43). These quantitative orientation distribution functions 
are plotted using standard Euler angles (<p„ <3>, q>2). The contour levels are multiples of the 
normalized random intensity. The initial recrystallized structure has a weak cube texture 
(100}<001> and very weak <100> and <111> fibre components (represented by the dotted 
lines in Fig. 13a). Following a 37% cold reduction the texture still is relatively weak but the 
typical rolling texture has started to form, see Fig. 13b. With increased rolling reductions from 
50 - 98% the texture develops into a typical rolling texture. The S (123) <634"> component 
is the dominant component at roughly twice the proportion of the copper (112) <llT> -
component (see Figs. 13c-e). There are similar proportions of copper (112}<UT> and 
brass (l 10) <Tl2> components. Fig. 13 also shows that the actual texture peaks deviate from 
the ideal texture components by about 10 degs. following 50% to 90% reductions. The peak 
near the copper (H2)<llT> texture is spread between the copper (112) <11T> and the T 
component (4 4 11) <11 l l F > . The peak near the brass (l 10) <Tl2> components is shifted 
to (l 10) <Tl3> and S is also shifted away from the ideal. Following 98% c.r. the peaks have 
moved closer to their ideal orientations. 

The sum of the volume concentrations of the three main texture components (brass, copper 
and S) is plotted in Fig. 14 as a function of the rolling reduction (43). Three curves are shown 
representing the integrated density within 5°, 10° and 15°, respectively, from the orientations 
of the rolling components. Fig. 14 shows that an increase in strain from 90 to 98% reduction 
results in no change in the volume concentration observed within 5° and 10° from the three 
main components. However, a continuous increase in the volume concentration up to the 
maximum reduction of 98% is observed for the curve integrated over 15°. 

0 
The textural evolution in medium and high stacking fault energy metals have been simulated 
using different models. An example is recent calculations carried out at Ris0 National 
Laboratory applying the Los Alamos polycrystal plasticity code LApp (44). In these 
calculations the initial texture has been included and the Taylor full constraint conditions (FC) 
are applied at medium strains and relaxed constraint conditions (RC) at large strains (44). 
Relatively good agreement has been found between the experimental textures and those 
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predicted according to the Tay
lor models (FC and RC). This 
agreement shows that the het
erogeneous deformation pattern 
being responsible for the grain 
subdivision may not deviate 
significantly from the homo
geneous deformation suggested 
by Taylor (21). This may, how
ever, not be surprising due to 
the suggested governing prin
ciples for grain subdivision, that 
the number of slip systems in 
each cell block falls short of the 
five systems required for homo
geneous Taylor deformation, but 
groups of neighbouring cell 
blocks fulfil the Taylor criterion 
collectively. This deformation 
pattern may, however, fully or Fig. 14. 
partly be the cause of some of 
the discrepancies seen between 
predictions and experiments, 
namely that simulated textures 
are usually sharper, they may 
develop with a faster rate, they may show a different density distribution of the major texture 
components and they may also differ for the minor components (18,45). The large difference 
between the volume concentrations calculated within 5" to that calculated within 15" in Fig. 
14 is one measurement of the scatter of the experimental textures. This phenomenon will be 
discussed below. 

CR% 

The sum of the volume concentration of the 
three main rolling components (brass, copper 
and S). The curves represent the integrated 
density within 5°, 10° and 15°, respectively, 
from the rolling component (From Ref. 43). 

The general finding that simulated textures are normally sharper than experimental textures 
can be related to different types of inhomogeneous deformation for example caused by: (i) 
Changes in external geometry during deformation (46), (ii) different strains in identically 
oriented grains due to different grain surroundings (42) and (iii) Differences in slip system 
combinations between different cell blocks within individual grains. The last cause has been 
shown clearly in the present study by the formation of geometrically necessary boundaries. 
Such boundaries have been observed as dense dislocation walls and microbands at small to 
medium strain and as lamellar boundaries at large strain. Thus the grain subdivi 
sion will contribute to a scattering of the texture at all strains. 



At increasing strain the cell blocks will rotate in accordance with their individual combination 
of slip systems and the misorientations across the geometrically necessary boundaries will 
increase. This has been observed. As a consequence texture scattering due to (iii) must be 
expected to increase with strain until the cell blocks have reached stable end orientations. The 
texture scattering at large strain has been demonstrated by measuring the crystallographic 
orientations of individual cell blocks. These measurements (although they are quite limited) 
show that the orientation of many neighbouring cell blocks are quite different. These mea
surements also show, in accordance with the observed deformation pattern, that many 
different texture components are formed by large strain deformation. 
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The texture development during 
hot deformation is quite similar 
to that observed at low tempera
ture provided recrystallization 
does not take place. There is, 
however, a tendency that the 
texture gets stronger and 
sharper as the deformation 
temperature increases (39). An 
example of the effect of defor
mation temperature on the 
strength of the rolling texture is 
shown in Fig. 15 for an Al-196 
Mn (alloy 3003). deformed by 
hot plane strain compression. 
The figure shows that the total 
volume concentration of the 
three rolling components (brass, 
copper and S components) Fig. 15. 
increases both with increasing 
deformation and deformation 
temperature (39). An analysis of 
the texture scatter for the same 
specimen shows that at any 
given strain, the scatter of the 

texture in the sample deformed at 573 K is always larger than in the one deformed at 773 K 
(39). In general these texture observations agree with the microstmctural evolution showing 
a more homogeneous deformation pattern as the deformation temperature is increased. It 
should, however, be pointed out that a significant texture scatter also has been observed at 
773 K, whereas the microslruciure is fairly homogeneous. This points to other important 

*»« 

The total volume concentration of the three 
rolling texture components (brass, copper and 
S) increases with increasing deformation and 
deformation temperature during hot plane 
strain compression of Al-1 wt.% Mn. (From 
Ref. 39). 
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sources lor the texture scattering including changes in external geometry during deformation 
and different strain in identically oriented grains due (o different grain surroundings. 

Based on the microstructural observations it is suggested that the deformation pattern leading 
to grain subdivision is incorporated into existing texture models to improve their predictive 
capability. Research in this direction is being initiated considering an observed grain 
subdivision on a large scale. Such research should be extended also to cover subdivision on 
a significantly smaller scale in order to simulate the microstructural evolution as observed in 
the present and in previous work (47). 

FLOW STRESS AND MICROSTRUCTURE 

In deformed metals numerous experiments have shown that an empirical relationship exists 
between the three flow stress (a) and the dislocation density (p) 

a=abGjp ( 3 ) 

where a is a constant, b is the Burgers vector, G is the shear modulus and p is the dislocation 
density. In cell forming metals it has been found that an empirical relationship also exists 
between the true flow stress and the average cell and subgrain diameter (D) 

o = KfibID" (4) 

The exponent n is normally found to be in the range 0.5 to 1.0 with values in the upper end 
of this interval characteristic for dislocation cell structures and values in the lower end charac
teristic for subgrain structures. K.is considered to be a constant; however, a relatively large 
scatter in K has been observed. For a discussion of the relationship between raicrostructure 
and flow stress in cell forming metals, see Ref. 48. 

The presence of higher angle geometrically necessary boundaries (GNB's) as dense disloca
tion walls, microbands and lamellar boundaries have led to the suggestion (9) that the con
tribution of such boundaries to the flow stress should be considered separately. It has also 
been suggested that their strength contribution (cCNB) follows the Petch-Hall relationship 
proposed for ordinary grain boundary strengthening, i.e. 

a0SB = ^fibl^ W 

where K, is constant and D0NB is the mean distance between the GNB's in the slip plane. As 
a first approximation it has been suggested (9, 48, 49) that Equat. (4) and Equat. (5) are 
linearly additive for deformed structures containing both ordinary cell boundaries and 



geometrically necessary boundaries, i.e. 

(6) 

At increasing strain DGNB and d decrease resulting in an increase in the flow stress. 
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Fig. 16. The flow stress divided by the Taylor M-factor 
as a function of angle (a) in the rolling plane 
between the applied shear and the rolling 
direction (From Refs. 34 and 51). 

In Equations (3) - (6), the 
contribution to flow stress 
from the presence of a 
crystallographic texture 
has not been taken into 
account. This is normally 
done by calculating Tay
lor M-factors from the 
experimentally determined 
textures. The effective 
flow stress is that 
obtained by dividing the 
measured flow stress with 
M and multiplying with 
an average Taylor-factor 
(M„) calculated for a 
texture free material. 

The effect of the crystal
lographic texture on the 
flow stress leads to flow 
stress anisotropy, i.e. the 
flow stress depends on the 
macroscopic direction of 
the measurement. Flow 
stress anisotropy is impor
tant from both the funda
mental and an industrial 
point of view and has 
been related to a number 
of causes besides the cry
stallographic texture (34). 
Only one of such causes 
shall be discussed as it re-

-242-



lates to the microstmctural evol
ution involving the formation of 
geometrically necessary boundaries 
having a macroscopic orientation 
with respect to the sample axis. As 
the presence of GNB's contributes 
to the strength they can introduce 
flow stress anisotropy. This contri
bution to the planar anisotropy of 
rolled sheet has been calculated by 
deriving D0NB assuming that the 
average slip plane is at an angle of 
45° to the direction of the applied 
stress (50). Predictions of flow 
stress anisotropy have been com
pared with experimental results 
taking texture effects into account, 
by dividing the measured flow 
stress with the Taylor M-factor. If 
the anisotropy is a simple texture 
effect, this correlation will remove 
the angular dependence of the flow 
stress. As shown in Fig. 15 for two 
materials, the Taylor corrected 
flow stress still has a significant 
angular dependence, particularly at 
low and medium strains (even 
though some of the angular depen
dence is removed by the Taylor 
M-factor correction). 
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Fig. 17. The experimental flow stress (aclt) corrected 
for the effect of crystallographic texture 
compared to the flow stress calculated using 
equation (6) for commercial purity aluminium 
cold-rolled 20%. The calculations are for two 
spacings of geometrically necessary bound
aries 2 and 4 urn. The flow stres has been 
measured in the rolling plane at various 
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To test the hypothesis that macroscopically oriented geometrically necessary boundaries 
contribute to the flow stress anisotropy, cross-rolled specimens have been tested (51). For 
such material there is little tendency that dense dislocation walls and microbands have a 
macroscopic orientation with the specimen axis. A contribution from the microstructure to the 
flow stress anisotropy therefore should not be expected. Accordingly it has been found that 
the observed angular dependency of the flow stress can be removed by the Taylor M-factor 
correction, see Fig. 16. 

It is concluded that the flow stress anisotropy in normal-rolled specimens is caused both by 



the crystallographic texture and the anisotropic microstructurc, whereas the anisolropy in 
cross-rolled specimens can be accounted for by the crystallographic texture (51). The 
microstructural contribution has been calculated (50) and is shown in Fig. 17 for pure alu
minium (from Fig. 16), together with the experimental flow stress corrected for the effect of 
the crystallographic texture (by division by the actual M-factor and normalization by multipli
cation by 3.06). Fig. 17 shows that there is a good agreement between the experimental 
curves and those calculated for distances of 2 - 4 urn between the DDW-MBl's, corre
sponding to the range of distances determined experimentally. 

CONCLUDING REMARKS 

In the field of thermomechanical forming this paper has concentrated on properties and 
models related to the workpiccc material and only simple deformation modes have been con
sidered. Another important area covers tool materials where for example the strength, friction 
and wear are important properties. Finally an optimization of the process performance requires 
analyses to allow predictions in terms of force, strain, strain rate, temperature, geometry, 
tolerances etc. In the future this optimization should in general be based on modelling and 
simulation in order to reduce investment in costly tooling and to limit expensive experi
mentation on production machinery. It is evident that research and development are required 
within fields such as design and processing and material science, engineering and technology. 
However, it is also clear that a successful industrial introduction of new materials and 
complex geometries require not only a profound knowledge wiUiin the individual technical 
disciplines but also an active interaction between these disciplines. 
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ABSTRACT 

Three recently developed diffraction techniques are reviewed and their applications are 
discussed. The three techniques are: 

the electron backscattering technique, whereby the crystallographic orientation 
of selected grains or areas down to -1.0 um in diameter are determined in the 
scanning electron microscope; 

the in-situ neutron texture technique, whereby the bulk texture and the texture 
transformation during annealing of typically 1 cm3 samples are determined by 
neutron diffraction; 

the neutron diffraction residual strain technique, whereby the residual/internal 
strain are determined either in selected £1 mm3 volume elements of larger 
components or within the entire bulk of typically 1 cm3 samples. 

The experimental set-up and the data handling procedures are described for each of the 
three techniques; their potential is discussed and illustrated by various examples. 

1. INTRODUCTION 

Experimental characterization is indispensable in advanced materials science and 
technology. Characterization may be used to determine given properties of a product 
after a processing/forming operation. For example the strength, formability or 
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anisotropy may be determined. Based on the results of such a characterization, the 
parameters of the starting material or the processing parameters may be changed to 
obtain better or more reproducible products. 

Another aim of characterization is to achieve information which may lead to better 
understanding of the underlying mechanisms in a given process. For example, how do 
the nuclei form and how do the grow during a recrystallization anneal, and therefore 
what will the fully recrystallized grain size distribution and texture be like? Based on 
such fundamental characterization, frameworks, equations or models describing for 
example the microstructural or textural changes during the process should be derived. 
Such a formulation is interesting and important from a research point of view. 
Combined with for example finite element modelling it may be used to optimize 
processing parameters and is therefore also industrially relevant. 

In this paper, 3 fast automatic experimental techniques for characterization of micro 
texture, bulk texture and residual strains are described. The techniques are used for both 
types of characterization mentioned above and examples of this will be given. 

For the techniques presented here, effort has be devoted to automate them and to reduce 
the required measuring time. More standard versions of the techniques are well known 
and generally more easily available. For many types of investigations it is adequate but 
not really necessary to use the techniques in their fast, automated form. But for other 
types of investigations, the speed and the full automation are required. For in-situ 
measurements, of course, the highest possible speed is generally necessary. This is for 
example the case for measurements of changes in bulk texture or internal strain during 
loading or annealing. The automation of the micro texture technique allows fast 
measurements without the need for a human operator. Thereby one of the greatest 
drawbacks of micro texture investigations are overcome, namely the practical difficulty 
of obtaining sufficient data to achieve a statistically significant result in a reasonable 
time. 

In the following the basic principles of the techniques will be described and the 
especially designed hard and software to allow fast automated versions will be described 
separately. 

2. ELECTRON BACK SCATTERING PATTERNS 

2.1. Technique 

The aim of the technique is to enable a determination of the crystallographic orientation 
of selected local areas - less then 1.0 urn diameter - in the microstructure. Thereby, it is 
possible to relate microstructure and texture. The technique operates in a scanning 
electron microscope (SEM), and it is therefore possible to inspect a large sample area. 

The principle of the electron backscattering pattern (EBSP) technique is similar to that 
of the SEM backscattered Kikuchi pattern technique (1-3). In the SEM the incident 
electron beam is focused as a stationary probe on the specimen surface. If the specimen 
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is perpendicular to the incident beam, a large proportion of the electron signal is 
absorbed. However, if the specimen is positioned so as to make a small angle (typically 
~20°C) with the incoming beam, a large fraction of the beam is backscartered or 
diffracted, and sufficient contrast is obtained to view the back-scattered diffraction 
patterns on an imaging screen or film placed directly within the microscope chamber, 
see Fig. 1 and 2. Essentially EBSPs (and Kikuchi patterns) are projections of the geometry 
of lattice planes in a crystal. It can be seen that the patterns (Fig. 2) take the form of 
pairs of parallel lines on a diffuse background. Each pair of lines represent a plane in 
the crystal and occur because of Bragg diffraction of the incoming electrons. Essentially, 
the EBSP is therefore a map of the crystal orientatioa 

Electron beam 

Phosphor 
screen 

Specimen 

Monitor display of 
indexed pot tern 

, \ 

~m 

Image 

enchancement 

Semi - automatic 
pattern indexing 

Fig. 1 Schematic diagram illustrating the experimental EBSP set-up 

A considerable advance in the technique occurred when Dingley implemented the use 
of a low light television camera focused on the phosphor screen to image the pattern and 
a microcomputer to interrogate it (4). It was after these refinements were included that 
a texture analysis system based on electron backscattering became viable. 

The EBSP system has been installed on several SEMs. The phosphor imaging screen and 
low light TV camera can be mounted in either the side or rear port of the microscope 
chamber, such that the specimen holder is about 40 mm from the screen. A consequence 
of the short specimen to screen distance is that the angular range of the EBSP is very 
large, typically greater than 60°C, which greatly facilitates pattern recognition (see Fig. 
2). Because the patterns arise from the 10-30 nm below the specimen surface depending 
upon the atomic number, it is essential that this surface region is relatively undeformed. 



The specimen preparation must therefore include a final stage of either electropolishing 
or chemical etching in order to remove surface damage. 

a b 

Fig. 2 EBSP patterns, a) recorded on film, from a germanium sample, 
extremely good quality [5], b) recorded on phosphor screen, from an 
aluminium sample - typical quality [6]. 

In standard systems, the data collection and analysis from a selected region are semi
automatic. The operator is required to nominate two zone axes or bands and position 
the cursor on each of them in rum. From this input, plus the working specimen height, 
the absolute orientation relative to the specimen coordinate system is computed to an 
accuracy of about 1.0°. This analysis takes about 30 seconds. Subsequently grain 
orientations, grain misorientations expressed as axis/angle pairs, pole figures and 
Rodriques-Frank maps (7) are available. The computational methods are outlined 
elsewhere. (4, 8, 9). 

2.2. Automated imagce processing 

The need for a human operator to nominate bands or zones can be eliminated using 
image processing. The aim of this routine is to find lines corresponding to EBSP bands. 
First the original EBSP (see Fig. 2b) is corrected for background and reduced to a 100 x 
100 pixel picture by summation over 4 x 4 pixel squares in the original picture (only the 
central 400 x 400 part of the original EBSP is considered). This reduction in the number 
of pixels significantly reduces the computer time needed later in the programme, and 
no important information is lost. The reduced picture corresponding to Fig. 2b is shown 
in Fig. 3. 
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Fig. 3 Reduced EBSP (corrected for background and reduced to 100 x 100 
pixels) corresponding to Fig. 2b. 

The position of the bands in the reduced image is found using a Hough transform. The 
standard Hough transform (10) is designed to find lines in binary images. Each point, 
(x, y), in the picture different from zero is transformed to a sinusoidal curve 

R = x cos 9 + y sin 8 (1) 

where 8 is the range 0 -180° (see Fig. 4). If the points (x, y) lie on a straight line all the 
sinusoidal curves will intersect in a common point (R, 9) in the Hough space. The 
parameters R, 8 describe the line (see Fig. 4). 
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Fig. 4 Principles of the Hough transform, a) straight line in the x, y image 
space, b) Hough curves of the x, y points in a) shown in the R, 0 Hough 
space. 
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This simple procedure has to be somewhat modified to be optimal for finding lines in 
an EBSP picture (Fig. 3). The EBSP picture is not binary, and too much information is 
lost in attempts to making it binary using various edge detection and thresholding 
techniques. Instead the EBSP picture is used as it is. Each pixel is transformed to the 
sinusoidal curve according to equation 1 with an intensity equal to the intensity of that 
pixel. This means, that an EBSP band will develop into a series of intense sinusoided 
curves which will intersect in a broad peak in the Hough space. The width of the peak 
depends on the width of the EBSP band. Figure 5 shows the result of this modified 
Hough transform. 

Fig. 5 Peaks in the Hough space resulting from a modified Hough transform 
of Fig. 2b. 

Due to the nature of the Hough transform (Eq. 1) the peaks corresponding to lines of 
any width will be butterfly shaped (11,12). By using a butterfly filter the most intense 
points in the Hough space (Fig. 5) are enhanced and identified. The parameters of the 
lines corresponding to centre lines of EBSP bands are calculated from these Hough 
points using the fact that EBSP bands cross in common poles (13). The result of this 
identification is. shown in Fig. 6. Here the computer identified lines are shown 
superimposed on the original EBSP. It can be seen that 15 lines have been identified. 
This very high number of correctly identified lines is typical. For a series of 25 EBSPs 
from commercially pure aluminium, from 12 to 16, lines were identified in the different 
patterns. On average 14 lines were found. For further experimental details see (13). 

Combined with standard analysis procedures, the pattern indexing is thereby fully 
automatic. A completely automatic system also involves a computer controlled sample 
or beam control, and such equipment are commercially available. 
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Fig. 6 Lines identified by the image processing procedure (shown as dark 
lines) superimposed on the original EBSP (as in Fig. 2b). 

23. Examples of applications 

The EBSP technique in its semi or full automatic version is a relatively new technique 
and has mainly been used to gain further understanding of various fundamental 
metallurgical processes like deformation, nucleation, growth of nuclei, grain boundary 
geometry and grain growth. Of more direct industrial relevance the technique has to the 
authors knowledge so far only been used for studies of microcracks (14). 

Deformation. The technique has been used to study the distribution of misorientations 
in aluminium cold rolled up to 30% deformation (15) and in channel die deformed 
aluminium single crystals (16). Furthermore, it has been used to give information on 
localised dislocation densities in local areas of the deformation structure (17,18). As the 
strain is increased the EBSPs become increasingly diffuse. By determining the diffuseness 
an estimate for the strain accumulated within individual grains is obtained. However, 
at high strains the quality of the EBSP patterns becomes too poor, and at present the 
method is limited to strains below -50% (cold deformation). To avoid this problem 
0rsund, Hjelen and Nes (19), in a study of local lattice curvatures in aluminium 
deformed to 90% reduction, prior to EBSP examination annealed the specimen for short 
times in a salt bath to produce subgrains which were easily detectable by the EBSP 
technique. Such a short time annealing procedure may be the solution in certain cases. 
However, in general, the rather coarse spatial resolution limits the potential of EBSPs for 
investigations of deformation microstnicture/texture relationships at higher strains. 
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Nucleation. The orientations of nuclei associated with deformation inhomogeneities in 
high purity aluminium cold rolled to 90% reduction have been studied by the EBSP 
technique (20). In agreement with earlier observations they found that transition bands, 
shear bands and grain boundaries were preferential nucleation sites. Further they found 
that there was a close correlation between the type of nucleation site and orientation of 
the nuclei. For example cube-oriented ((100) <001>) grains were found to grow out from 
transition bands in the (112) <111> deformation texture and S-oriented ((123) <634>) 
gTains were nucleated in shear bands. 

For investigations of this type the EBSP technique is very powerful as it allows 
inspections of large sample areas and can classify the orientation of even small nuclei. 

Growth of nuclei. The size of grains having different crystallographic orientations have 
been studied using the EBSP technique (21 - 23). For cold deformed pure aluminium it 
was often found that the cube-oriented ((100) <001>) grains were larger than grains of 
other orientations. And by studying the average growth rate of cube and other grains 
irt 90% cold rolled aluminium it was found that the growth rates decreases with 
annealing time, but that independent of time the average growth rate of cube grain were 
about twice that of the other grain (22). This is illustrated in Fig. 7. 
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Fig. 7 The average growth rates <G> during recrystalUzation of grains of 
various orientations (cube rolling and random) in aluminium cold rolled 
90% and annealed at 253°C The full lines are least squares fit to cube 
and random growth rates. It can be seen that the growth rates decrease 
with annealing time and cube grains always grow approx. twice as fast 

..'"."",'-'" •' ,r~ a s o t n e r grains (22). 

m'stiidles of this type, the orientation of a large number of grains needs to be 
'determined^ An easy analysis of diffraction patterns therefore is important. With the 
semiautomatic procedure used for the EBSPs this analysis is rather fast and straight 
forward. A fully automatic analysis procedure, however, further facilitates this type of 
investigations. 
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Grain boundary geometry and grain growth. The majority of EBSP investigations as yet 
reported in the literature pertains to fully recrystallized structures and to grain growth 
after completed recrystallization. A number of these studies has been concerned with the 
spatial distribution of grains having different orientations. For example in an investiga
tion of a rolled and annealed aluminium-lithium alloy it was found that the centre grains 
have an elongated morphology whereas near the specimen edge, grains are much 
smaller and equiaxed. Here the two regions of differing grain structure are not 
intermixed and therefore it was possible to measure the texture both by EBSP and by a 
conventional macroscopic means for comparison (24). Figure 8 shows (200) pole figures 

Fig. 8 (200) pole figures from the edge region (a and b) and the central region 
(c and d) of a rolled Al-Li based alloy obtained by EBSP (b and d) and 
by conventional texture measurements (a and c) [5]. 

from the central and edge regions of the specimen sheet. Clearly the texture is markedly 
different between the sample populations and there is excellent agreement between the 
techniques, even though the sampled grains for EBSP is fairly small (100 grains total). 

As another example Randle, Ralph and Dingley (25) studied the grain distribution in a 
nickel-base superalloy. They found a characteristic spatial arrangement of grains after 
recrystallization - bands of large grains are interspersed with much smaller grains. By 
selecting these two grain size extremes as separate populations, two texture variants are 
obtained, which compliment each other to give a random texture. Similar measurements 
taken for large and small grains from the same specimen, but where the juxtaposition 
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of large/small grains does not form bands, show that here the textures of both sets of 
grain sizes are not differentiated as in the banded case. 

When the orientation of contiguous crystals is known, orientation relationships can be 
derived and analysed in terms of models which describe interfacial geometry, e.g. the 
coincident site lattice model, CSL, (e.g. (26)), the planar matching/coincident axial 
direction model (e.g. (27)) and the interface-plane scheme (28). The essential point is that 
non-random geometry of some interfaces, e.g. CSLs, which may confer "special" physical 
properties. The identification and promotion of these "special" boundaries in polycrystals 
is termed "grain boundary design" (29). Thus, the grain misorientation texture (GMT) 
may be equally important as the grain texture since many physical properties are related 
directly to the interfacial structure, such as grain boundary migration, grain boundary 
diffusion, precipitation, etc. 

In this area EBSP has been used to examine the link between carbide precipitation on 
low CSLs compared to random boundaries (30), to investigate the fracture properties of 
NijAl (31) to study the effect of prestrain on the GMT during the grain growth 
incubation period (32) and to gain insight into the role that CSLs play during grain 
growth (33). The two last mentioned studies show that the proportion of CSLs increases 
during the grain growth incubation period. For the case where large grains are 
surrounded by smaller ones, CSLs tend to be concentrated in the boundaries between 
small grain rather than in the boundaries bet-ween the large grain and the surrounding 
small ones (33). 

3. NEUTRON DIFFRACTION TEXTURE MEASUREMENTS 

3.1. Technique 

The aim of the technique is to enable texture measurements of complete bulk samples. 
The penetration depth of neutrons in most metallic materials is rather large, typically 
several centimetres. If therefore the size of a sample is less than a couple of centimetres 
in each direction, a texture determined by neutron diffraction is the true bulk texture 
with the more commonly used X-ray diffraction technique the limited penetration (less 
than 100 um) restricts texture measurements to very small samples or selected layers of 
a larger specimen. 

The basic principle of neutron diffraction texture measurements is rather similar to that 
of the more well known X-ray diffraction technique (34,35): A monochromatic X-ray or 
neutron beam is incident on the sample. From there the beam will be diffracted 
according to normal Bragg scattering. At a given angle 26s to the incident beam, the 
intensity of the diffracted beam is recorded. This intensity is proportional to the volume 
fraction of crystallites having the normal to the selected (hkl) planes bisecting the angle 
between the incident and the diffracted beam (see Fig. 9), and can be represented as one 
point in a (hkl) pole figure. By scanning the setting of the sample, a map of the 
crystallite orientations can be obtained and plotted as a pole figure. In general, a single 
(hkl) pole figure do not give the full information about the texture of a material. 
However, by combining the data of at least two pole figures from different (hkl) 
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reflections the complete three dimensional orientation distribution function (ODF) 
describing the texture can be obtained. For a recent overview of standard experimental 
techniques and methods of ODF analysis see Bunge and Esling (36). 

Fig. 9 Schematic illustration of the texture measuring principle. For each grain, 
lattice planes with the distance dyj are indicated. Only the grains shaded 
in grey fulfil the Bragg scattering condition. 

3.2. Fast texture measurement 

The experimental set-up for the in-situ texture measurements is shown schematically in 
Fig. 10a. It is a fairly standard set-up for neutron texture measurements except the 
detector which is a 50 cm long linear position sensitive detector (PSD) placed with its 
axis vertical. If the wavelength of the incident neutron beam is selected so that the 
scattering angle 26s is equal to 90°, the PSD simultaneously records the diffracted 
intensity along -50° of a (hkl) Debye-Scherrer ring (see Fig. 10b). So for one setting of 
the sample not only one point of the pole figure but a large part (~34°) of a small circle 
is determined (see Fig. 11a). This means a considerable enhancement of the data 
collection rate compared to standard equipments. 
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Fig. 10 a) schematic illustration of the experimental arrangement as seen in a horizontal 
plane for the in-situ neutron texture technique, b) illustration of the use of a 
position-sensitive detector to measure the intensity distribution along a (hkl) 
Debye-Scherrer cone. At 28s = 90° the cone degenerates to a plane and the 
detector axis lies completely in this plane. 

Fig. 11 a) With one sample setting the detector covers 34° of a small circle in the pole 
figure plane, b) the sampling mesh. 
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A complete pole figure, or any part of it, is obtained by rotating the sample discontinu
ous^ in the Euler goniometer (see Fig. 10a), with the sample fixed while counting. 
Typically 180 settings of the sample are required for a complete pole figure measure
ment. However owing to symmetry this number can in general be reduced. For example, 
for symmetrically rolled materials only a quarter pole figure is needed. In this case 61 
settings of the sample is used to obtain the sampling mesh shown in Fig. lib. Typical 
measuring times for the quarter pole figure mentioned (with an accuracy of 2-3% as 
determined by counting statistics) are in the range 7 to. 15 minutes depending on the 
scattering cross section of the sample material. 

On applying the calculation method introduced by Bunge (37) at least two pole figures 
from different (hkl) reflections are needed to determine the ODF (assuming cubic 
crystallite and orthorhombic sample symmetry). A typical time resolution is therefore 
about 20 minutes. Thus, it is possible to make reasonably accurate ODF-based kinetic 
investigations of annealing processes, which involves a texture transformation over at 
least a couple of hours. 

The kinetics of very fast processes, where this time resolution is insufficient, can be 
followed by means of partial pole figures that focus on selected texture components. 
Here the sample orientation is changed only between a few preselected positions. In the 
limiting case the sample is kept fixed during the measurements, but as the position 
sensitive detector covers 34° of a small circle in the pole figure plane (Fig. 11a), it is 
possible to position the sample so that the detector records the change in intensity of one 
or even a few texture components simultaneously, and thus a time resolution of the 
order of seconds is obtained. For further details see (38, 39). 

In general, cylindrical samples with a total volume between 0.1 and 2 cm3 are used. For 
heavily rolled materials this relative large sample volume is achieved by stacking a 
number of circular discs on top of each other. 

The complete operation of the measurements is computerized. What is needed by the 
user is to mount the sample, switch on the beam and start the computer. While 
measuring the recorded intensities are displayed as pole figures on a colour monitor and 
stored in the computer for ODF analysis. When the measurement of a pole figure is 
completed, the pole figure is automatically plotted by an 8 colour jet-ink printer. 

3.3 Examples of applications 

The neutron diffraction texture measurements are being used for both the fundamental 
and the more directly industry relevant research. For the fundamental type of research, 
the technique is presently mostly being used for studies of recrystallization kinetics, hot 
deformation textures (effects of strain, strain rate and temperature) and texture of high 
temperature phases of steel measured in-situ at the high temperature. An example of a 
recrystallization kinetics curve is shown in Fig. 12. Below a more detailed description of 
some more industrial relevant investigations is given. 
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Fig. 12 The development of specific texture components during isothermal annealing at 
95°C of pure copper, cold rolled to 90% reduction, (hkl) <uvw> refers to grains 
having the (hkl} plane parallel to the rolling plane and the <uvw> direction 
along the normal direction. 

Texture effects on formability. The formability of metals depends amongst other factors 
on the crystallogTaphic texture. For example, when polycrystalline sheets are deep 
drawn, texture is a dominant source of the plastic anisotropy that causes earing (40). 
Industrially, it is important to minimize the earing, and the usual solution for aluminium 
is to produce materials with a balanced texture containing equal amounts of cube and 
retained rolling texture (41). 'Texture tailoring" of this kind requires knowledge about 
the effect of a large number of both mechanical and thermal process parameters for a 
variety of materials. On-line texture measurements can here be of importance. The 
neutron texture technique and a fast-response furnace system have been used to adjust 
the annealing procedure, i.e. adjust the heating rate, time and temperature, according to 
the actual texture development and thereby control the direction of the development 
(42). Some of the results are summarized in the following. 

A series of 90% cold-rolled commercially pure aluminium samples were annealed 
isothermally at temperatures in the range 245 - 300°C applying a heating rate of 
approximately -50°C/min. For all the samples the recrystallization texture consists of 
cube texture, retained rolling texture and some random texture. (Cube texture refers to 
grains having the (100) plane and <100> direction parallel to the rolling plane and 

-262-



direction, respectively. Rolling texture is grains having similar orientations as the 
deformed material and random texture refers to grains of all other orientations.) The 
volume fraction of these main components is calculated. The ratios between the amount 
of retained rolling and cube texture are plotted vs. the annealing temperature in Fig. .13. 
It can be seen that a rnirurnurn rolling/cube ratio of approximately 1*4 is obtained by 
annealing at 250°C 
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Fig. 13 The ratio between the volume fraction of rolling and cube texture in 99.96% Al 
samples annealed isothermally at temperatures in the range 245- 300°C. 

Another series of samples were recrystallized by cyclic annealing procedures where 
different heating rates and two or more different temperatures were selected during the 
annealing period. The partial pole figure technique was in this case used to follow the 
development in the rolling and cube texture component on-line. The different 
temperatures were selected based on the actual development in the two components and 
on the experience obtained by the isothermal annealing treatments. The resulting values 
for the volume fraction of rolling and cube texture are given in table I. It can be seen 
that in spite of the very limited range of annealing temperatures a large variation in the 
rolling/cube ratio, 0.9 - 2.7, is now obtained. And an almost balanced texture (roll
ing/cube = 0.9) is achieved by annealing at 250°C for 1/2 h followed by 36 h at 230°C. 
These results show that the in-situ texture measurements can give relevant information 
about how to choose processing parameters for controlled texture tailoring. 

Also for hot working in-situ texture measurements can be an important tool to optimize 
the texture development. As a part of a EURAM/BRTTE project, the textural develop
ment between rolling passes wul be followed using the neutron diffraction technique. 
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Table I The volume fraction in % of the main recrystallizab'on texture components 
calculated by integration over 15 degrees in the ODF-Euler space and the ratio 
between rolling and cube texture for samples annealed cyclic as indicated by the 
sketches of temperatures vs. time. 

Annealing ToUl rolling tcxtur* Cut* ttxturt Rolling/cube 

42 

40 

42 

32 

29 

29 

23 

34 

1.5 

1.4 

1.8 

0.9 

51 19 2.7 

Texture effects on mechanical properties. Most metallic materials show some degree of 
arusotropy in that they exhibit differences in properties in different directions (43). These 
anisotropics may be ascribed to texture and microstructural anisotropy. The anisotropy 
of a material may be desirable or undesirable, and from an industrial point of view it 
can be important to know the anisotropy and to be able to control it. In this context 
neutron diffraction texture measurements are a powerful tool, as the effects of the bulk 
texture on the anisotropy can be determined. 

The plastic anisotropy of commercially pure aluminium deformed by cold rolling at 
strains up to 2.3 has been investigated (44), The flow stresses (0.2% offset) measured at 
room temperature are related to M-values which are calculated on the basis of the Taylor 
theory from experimentally determined texture data. (The Taylor M-value is a measure 
for the relative strength of the material and is given by the equation a = Mi, where o 
is the flow stress and T is the critical resolved shear stress.) Figure 14 shows that strong 
anisotropy is observed both at small and large strains. In Fig. 15 the part of the 
anisotropy which can be related to texture is accounted for by dividing widi M, It 
appears that, for the present material, texture is the main cause of anisotropy at large 
strains. However, at low strains the anisotropy of the flow stress has microstructural 
causes. In this context the presence of microbands (see Fig. 16) is of importance. A model 
that can take into account the effects of microbands has been developed (45). 

Texture of coarse-grained materials. For many practical applications coarse-grained 
materials are wanted; an example is turbine blades. X-ray equipment, which is common 
in most industrial laboratories, cannot be used for texture measurements in these 
materials simply because too few grains are sampled. Textures of materials with grain 
sizes up to several millimetres can be easily determined by neutron diffraction. At Risa 
the texture of a series of materials ranging from Al to PE16 has been determined. In one 
case the grain size was so coarse that a 50 cm3 sample was necessary to get a sufficient 
number of grains. 
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Fig. 14 Angular variation of the flow stress (0.2% offset) in the rolling plane for 99.96% 
Al deformed to strains in the range e = 0.2 - 2.0. 
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Fig. 15 Angular variation of the flow stress divided by the corresponding Taylor M-
factor. 
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Fig. 16 Microstructure in a TEM foil parallel to the rolling plane of 99.96% Al deformed 
to E = 0.2. Parallel microbands are marked by M. The rolling direction is labelled 
RD. 

4. RESIDUAL STRAIN MEASUREMENTS 

4.1. Technique 

The aim of the technique is to enable determination of residual strain of either entire 
bulk samples or selected volumes within larger components. So far the majority of 
residual strain measurements have been done using the well established X-ray diffraction 
technique. This technique measures surface residual stresses, but by applying a 
destructive etching or sectioning technique, the method can also give information about 
the residual stress state below the surface of structures. 

Because neutrons have a penetration power several orders of magnitude higher than X-
rays in most metals, neutrons are a potential probe for studying bulk residual strains 
(and stresses) non-destructively, and hence the neutron diffraction technique can serve 
as a complimentary technique to the X-ray technique. Since 1981, much research has 
been focused on developing the neutron diffraction technique for studies of bulk residual 
strains and stresses (46). 

The principle used in neutron diffraction based measurements of internal strain is the 
same as that used in the X-ray method (47,48). Small variations in the internal strain in 
the sample is measured using the crystal lattice spacings, d, as a microscopic strain 
gauge. Measurements of d may be made on a conventional diffractometer by 
measurement of the Bragg diffraction angle 9^ of a given (hkl) Bragg reflection: 

. 2 dM sin Bm = X (2) 
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where X is the wavelength of the neutron beam. 

The strain E is given by: 

e - ^£ - ̂ £fi = - cot e0 A e 0) 
o o 

where d0 and 90 are the strain free reference values. 

Based on the assumption that the lattice strain measurements reflects the macroscopic 
strain state then the stresses are generally calculated using Hook's law for an elastic 
isotropic continuum (48): 

"••T^VT^S'W (4) 

In cases where elastic anisotropy and/or texture has to be taken into account then 
stress/strain conversion is not trivial. The usual approach is to base the stress/strain 
conversion on calibration experiments made in order to acquire so-called diffraction 
elastic constants. 

4.2. Special detectors 

To reduce the required measuring time, a set-up with a PSD has been developed. 

Fig. 17 Schematic illustration of the experimental arrangement for measurements of type 
1 residual stresses. 

The instrument has been designed to enable measurements of the two types of internal 
strains, known as type 1 and type 2. In type 1 measurements, the strain profile through 
a structural component has to be determined, and the experimental set-up is shown 
schematically in Fig. 17. A narrow monochromatic beam defined by apertures is incident 
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on the sample. The sample is placed on a sample robot (XYZ translation and two 
mutually perpendicular rotations) for accurate and automatic positioning relative to the 
incident and diffracted beam. A 35 cm long PSD is placed about 35 cm from the sample 
with its axis horizontal. A 9' Soller collimator is mounted between the detector and the 
sample. With such a collimator only the neutrons which are scattered at the correct angle 
28s (in Fig. 17, 26s = 90°) will reach the detector, neutrons scattered in other directions 
will collide with the walls in the collimator and will be absorbed. This means that, with 
the set-up presented, different sections of the detector measure the diffracted intensities 
from different elements along a line in the sample. By keeping the scattering angle 28s 
fixed and scanning the wavelength X (i.e. turning the monochromator crystal and 
moving the entire spectrometer) the lattice spacing d is determined as a function of 
position along the beam path and the strain can be calculated as usual (see equation 3). 

The strain resolution is approximately 1 x 10^ and the best spatial resolution is 1 mm. 
Compared to more standard instruments equipped with a single detector the gain in 
measuring time depends on the number of strains to be recorded along the line -
typically it is of the order of 10 - 30. 

For type 2 internal strain measurements, where the average strains have to be 
determined for complete bulk samples - for example in two-phase materials - a broader 
incident beam is usually used. The PSD is placed far away from the sample (up to 1.5 
m) and no collimator is inserted between sample and detector (see Fig. 18). With this set
up only one wavelength X is used and entire Bragg peaks (intensity vs. different 

Fig. 18 Schematic illustration of the experimental arrangement for measurements of type 
2 residual stresses. 

scattering angles 28s) are recorded simultaneously along the detector and d-values (see 
eq. 2) can be determined without moving anything on the spectrometer. For two-phase 
materials it is often possible to select X and the sample detector distance so that a peak 
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from each phase can be measured at different positions along the detector, i.e. the 
internal strain of both phases is determined simultaneously. This set-up is not a Rise 
invention but has been used previously (50, 51). However, with our instrument a strain 
resolution as good as 5 x 10'5 has been achieved and compared to single detector 
instruments a reduction of measuring time of about 20 times is typical. For further 
details on the internal strain instruments see (52, 53). 

The complete instrument is computer controlled, allowing most experiments to be run 
automatically once the initial alignment and calibration procedures are completed. 
Samples are positioned automatically and to some extent apparatus settings can be 
controlled by the computer. Further, data collection is controlled by the computer and 
results are stored. From there, data files are typically transferred to other computers for 
further processing and analysis. 

4.3. Applications 

In the following two examples of respectively type 1 and type 2 internal strain 
measurements are given. 

Strain profiles close to welds. During welding, dramatic temperature gradients are 
produced in the specimen and as a result residual stresses which can be a large fraction 
of the yield stress are produced; further the distribution of these stresses is often very 
complicated. Only in the most simple cases calculations, like finite-element calculations, 
can be used to predict the residual stresses. As a consequence non-destructive 
experimental techniques to determine these stresses are of interest. Besides determining 

Fig. 19 Experimental set-up to measure the e, strain component at 33 points along the 
incident beam simultaneously in a T-butt weld specimen. 
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the actual residual strain state in a given component, the neutron diffraction strain 
measurements can be used to study the effects of various stress-relieving heat treatments 
by measuring the residual strains before and after a given treatment. 

The residual strains in a T-butt weld specimen have been determined. The experimental 
sample setting used to evaluate the distribution of the e, component through the plate 
is shown in Fig. 19. Such "through-plate" strain distributions were measured with the 
incident beam passing through the plate at 12 different positions within the shaded 
region (see Fig. 19). The beam path was changed by moving the specimen in the 
negative z-direction (see Fig. 19) in steps of 2.8 mm. Thereby the 12 strain profiles were 
measured for z-values in the range (0 - 31) mm. Some of the results are shown in Fig. 
20. It can be seen that a very precise map of the residual-strain distribution is obtained 
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Fig. 20 The measured distribution of the Ê  strain component through the plate (see Fig. 
19): a) at z = 0 mm, b) at z = 8.4 mm, c) at z = 16.8 mm, d) at z = 25.2 mm. 

with the neutron technique. Relatively high strains (presumably very dose to the elastic 
limit of the material) exist in the region around the T-butt weld. These strains vary 
strongly as a function of position through the plate. Further a marked change in the 
strain profile is observed as the beam path is moved away from the welded zone. 
Absolute strains are calculated using equation 3 when d„ is the strain free lattice spacing. 

The determination of d0 is in general a problem as it can be difficult to find a truly un
strained material which otherwise is identical to the material of interest, and several 
methods have been proposed (see table II). In the present investigation the d„ value was 
found by averaging d0 measurements in 4 small volumes located as far away from the 
welded zone as possible. 



The complete information about the residual strain state is obtained by measuring at 
least 6 independent strain components and calculating the strain tensor. Using the 
described type 1 experimental set-up, where a complete strain profile is determined by 
a single wavelength scan, the only reorientation of the specimen, whereby different 
strain components are determined for exactly the same sample volumes, is a rotation 
around the incident beam. Any other specimen movement will result in a different beam 
path relative to the sample, i.e. strain measurements from different volumes. However, 
a rotation of the specimen around the incident beam will result in the measurements of 
strain components on a cone in the specimen and the strain tensor equations, which can 
be deduced from 6 such measurements, are linearly dependent, i.e. no solution can be 
found (54). Instead, only 5 components are measured on the cone, and 1 component 
outside this cone is determined. For the latter measurement, almost the same set of 
sample volumes is obtained by changing the wavelength slightly and consequently 
adjusting the diffraction angle 8s to describe another diffraction cone in the sample. 

Table II. Various approaches to the determination of an adequate-strain-free d, 
value. 

d0 value measured on a sample piece heat treated to relieve the stresses 

d0 value measured on a powder produced from the sample material 

d0 value measured in regions of the material which are expected to be unaffected 
by the process which caused the residual stresses 

d0 value determined by an iterative integral procedure where d0 is calculated 
through iteration by requiring properly chosen cross-section integrals of stresses 
to be zero 

all strains taken relative to a "d0 value" measured somewhere along the strain 
profile in question 

Bulk residual stresses in metal matrix composites. Metal matrix composites (MMC) are 
characterized as being light, strong and stiff and MMCs are potential candidates in the 
aircraft, car and electronic industry. However, the mechanical properties need to be 
further improved before a possible commercial exploitation. In this context determination 
of the residual stresses is of importance. They are caused by thermal and mechanical 
treatments, and they depend on the difference in thermal expansion and elastic constants 
of the fibres and matrix, and on the plastic deformation of the matrix. Such thermal and 
mechanical treatments occur both during fabrication and in service. The resulting 
residual stresses are of significance because they modify the properties of the composite 
material. 

The residual stresses normally have complex fields and are not easily calculated. 
Complicating factors can be the anisotropy of the fibres and matrix, multiaxial (residual) 
stress states and insufficient knowledge about the plastic deformation of the matrix in-
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situ. Attempts have been made to calculate the internal stresses, mainly based on the 
analysis of a matrix with an inclusion (55,56). It is thus of interest also to record residual 
stresses experimentally, and, since the stress fields exist in the bulk of the material, it is 
important to measure over a significant volume of material. This can be done by neutron 
diffraction. 

For this type of measurements the set-up described as "type 2 interna] strains" is used, 
i.e. very quick measurements are possible. The technique has been used for in-situ 
measurements both during mechanical and thermal loading (57 - 60). The results from 
a thermal-loading experiment shall be summarized. 

The MMC used was Al reinforced with 5 vol.% SiC whiskers produced by powder 
blending. By choosing the neutron.wavelength properly (X = 3 A) the position-sensitive 
detector will record the (111) reflection for both Al and SiC simultaneously at different 
positions. The sample was mounted in a small furnace. The aim was to study relaxation 
of residual stresses at various temperatures. First the specimen was heated fast ((4 - 5) 
min) from room temperature to 100°C, followed by relaxation at this temperature for 
about 10 h. During this period the peaks were recorded every 11.8 min. After this 
relaxation period the specimen was heated to 200°C and the measurements performed 
at this temperature for about 10 h. Finally, the scheme was repeated at 300°C. 

The results measured at 300°C are shown in Fig. 21. It can be seen that immediately after 
heating (from 200 - 300°C) a compressive strain of —1 x 10'J exists in the Al matrix and 
that this strain relaxed slowly towards -2 x 10"4. By comparing with inclusion models (55, 
56), it was found that the model gives a reasonable description of the unrelaxed strains. 
Possible mechanisms for the stress relief during relaxation have been proposed (60), 
however, further work is needed before the temperature dependence of the relaxation 
behaviour might be understood. 
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Fig. 21 Residual strains in the matrix of Al-5 vol.% SiQ, as a function of time at 300°C. 
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Neutrons contra X-rays. Two of the techniques presented in this paper is based on 
neutron diffraction. As mentioned above, the basic principles of the neutron diffraction 
techniques in many ways resemble those of the more well known X-ray techniques. 
There are, however, quantitative differences between the two techniques. The most 
important for residual-strains and texture measurements is the lower absorption of 
neutrons in most metallic materials. This allows non-destructive measurements of 
residual-strains profiles in bulk components; an important information, which is only 
possible to obtain by X-ray diffraction using the destructive sectioning techniques. 
Further, for type 2 residual-strains measurements, where average values are to be 
determined, and for texture measurements, it is, in most cases, advantageous that the 
neutrons sample bulk material and not only the surface. The sample preparation for 
neutron diffraction measurements is easy as rough surfaces do not cause problems. For 
in-situ measurements it is useful that the neutron equipments are fairly large, whereby 
installations of sample environments such as deformation rigs and furnaces are straight 
forward. In the general case, it seems to be easier to analyse neutron than X-ray data. 
For example, no correction for sin2 V fluctuations are needed for the strain measurements 
and complete pole figures are directly determined by neutron diffraction texture 
measurements. A major drawback of the neutron diffraction techniques for industrial 
purposes is, however, that the neutron sources are reactors/spallation sources and that 
the samples have to be brought there. In practice, this means that neutron diffraction 
may be used for industrial research, for example to test new processing procedures, but 
not for production line testing. 

CONCLUDING REMARKS 

Two texture techniques, a bulk texture and a micro texture technique, have been 
presented. Each technique can give important information about the texture, and by 
combining the results of the two techniques, it is possible to correlate precisely the 
observed textural changes to the microstructural processes. These studies should be 
followed by the formulation of frame works, equations or models that describe the 
textural and microstructural evolution and allows extrapolations outside the parameter 
range investigated. 

Also a neutron diffraction internal strain technique has been presented. Both type 1 and 
type 2 internal strains can be measured. The type 1 measurements are often done in 
direct collaboration with industry, and based on the results the effects of various 
processes are evaluated. This could for example be an evaluation of the effects of various 
stress relieving heat treatments. The type 2 measurements have been carried out for both 
single and poly phase materials. Typically the results of these measurements are 
included in finite element models to better predict the overall behaviour, for example 
the creep properties or forming possibilities. 

Industrial processing of engineering materials often involves very complex thermome-
chanical treatments and in-situ measurements of the types described here are not 
realistic. However, the techniques allow a verification of a number of experimental 
parameters under well controlled conditions. Thereby information can be obtained which 
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can guide an industrial process development and be used for process modelling by 
computer simulations. 
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Abstract 

Oxide dispersion strengthened (ODS) alloys have been developed for high creep 

strength at high temperatures. The iron-base variety, containing about 5 wt.-% 

aluminium, additionally exhibits excellent corrosion resistance at temperatures up to 

1250 °C. These alloys are therefore promising materials for high temperature 

components in aggressive environments. 

The dispersoids are small yttria particles which are significantly more stable than 

carbide or y'-precipitates in conventional high temperature alloys. They slow down 

dislocation glide by a newly detected interaction mechanism. Its formulation allows 

the stress dependence of the creep, rate of these materials to be modelled. 

The yttria addition is also responsible for the improved corrosion resistance 

compared to that of the yttria-free base alloy. The adherence of the alumina scale 

protecting the material is significantly enhanced, but the underlying mechanism of 

this effect was a point of controversy for a long time. Finally it has been 

demonstrated that yttria particles are formed at the grain boundaries of the alumina 

surface layer and block the path for cation diffusion. 

In the presentation these basic processes in iron-base ODS-alloys will be outlined 

and it will be shown how far the correlation between these process and the 

technologically relevant behaviour is presently understood. 
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1, Introduction 

Material choice is very limited for components operating in energy systems at 

temperatures above 1000 °C. Up to about 1050°C gas turbine components are 

made from y'-strengthened Ni-based superalloys, protected against corrosion by 

MCrAIY-coatings, and a service life in the order of 10,000 h is common. In 

components where creep and fatigue strength requirements are lower, cast 

austenitic iron base alloys strengthened by solid solution and carbide precipitation 

may be appropriate up to 1100 °C service temperature, but severe loss of ductility 

has to be accepted. Up to 1200 °C or more iron base ferritic alloys with about 

20 wt.-% Cr and 4 % Al may be used, e.g. as electrical resistance heater elements. 

They form protective oxides, but for structural components their creep strength is not 

acceptable. Refractory alloys such as the molybdenum alloy TZM, in spite of their 

excellent mechanical properties, find only limited application in specific areas, where 

the formation of. their volatile oxides can be avoided. 

With regard to ceramics, much progress has been made in recent years. However, a 

break-through has not yet been achieved concerning the design of structural 

components which have to fulfill the demands of reliability in energy converting 

plants. 

Fig. 1 shows the position of alloy systems for high temperature application in respect 
to a characterisctic creep property, the 100,000 h creep rupture strength. The Figure 
shows that for temperatures above 1000 °C it is worthwile to study the use of a 
strengthening concept which uses very stable fine oxide dispersions to harden 
otherwise conventional metal matrices, i.e. the concept of oxide dispersion 
strengthened (ODS) alloys IM. 

Considerable research and development efforts have been devoted worldwide to 
ODS alloys. After introduction of the ODS concept into metallurgy first by the powder 
metallurgical production of Al alloys, followed by the invention of TD-Nickel1), 
applications of new varieties for power engines became of interest in the early 
seventies leading to 

the oxide dispersion strengthening of Ni-base /-hardened matrices in order to 
improve creep strength of superalloys at higher temperatures 111 (e.g. INCONEL 
MA 60002), p M 30003)); 

DuPont Corporation 
INCO family of companies 
PM Hochtemperatur-Metall GmbH, Reutte (A) 

-280-



the oxide dispersion strengthening of Fe-base ferntic alloys in order to combine 
the well known corrosion resistance of these materials as electrical heaters with 
creep strengthening by thermodynamically stable yttria (Y203) particles 131 (e.g. 
INCONEL MA 9562), pM 20003>, ODM 7514)). 

The following paper concentrates on results of recent research obtained for Fe-base 

ODS alloys. A challenge for the work is, in addition to the use of these materials for 

burner components, their qualification for heat exchangers working above 1000 °C, 

where heat transfer from combustion gases to a clean gas circuit driving a gas 

turbine or to chemical processes is of interest. 

2. Materials and material structure 

The exceptional creep resistance of Fe-base ODS alloys is shown in Fig. 2. It relies 

on two mechanisms: 

2.1 Dispersion hardening 

The hardening of the matrix, which is already solid solution strengthened by its Cr, Al 

and Ti-content (see Table 1), is achieved by finely dispersed yttria particles with 

mean diameters between 5 and 20 nm and mean particle distances of about 100 nm 

(Fig. 3). 

This morphology of the dispersion inhibits effectively the motion of gliding 

dislocations responsible for creep deformation. The particles exert an attractive force 

on the dislocations in contact with them, causing a threshold stress necessary to 

overcome the binding energy. 

Yttria is selected by reason of Hs extrem thermodynamic stability and its availability 

in fine powder form. Its enthalpy of formation is approximately -1900 kJ/mol, in 

comparison to that of Al203 (AG0= - 1600 kJ/mol) and to the much lower value of 

carbides (e.g. Cr23C6: AG0 = - 400kJ/mol). However, even this very high stability 

does not impede slow growth of the dispersoids, caused mainly by uptake of 

aluminium into the oxide composition. Systematic investigations of the structural 

changes and of the chemical composition have been performed (with the Ni-base 

alloy MA 6000), which showed that the Y203 added could not be detected even in 

4) Dour Metal, Dour (B) 



virgin recrystallized material /4,5,9/. Instead, yttrium-aluminium oxides have been 

identified which showed the phases Y4AI2Og (monoclinic. YAM), AIY03 (AI-

Perowskite, YAP). YAI03 (hexagonal, YAH) and Y3AI5012 (Garnet, YAG). In the 

Fe-base alloy PM 2010 the geometrical ripening of the dispersoids was measured 

after accelerated ageing of the material at 1350 "C using quantitative microanalysis 

(QMA), of TEM replica and small angle neutron scattering (SANS) 16,71. Results are 

shown in F:q. 4. This heat treatment caused additionally fragmentation of some of 

the particles into smalt fractions (see Fig. 5), demonstrating the internal stresses 

which are building up by the aluminium uptake and the accompanied phase 

transformations in the dispersoid material. 

2.2 Grain shape 

Creep cavities easily grow at grain boundaries orientated perpendicularity to the 

main stress axis. Therefore, for maximum creep strength a reduction is needed in 

the number of these boundaries. 

ODS-material has a small grain size after consolidation of the mechanically alloyed 

powder, making the hardening effect outlined in Chapter 2.1 ineffective. The 

hardening effect would be masked by early sliding and creep damage which 

develops in stress loaded grain boundaries /8/. After extrusion a recrystallisation 

treatment (typically 1h at 1350 °C) produces large grains with a high ratio of grain 

length to diameter (grain aspect ratio, GAR) of at least 1 0 : 1 . GAR of the grains may 

even exceed 50 as shown in Fig. 6. The long directions of all grains are not only 

parallel to the rod axis, but, additionally, deviate only slightly (1 to 2°) from <111> of 

their bcc lattice. 

The large size of individual grains allows specimens which represent quasi single 

crystals to be machined from the bar stock. If their creep behaviour is measured /10/, 

a strain rate is found comparable to that of specimens with large cross sections 

covering several grains. This indicates that in longitudinal direction the creep rate of 

specimens with high GAR approximates that of a single crystal stressed in <111> 

direction. 
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3. Mechanical behaviour 

3.1 Tensile properties 

In tensile tests Fe-base ODS alloys are characterized by a lack of work hardening in 

the temperature range, in which they are intended to be used /11-15/. 

Fig. 7a shows stress/strain curves determined at lower temperatures. After the yield 

point, which is very pronounced in tests up to 300 °C, hardening is still present 

above room temperature up to 500 *C, but is lost completely at higher temperatures 

(Fig. 7b). This is confirmed by compression tests (Fig. S) which show that work 

hardening is also present at room temperature, but a steady state plateau is found at 

600 *C and above /15/ (The steady state indicates that the decreasing stress in 

tensile tests is caused by early necking of the specimens, a finding which was also 

confirmed by intermediate specimen profile measurements /14.15/). 

The effect of strain rate on tensile properties at 900 *C is shown in Fig. 9. Besides 

the confirmation of the total absence of work hardening a severe loss of ductility is 

found if the strain rate is reduced to low values. This reduction increases with 

temperature: At 600 °C fracture strain remains at about 10% (initial strain rate 

e = 10-« s-1) /15/. but at 950 *C H is reduced to about 2 % (e = 10"5 s-1) /14.16/. 

With increasing temperature and decreasing strain rate these alloys show regions of 

significantly different fracture modes /14.16/: 

In tensile tests with conventional strain rate (approximately 10"3 s*1), shear fracture 

is dominating between room temperature and 600 *C (Fig. 10a, b). The separation 

develops parallel to slip bands which are orientated around 45* to the tensile axis. 

At higher temperatures, around 800'C. one finds ductile fracture with marked 

necking (Fig. 10c). At 950 *C and above weakening of grain boundaries additionally 

influences rupture. The low strength of the grain boundaries allows early separation 

of the grains and necking of each individual grain becomes apparent (Fig. 10d). 

If the strain rate is reduced at temperature above 900 *C, the fracture mode changes 

again: transgranular creep fracture with low fracture strain is found. It starts with the 

formation of small intragranular cracks and develops by their coalescence 

perpendicularly to the stress axis (Fig. 10e). SEM pictures reveal dimple formation 

indicating that the macroscopic brittle appearance is accompanied by a microscopic 

ductile behaviour. 
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3.2 Creep properties 

As has already been mentioned, the outstanding creep behaviour of ODS alloys at 

temperatures above .1000 °C is based on 

the fine dispersoids which effectively reduce the glide of dislocations, 

and 

a high GAR which avoids intervention of grain boundary sliding in the 

deformation mechanism. 

3.2.1 Dispersion hardening 

By the investigation of the mechanism underlying dispersion hardening a novel 

mode of dislocation-particle interaction has been detected /17-20/. TEM 

observations revealed an attractive interaction between dislocations and dispersoids 

(Fig. 11, /21/). This is contradicting the result of classical elastic calculations which 

give a repulsive force if the inclusion is harder than the matrix, as is the case in the 

ODS alloys which are of interest here. Obviously a dislocation may relax the stress 

field of its core by being in contact with an incoherent particle. This reduces its line 

tension, say by a factor k (0 £ k s 1) 1201 in relation to the line tension in the free 

matrix. In order to detach it from the particle for continuation of glide this loss of line 

tension must be replaced, making a stress necessary, which is higher than a 

threshold stress o^ which scales with the Orowan stress aor: 

ad = V T ^ a o r (1) 

The model by Arzt and Rosier /19, 20/ details this concept. It also takes into account 

a thermally activated detachment of the dislocations and gives the constitutive 

equation for "detachment-controlled creep" as 

e = E. :0exp 
G b 2 r ( l - k ) 3 ' 2 (1-^)3/2 
kBT 

(2) 

where e0 = 3 Dv I p/b with Dv: Volume diffusion coefficient, I: mean planar dispersoid 

spacing, r: mean particle radius, p: dislocation density and G, b, k0
-T having the 

conventional meanings. In Fig. 12, Eq. 2 has been plotted for different values of k; 

for k < 0.95 very high stress exponents are lo be expected for intermediate stresses. 

Fig. 13 shows results obtained with PM 2000 1221. The threshold-like behaviour and 

the very high reduction of strain rate relative to the dispersoid-free matrix (similar to 

the composition of Kanthal A, see Table 1) is clearly visible. 
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3.? " Grain aspect ratio 

If cavitifes grow on grain boundaries which are perpendicular to the stress axis, the 

adjacent, grains above and below those boundaries reduce their load bearing 

contribution and accommodation processes are necessary for transferring the load 

from damaged to undamaged regions. 

Sliding along longitudinal grain boundaries may produce this accommodation, as 

illustrated schematically in Fig. 14. A corresponding model has been developed by 

Arzt and Singer 1221 which states the specimen life is determined by grain boundary 

cavity growth if GAR is below approximately 20. A higher GAR is needed to make 

the intra-granular dislocation-dispersoid interaction rate limiting. 

A shortcoming of this approach is the proposed linear dependence of strain rate on 

stress if this mechanism would be effective. Experimental results reveal a stronger 

stress dependence. A better fit to the data can be achieved if dislocation creep is 

assumed to be responsible for the accommodation process /24/ (Fig. 15). This 

model enables also the poor creep rupture properties in the transverse direction of 

ODS material with a high GAR to be understood. 

4. Oxidation resistance 

In addition to their superior creep behaviour Fe-base ODS alloys possess a better 

oxidation resistance than dispersion-free alloys of the same matrix composition 

(Fig. 17). The presence of yttria dispersions leads to excellent scale adherence and 

selective oxidation of aluminium at temperatures above 1000 *C. 

4.1 Scale growth processes 

The mechanism underlying the improvement was a point of controversy for a long 

time. Finally, it could be demonstrated that the very low concentration of metallic 

yttrium which remains dissolved in equilibrium with the stable yttria dispersions 

contributes to the process of oxide scale formation. In the oxide layer it influences its 

growth by suppressing the diffusion of cations (aluminium) as shown in Figs. 18a, b 

1251. This effect is accompanied by the formation of new yttria particles in the grain 

boundaries of the oxide layer (Fig. 19), which are assumed to block these fast 



diffusion paths /26 - 28/. The experiments reveal an optimum concentration of yttria 

in a Fe-base OOS-alloy, which is not equal to the one found for the best creep 

resistance /29/. Lower amounts than the usual value of 0.5 wt.-% are expected to be 

more favourable for the best corrosion behaviour. 

4.2 Influence of the wall thickness 

At the high temperatures envisaged for the application of ODS-alloys the chemical 

elements of the base metal composition, e.g. aluminium, diffuse rapidly for 

macroscopic distances. This keeps the entire aluminium reservoir contained in a 

tube wall available for the formation of oxide and avoids narrow depletion zones near 

the wall surface. Nevertheless, after long service times of thin walled tubes the 

aluminium reservoir eventually falls below that critical concentration level which is 

required to form the oxide. At this moment minor cracks produced in the oxide scale 

cannot be healed any more and enhanced oxidation of chromium and iron sets in. 

This dangerous process cannot be extrapolated from the initial shape of corrosion 

curves which may indicate a completely conservative behaviour, as shown in Fig. 20. 

A model has been developed 1291, which describes this process. It is possible with 

the model to estimate with reasonable accuracy the tube life till onset of catastrophic 

oxidation on the basis of data which may be determined in short term laboratory 

tests. 
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Table 1: Chemical composition of ODS alloys on Fe-basis 

• 

Alloy 

(Kanthal A) 

INCOLOY MA 956 

Alloy PM 2000 

Alloy PM 2010 

ODM 751 

Fe Cr Al Ti Mo Y 2 0 3 C 

wt-% 

bal. 

bal. 

bal. 

bal. 

bal. 

22 

20 

20 

19 

16 

5.0 

4.5 

5.5 

5.5 

4.5 

— 

0.5 

0.5 

0.5 

0.6 

— 

— 

— 

— 

1.5 

— 

0.5 

0.5 

1.0 

0.5 

— 

0.02 

<0.04 

<0.04 

0.02 

Kanthal is a heater alloy manufactured by Bulten-Kanthal AB, Hallstahammer (S), 

Kanthal GmbH 
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ODM alloys are produced by Dour Metal, Dour (B) 
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Fig. 1: 100,000 h creep rupture strength of high temperature alloys representing different alloy 
systems. 
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Fig. 2: 1000 h creep rupture strength ol Ihe Fe-base ODS-alloys PM 2000 and MA 956 in 
comparison to the cast superalloy IN 100 and the wrought Ni-base alloy INCONEL alloy 617. 
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100 nm 

Fig. 3: Yttria dispersoids in 
MA 956 

a) Extraction double-replica 
TEM (this preparation 
method apparently 
concentrates the density of 
dispersoids) 

too 

b) Size distribution of 
extracted dispersoids after 
tensile test determined by 
TEM and quantitative 
microanalysis 191 

Diometer [nm] 

Fig. 5: TEM micrograph 
of extracted dispersoids 
of PM 2010 heat treated 
for 300 hat 1350 *C 
showing fragmentation of 
targe particles with high 
aluminium content /9/. 
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Fig. 6: Macro etched rod made 
from MA 956 showing large 
elongated grains /151. 

1000 

Fig. 4: Volume distribution of the dispersoids in PM 2010 and Ks change by ageing at 1350 "C. 
N(D) V(D) is the number density N times particle volume V per logarithmic diameter interval 
around diameter D. The columns represent results of TEM-QMA (right scale in arbitrary 
units), the continuous line that of small angle neutron scattering measurements 191. Three 
size ranges of particle diameters can be distinguished ("GroSenbereiche" 1, 2, 3). 
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0.15 

Fig. 7a: Engineering stress/strain curves of tensile tests for MA 956 at temperatures 
between 20 and 500 *C, strain rate 1-10--3 s*1 IW. 

0.05 0.1 0.15 0.2 
strain 

0.25 

Fig. 7b: Engineering stress/strain curves of tensile tests for MA 956 at temperatures 
between 600 and 970 *C. strain rate as in Fig. 7a IW. 
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Fig. 8: Load-compression curves in compression tests for MA 956, strain rate 
V10'3 s"1. Initial specimen dimension: 9 mm height. 6 mm diam. The 
specimens showed substantial shear deformation /15/. 
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Fig. 9 Engineering stress strain curves for MA 956 at 950 °C performed with 

different strain rates /14/. 

•295-



Fig. 10a: Fracture zone 
of MA 956 at room-
temperature 
(e= 10-3 s-1)/16/ 

- • • 

• ' • ' u i ' i i - i ^ S ^ ^ ^ ^ F'9- 1 0 d : Section of fr: 
^PfZfffi&ft?! MA 956 at 9 5 ° ° c (E = 

fracture zone of 
10-3s-1)/16/. 
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Fig. 10e: Fracture 
of MA 956 with 
e = 10"5 s'1 at 
950'C/16/. 

Fig. 12: Theoretical prediction of the 
creep rate given by Eq. 2 versus stress 
(both normalized) as a function of interaction 
parameter k 1201. 

I Fig. 11: Dislocation-
. ^ i -y-fm •»'0» • j dispersoid interaction 

/V-Cr/i i • ^ • . in MA 956. 
Specimen crept to 

». -.' j rupture at 950 °C by 
55 MPa. 0.7 % strain 
12V. 
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Fig. 13: Steady state creep strain rate versus stress for PM 2000 at 900 *C /22A nf indicates fitted 
exponents of the power law for steady state creep 1221. 
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Fig. 14: Schematic representation 
illustrating the constraint of grain boundary 
sliding along longitudinal boundaries to 
accomodate cavity formation on boundaries 
perpendicular to the stress direction 1231. 
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Fig. 15: Time to rupture as a function of GAR 
(for MA 6000) tested at 1050 *C and 230 MPa, in 
comparison with rupture times calculated with the 
dislocation creep accommodation model /24/. 
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Fig. 18: TEM image showing particles containing yttrium at grain boundaries in the oxide on 
MA 956. Oxidation for 1000 h at 1200 'C. Note the size of the particles, which is much 
bigger than that of dispersoids in the metal matrix /28/. 
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Fig. 19: Weight change and failure of MA 956 specimens with different thicknesses oxidized in air at 
1200 *C 1291. Thinner specimens suffer earlier catastrophic failure. 
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ABSTRACT 

Materials for solid state ionics include a large variety of compounds. Solid electrolytes have 
only one type of charge carrier like Na* in sodium-p-alumina or O2- in calcia doped zirconia. They 
can be ionic crysuls. glasses or organic polymers. Materials having an ionic conductiviiy together 
with a high electronic conductivity (n, p or polaronic types) are known as mixed conductive solids. 

High conductivity solid electrolytes associated with or without mixed conductive solids as 
electrode materials have revolutionized conventional concepts and have a wide range of potential 
uses such as high energy density batteries for electronic devices or electric vehicles, high 
temperature fuel cells, chemical sensors and clcctrochromic materials. 

INTRODUCTION 

Electrical conductivity is generally associated with the transport of electrons in solids. 
According to the band model, a partially filled conduction band leads to a good electronic 
conductivity. For example, metals like copper and silver with partially filled d bands have 
conductivities close to 6x10s S env1 at room temperature. Solids with a completely filled valency 
band and an empty conduction band behave as insulators or semiconductors depending on the band 
gap. Semiconducting materials usually having a band gap between 0.1 cV to 2 eV show somewhat 
lower conductivities. For example, the well known semiconductor Si has a band gap of 1.1 eV and 
a conductivity of about 10"* S cm-1 at room temperature. 

Another possibility of charge transport through materials is by ionic motion. Generally ionic 
transport is observed in ionic liquids such as aqueous solution of salts or molten salts in which 
conductivites higher than 1 S cm-1 have been reported. An aqueous solution of 1M KG reaches a 
conductivity of 0.1 S enr' at room temperature, and the same molten KG shows conductivity of 
2.2 S cm-1 at 800°C. In these liquid electrolytes both cations and anions are mobile. 

In addition to these solid electronic and liquid ionic conducting materials, some solids have 
also shown remarkable ionic conductivity at ambient or high temperature. For example, sodium-p-
alumina, II Al20jNa20. exhibits Na* conductivity of I.lxlO-2 S enr1 at room temperature and 

CaO doped zirconia exhibits an oxygen ion conductivity as high as lxl()-: S cm-1 at l(XH)°C. These 
solid materials with high ionic conductivity are called solid electrolytes and an interesting 
characteristic of these materials is (hat ionic transport generally results from the displacement of 
only one type of charge carrier. 

Sometimes an electronic conductivity may .superimpose with the ionic conductivity. When 
this electronic conductivity is comparable with or higher than the ionic conductivity these materials 
are called mixed conductive solids. 

These solid electrolytes and mixed conductive materials may be crystalline compounds, 
disordered solids like inorganic glass or organic polymers. Their properties have extensively been 
studied for a large variety of applications as reported in table I. 
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Table 1 Some solid electrolytes and mixed conducting materials, and their applications. 

Solid Electrolytes: 

Crystalline 
compounds 

Glasses 

Polymers 

11 Al20.vNa2O 

Zr02-Y203 

RbAgJj 

Li2SP2SsLiI 

Na2OAl20.vSi02 

PEO-H3PO4 

PEO-CFjSOjLi 

Charge carriers 

Na* 

0 * 

Ag* 

Li* 

Na* 

H*. H2PO^ 

Li*. CF.iSO;, 

Applications 

Sodium/sulphur battery 

High temperature fuel cell, oxygen sensor 

Peacemaker power supply 

Lithium primary solid state cell 

Na* selective electrode 

Smart window electrolyte 

Rechargeable lithium battery 

Mixed conducting materials: 

Crystalline 
compounds 

Glasses 

Polymers 

Li»TiS2 

HxMn02 

HxWOj 

La|.xSr»MnOj 

LUA1 

Li„C 

LixV2OjP2Oj 

Li»(CH)n 

Li*,e-

H*.e-

H\e-

0*-, e-

Li*.e-

Li».e-

Li*, e-

Li\e" 

Intercalation cathode material 

Intercalation cathode material 

Electrochromic material 

Cathode material lor fuel cell 

Anode materials for lithium secondary 
cell 

Intercalation cathode material 

Microwave shielding material 

As it may be seen in table I, a large variety of materials like ceramics, glasses, organic 
polymers have been .studicJ I'or numerous applications such as energy storage, sensors, smart 
windows etc. The science of these materials and the corresponding applications are called " Solid 
State Ionics". Basic and applied researches in this field have extensively been developed in France, 
Germany, England, Japan and U.S.A. A journal called Solid State Ionics is monthly published. 
Direct contacts between scientists are made through an international conference on Solid State 
Ionics held every other year gathering about 400 participants. In addition to this conference, more 
specialized topics are discussed in several meetings such as Asian SSI conference, Riso and 
Polymer symposia etc. 
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PART I: SOME REPRESENTATIVE MATERIALS 

1. A catimiic conducting solid electrolyte: N:i-|)-uluiiiinn (I I AljOyNajO) 

The crystalline structure of this compound can be described by conduction planes containing 
sodium cations between spinel blocks made of AlOf, and Al()4 polyhedra. Schematic 
representations of the crystal and the band structures are shown in figure I. 

Spinel block 

Sodium cation 

Spinel block 

Energy 

3JT -V Al-»+ 
conduction band 

4 
10 eV 

2/7 O2 ' 
valence band 

Fig. 1 Schematic representations of crystal and hand structures ofNa-fi-uiumina. 

The cationic displacement in this material occurs through an interstitial pair mechanism. A 
top view of the conduction plane shows a honeycomb structure where each hexagone has three 
stable positions for Na* cations. Due to thermal agitation, some Na+ cations may leave their stable 
positions to share a neighbouring position with another Na* forming interstitial pairs as shown in 
figure 2. The displacement of such interstitial pairs leads to the ionic conductivity which is the 
product of the number of interstitial pairs N+, their mobility Utand Fthe Faraday constant. 

o f = F N , U» (1) 

If N is the total number of sodium cations and N, « N. the number of sodium cations in 
interstitial positions is given by. 

N. = Nc*p(-5Jy (2) 

In this equation, Ef is the energy required to form an interstitial pair, R is the ideal gas constant and 
T the absolute temperature. The mobility U, of an interstitial pair is a function of the jump distance 
X, the cationic attempt frequency v0and the energy required for pair migration E,n. 

U. P vX 
exp \ ml RT " ""''» RT' 

Where n is related to the degree of freedom for the interstitial pair displacement. 

(3) 
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-**-
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Fig. 2 Interstitial pair formation in Na-p-alumina 

Then the cationic conductivity a+ may be written as 

. 2 

or 

°* RT n c x p l RT J 

o\T=Aexp(-|2r) 

(4) 

(5) 

where A = &£?-*>*_ 
R n and E<j = E|/2 + E,n. 

Eq. (5) is an Arrhenius type equation and the conductivity activation energy Ea can be 
determined from the slope of the graph of In cT versus 1/T. For Na-p-alumina, the value of Eo is 
close to 0.15 eV and ionic conductivity is about l()-2S cm-1 at room temperature. Due to the very 
high band gap in this compound, a very low electronic conductivity has been observed and it is 
about 106 limes lower than the ionic conductivity. 

2. A mixed conducting solid: Li^TiSj 

Pure titanium disulfide has a layered structure in which layers of TiSz octahedra are bound 
by weak van der Waals forces. The titanium cation has a d electronic structure and t!:j compound 
is semiconduclive with a small band gap (0.15 eV). Keeping the same layered structure, a non-
stoichiometric Li„TiS2 compound with 0 < x < 1 can be obtained by chemical or electrochemical 
insertion. As shown in figure 3, liihium cations intercalate between TiSi layers and the associated 
electrons transfer to the empty ;>x band of titanium . Using a chemist approach, it can be said that 
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Ti4* is progressively reduced to TV3 as a result of lithium insertion. The chemical state of lithium 
in LixTiSi is very different from that of pure lithium metals and its partial free energy is lower than 
about 2 eV compared to pure lithium. The partially filled ijg band contributes to an electronic 
conductivity. The lithium displacement through TiSj layers leads to an ionic conductivity which is 
several orders of magnitude lower than the electronic conductivity. In such a case, it is more 
convenient to express the ionic displacement by its diffusion coefficient D,. which is linked to the 
conductivity o+ by the Nernsi-Einslein equation: 

NF 2 
(6) 

At room temperature, the lithium diffusion coefficient in this material is about 10" cm2 s-1 

which is a value in between the usual values for solids and liquids. The resulting ionic conductivity 
a+ is then about It)-4 S. cm-1 which is lO6 times lower than the electronic conductivity. These 
electrical properties are exactly the opposite of those previously encountered for Na-p-alumina in 
which the electronic conductivity was negligible compared to the ionic conductivity. 

Energy 

Ti4+ eg band 

Ti4+ i2g band 

0.15 eV 

(a ) Pure TiS2 
?.-?3p S2* 'valence banc! 

Energy 

n 

© © © © O lithium cation 

( b ) Li xTiS2 

Ti4* eg band 

T r ^ / ^ b a n d 

-O.lSeV 

3pS2" valence band 

Fig. 3 Crystal tuul band .structure modifications while lithium intercalation in the layered structure 
of titanium disulphide. 
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3. An anionic conducting material: Stabilized 'Zirconia and its electrolytic behaviour as a 
function of oxygen partial pressure 

At high temperature, pure zirconia ZrC>2 has a fluorite structure made of ZrOg cubes sharing 
edges. This high temperature phase may be stabilized at room temperature by addition of divalent 
or trivalent oxides like CaO, MgO, Y2O3, The addition of such aliovalenl cations creates oxygen 
vacancies. Then the anionic displacement occurs through a vacancy mechanism as suggested in 
figure 4. The electronic structure may be described by a full O7' 2p band and an empty Zr4*- band. 
The band gap of this compound is large enough to give electronically insulating properties. An 
interesting phenomena occurs when the O2 partial pressure P03 is changed. 

Electric field 

_!_y L ^ \A) [£V [I\) Molt 
G 

® Ca2+ 

O Zr4* 

• Oxygen vacancy 

""""^ Oxygen vacancy displacement 

Fig. 4 Oxygen vacancy displacement in thejluorite sructure in calcia stabilized zirconia. 

At high Poj. neutral oxygen of the gaseous phase tends to fill some oxygen vacancies as O2-

ions. The electrons required are extracted from the O2* 2p band and consequently two electronic 
holes are created according to eq. (7) with Kroger notation: 

£ 0 2 + V o " ^ Oo + 2IT (7) 

In this notation, V represents an oxygen vacency and h' is an electron hole in the valence band. 
From the chemical equilibrium, 

K,- MM1 

(PoJ,/2|voj 

it may be seen that the hole concentration increases as (Poj)"4-

At low partial pressure of oxygen, O2" ions tends to escape from the crystal leaving two 
electrons in the conduction band according to the equilibrium, 

O; ;L02 + V 0 + 2 e ' (8) 

From this chemical equlibrium, it may be seen that the increase of electrons in the conduction band 

varies as (Pod'"4- The exchange mechanisms described by equations (7) and (8) are schematically 
shown in figure 5. The total electrical conductivity as a function of partial pressure of oxygen is 
shown in figure 6(a) and defines three domains. At very low oxygen partial pressure, the electrical 
conductivity is mainly electronic (n-type). At very high oxygen partial pressure, again the 
electronic conductivity (p-type) is dominant. The ionic conductivity is predominant for intermediate 
partial pressures of oxygen. This domain is called the electrolytic domain. Due to the temperature 
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dependance of equilibrium in equations (7) and (8) the extent of this electrolytic domain tends lo 
decrease as the temperature increases. 

o2-

o2-

o2-

V- o2' 

o2- o2-

p o2-

o2-

o2-

o2-

D Oxygen vacancy in O2* sublaltice 

2 e ' 

Zr»+ band 

'•;».- , , / . - i . . , ^ l ' ' , ) , . / " 

Fig. 5 Two possible exchange reactions involving the 02m sublattice ofcalcia stabilized zirconia 
with atmosphere at low and high partial pressures of oxygen. 
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Fig. 6 (a) Resulting conductivity isotherm and the predominantly ionic conducting central zone 
(electrolytic domain). 
(b) Representation of the electrolytic domain as a function of temperature and oxygen partial 
pressure. 
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4. Inorganic glassy electrolytes: Soda silica glass 

Glasses are perhaps the oldest solid electrolytes since the ionic conduction of mineral 
vitreous phases has been proved more then a century ago when Warburg managed to obtain the 
transport of sodium between two amalgams separated by a glass membrane. A glass is generally 
obtained by quenching the melt. The arrangement of atoms in the glass is practically the same as in 
the original molten state. The quenching process which produces a glass from the molten state 
should be fast enough to avoid crystallization and leave the material out of thermodynamic 
equilibrium. Compared to the crystalline state, an excess of free energy is stored in the glassy state 
as a slight distortion of bond lengths and bond angles from their equilibrium values. 

Q Sodium cation 

/ \ v Si04letrahedra 

Distance 

Fig.7 Sodium cations dispersed in a disordered anionic macromolecular network of S1O4 
tetreahedra in a soda silica glass. In this figure, the disorder is largely exaggerated. In glass, the 
actual deviation of bond lengths and bond angles are only a few percentage of their values in the 
crystalline state. 

Alkaline or alkaline earth cations incorporated in the structure of glass are responsible for 
ionic conduction in these materials. The highest conductivities are observed with monovalent 
cations such as alkaline or silver ions. The most simple form of these conducting glasses are a 
mixture of two components, a covalently bonded oxide or sulphide network former such as Si02, 
B2O3, P2O5, P2S5 and a network modifier such as L12O, Na20 or Ag2<3 which provides ionic bonds 
leading to ionic conduction. A schematic representation of an ionic conductive glass is shown in 
figure 7. 

The alkali ions displacement in a glassy electrolyte is currently described by an interstitial 
pair mechanism similar to that previously described for sodium-p-alumina. Nevertheless the depth 
of the potential wells represented in fig 1(a) is no more regular in the case of glasses due to the 
structural disorder and the ionic displacement is limited by the highest potential barriers. The 

cationic conductivity 0"+ of glass also follows an Arrhenius type equation similar to eq.(5) but the 
value of Eo usually lies between 0.5 and 1.5 eV. Oxide based glasses present a good ionic 
conductivity at moderate temperature, typically of 103 S enr1 at 3(MI°C, but some sulphide based 
glasses reach this value at room temperature. 
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5. Ionically conducting polymers: PEO-Litliium suit complexes 

Polymers-salt electrolytes have been developed in the 1980s as a part of multidirectional 
researches into new suitable materials for energy storage systems. Polymer electrolytes are 
complexes beiween inorganic salts, especially lithium salts like LiC10.j or LiCFsSOj and an 
organic polymer like poly-ethylene oxide(PEO). They can be prepared by dissolving the polymer 
and the salt in a mutual solvent and evaporating the solvent. The resulting polymeric film may have 
a reasonable ionic conductivity for both cations and unions. For instance, a typical film of PEO-
UCIO4 complex may have a total conductivity of 10-4 S cm-1 at 60°C. 

As shown in figure 8 the structure of these materials can be described by ionic salt 
molecules dispersed in the macromolecular chains of organic polymer. At the temperature of use, 
the organic polymer is above its vitreous transition temperature and the local chain motions assist 
the ionic migration. 

( a ) 

( b ) 

O CHVanii anion 

Q Li+ cation 

er PEO polymer chain 

Fig. 8 (a) Schematic representation of a LiClOi-PEO complex, lb) Ionic transport: (1) the ionic 
pairs obtained by dissociation and (2) motion front one UCIO4 molecule to another under electric 
field 

As described for crystalline and glassy electrolytes, the ionic transport in polymer 
electrolytes can also be decomposed into two steps: defect formation and defect migration. The 
defect formation may be imagined as the dissociation of a sail molecule LiX into an anionic defect 
LiX2_ and a cationic defect Li2X

+ according to 

3 LiX ^ LiX2 + Li2X* (9) 

These cationic and anionic defects migrate from one LiX molecule to another. Both defect 
formation and defect migration are assumed to be assisted by local deformations of the 
macromolecular chains. For these materials the energy required for conduction E0 is not provided 
by the mean thermal energy RT but from the mean configurational entropy St. associated with the 
macromolecular chain movements. From thermodynamic considerations, Sc and consequently all 
ionic displacements vanish at a temperature T„ called the ideal vitreous transition temperature. T„ 
values for usual polymer-salt electrolytes generally lie between 201) and 250 K. Above T„, 
conductivity variations as a function of temperature follow a so called V.T.F. behaviour 

a T = A exp B 
I R(T-T„) 

(10) 

This conductivity temperature depeiidance together with the migration of both cations and 
anions make these materials rather comparable to a molten salt than to a classical solid electrolyte. 
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6. Electronically conducting polymers: Polyacetylene doped with LiCIO^ 

Since more than 20 years, a large interest has been devoted to electronically conducting 
polymers. Their conductivity which is comparable to that of the best metallic conductors has lead 
the denomination as synthetic metals. The archetype of this material is the well known 
polyacetylene in its trans form which is a linear maeromoleeule with a backbone alternately 
consisting single and double bonded carbons. 

The simplest band picture of it orbitals overlapping in a regular chain would suggest the 
formation of a half filled n band leading to metallic properties. It appears that there is an alternation 
in the carbon-carbon bond lengths where the distance between two double bonded carbon is of 
about 5% shorter than between two single bonded carbon. This tendancy of localization of the n 
bonds leads to a splitting of the n band in a full /r bonding and an empty /r* anlibonding band and 
polyacetylene is non metallic with a band gap of about 2 eV. 

This polyaceiylene is able to react with both oxidizing (electron acceptor) or reducing 
(electron donnor) agent without disturbing the polymer backbone. This process is called doping in 
analogy with the 3-D semiconductor group such as Si although the dopant does not enter the 
structure. Such dopping increase electronic conductivity by several order of magnitude and at 
dopant level larger than 1 to 5% the conductivity cease to be an activated process and becomes 
temperature independent like in metals. 

In an electrochemical cell, LiCIO* doped polyacetylcne can either be oxidized at the anode 
or reduced at the cathode. At the anode, the electrons removed from the macromolecular (CH)„ 
chain are compensated by incoporating the same number of CIO4 anions, and at the cathode the 
electronic injection is compensated with Li* cations. This simultaneous ionic and electronic 
exchange makes this polymer comparable with the previously described mixed conductive material 
TiS2- The electronic conductivity particularly arises from the fact that electron removal or electron 
injection leads to localized slates around carbon atoms of the macromolecular chain. On each side 
of these localized state, there is a symmetrical arrangement of single and double carbon-carbon 
bonds as shown in figure 10. Upon doping with a large amount of anions and cations, these 
localized defects form bands that overlap the valence or conduction band leading to the metallic 
character of conductivity. 
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Fig. 10 Incorporation ofClO\ and Li* ions into the macromolecular chain of polyacetylene 
the corresponding electronic structures. 
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PART II: ELECTROCHEMICAL APPLICATIONS 

1. Solid Oxide Fuel Cells (SOFCs) 

A related application of -zirconia based solid electrolytes is to be used as electrolyte in fuel 
cells which convert fuel (H2, CH4, CO) and oxygen directly into electricity. The solid electrolyte, 
typically a Y2O3 doped Z1O2 separates the oxygen from the fuel, for instance, hydrogen. Porous 
electrode materials which also work as catalysts are deposited on both surfaces of the solid 
electrolyte. On the fuel side (anode) nickel-zirconia cermet and on the oxygen side (cathode) a 
mixed conductive (0 2 \ e-) oxide like La(1.,)SrxMnO(3.5) are used. This mixed conductive material 
reduces electrochemical overpotenlials significantly. The O2- ions generated at the cathode migrate 
through the solid electrolyte membrane and react with hydrogen at the anode to form water 
according to the global reaction 

H ^ + j L o ^ ) -* H20U) (H) 

Electric power is generated continuously as long as fuel and oxygen are supplied. Due to 
low ionic conductivity of the zirconia electrolyte, the cell must be operated above 7(X)°C. Fuel cells 
with many different configurations have been proposed and a schematic representation of a 
prototype designed by Siemens is shown in figure 11. 

Anode Cermet 
N i - ( Z r O j ) ( Y 2 0 3 ) 

Solid Electrolyte 
( Z i O 2 ) ( Y 2 0 3 ) 

Cathode 
L a l .x S r * M "°3 

Bipolar Plate: 
- Cr - N i . SiC 

Fig. 11 Bipolar plate design of a solid oxide fuel cell. 

A large number of industrial countries (U.S.A., Japan and Europe) are nowadays carrying 
out national or joint international SOFC programmes covering both basic research and 
development. In Europe, the European Community started a two year exploratory R&D programme 
in 1987. The target is to produce a unit supplying a power of 2(X) k\V by 1997. 

A similar cell can be designed for water electrolysis. For this, steam, electrical energy and 
heat are supplied to the cell. All the electrode'reactions, the ionic How within the electrolyte and 
electronic flow in the external circuit lake the reverse direction in comparison with the SOFC. 

-312-



Reaction (11) is reversed and hydrogen is produced at the cathode and oxygen at the anode. The 
hydrogen can be stored in pressurized tanks for peak power generation. In such a case, the cell 
operates alternatively as an electrolysis and a fuel cell. 

2. Sodium-sulphur batteries 

In a sodium-sulphur cell, a sintered polycrystalline tube of Na-p-alumina is used as solid 
electolyte to separate the molten sodium and sulphur electrodes. During discharge, sodium is 
oxidized al the molten sodium/Na-p-AljOj interface and then, transported through the solid 
electrolyte as sodium ions by the mechanism described in Part I (I). In the inner chamber, sodium 
ions combine with sulphur to form sodium polysulphides according to the global reaction 

discharge 
2Na(/) + xS(/, =?=!= NaSx(/, - (12) 

charge 
This reaction is reversed during charging. To maintain a good physical contact between the 

solid electrolyte and the product of electrode reaction (12), the cell is operated at 300 to 350°C. A 
carbon felt allows capillary raise of molten sodium along the solid electrolyte tube. In such 
conditions, a cell emf of about 2 eV is observed. Low equivalent weights of sodium and sulphur, 
and minimized extra components in a sodium/sulphur cell allow to obtain an energy density of 140 
Wh kg'1 which is about 3 to 4 times higher than that of a classical lead-acid battery. Commercial 
prototypes (see figure 12) are in the 50 to 200 Ah capacity range and have shown cycle lives up to 
1500 cycles. Such batteries have been tested for automotive traction power sources by several 
companies as Chloride Silent Power, British Rail, Brown Boveri, Companie GtSmSrale Electrique 
etc. Some technical problems such as the durability of ceramic electrolyte tubes and sealing are still 
remaining to be solved. Another problem is the decline in capacity with cycling that is mainly due 
to the failure of sulphur electrodes being fully recharged. 

Insulating gasket - ] ~ 

Mild steel case 

Carbon 
Sodium film 

Sulphur 

Na-P-Alurnina tube 

Carbon felt 

odium tank 

Aluminium can 

Fig. 12 Cross section of a sodium-sulphur evil. 
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3. Polymer electrolyte batteries 

Polymer-salt complexes have mainly been developed to be used as electrolytes in 
rechargeable solid stale baileries. These baileries have an alkali mclal source, usually Li or an alloy 
like LiAl as anode and an intercalation material like TiS2, VjOs, Mn02as a pari of the composite 
cathode which acts as a sink for lithium. Due to electronic transfer in ihe the d orbitals of transition 
metals, inserted lithium has a very low chemical potential and corresponding emf lies in the range 
of 2 to 3.5 V. Intercalation reactions are reversible allowing charge-discharge cycles. For example, 
the reaction for TiS2, described in Part I, can he written as 

x Li + TiS2 

discharge 

charge 
Li,TiS2 with 0 £ x £ 1 (13) 

The main difficulty in making a successful solid state battery arises from the volume 
changes in the electrodes during charge and discharge. While discharging, oxidation of the anode 
gradually strips lithium metal from the metal-electrolyte interface. Unless the interface can deform 
so that the lithium/electolyle contact is maintained, the batiery will cease functioning. Similarly, Li+ 

insertion into titanium disulphide swells it and may destroy the cathode electrolye interface. 
Proposed all solid stale batteries using hard crystalline solid electrolytes have been unsuccessful 
because of the lost of interfacial contacts while charge-discharge cycles. But polymer electrolytes 
can deform and thus maintain good inierfacial contacts with electrode materials. 

Another attractive property of polymer electrolytes is the possibility of casting as thin films 
typically of about 200 \im. Such a thin film minimizes the resistance of ihe electolyte, reduces 
volume and weight of the battery and allows low current densities adjusted to the intrinsic kinetic 
parameters like self-diffusion in metal or in the intercalation material. As a result, the difficulty 
usually encountered with rechargeable systems, for instance the dendritic growth during metal 
plating is minimized and a long cycle tife, over 1500 cycles can be obtained lor such systems. In 
terms of technology, the modular construction allows any shape and capacity by cutting and folding 
of continuous films ( figure 13). 

Ultra-thin electronic power sources for pocket calculators or smart credit cards are an 
obvious market for such systems. However, large batteries for electric vehicles are actually the 
traget of active R&D competition worldwide. Related to this last objective, the energy density 
versus power density diagram for different battery systems is depicted in figure 14. The 
performances of polymer batteries are far superior to those of conventional systems. 

Lithium 

Polymer electrolyte 

Composite electrode 
(electrolyte + intercalation 
compound) 

Current collector 

1(H). 2(H) urn 

Fig. 14 Schematic diagram ofa ptitymer buttery. 
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Fig. 14 Specific power versus energy density ("Ragon plots") for different electrochemical 
systems; lines indicate the driving range and speed for an electric vehicle having 200 Kg ton'1 of 
batteries with characteristics corresponding to the position on the diagram. 

The possibility of using clectrochemicully doped conducting poly-acetylene as electrode 
material has led to the realization of "all polymeric" batteries. One such a cell in its discharge state 
is represented by 

(CH), IPEONal I (CH), (14) 

After charging, electrochemical doping of poly-aceiylene as described in part I, takes place 
in the cell 

(CHNay), I PEONal I(CHly), (15) 

which lias an emf ranging from 2.8 to 3.5 V. Nevertheless the low diffusion coefficients of Na+ and 
I" ions in poly-acetylene impose very low current regimes restricting the actual commercial interest 
in these systems. 
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4. Oxygen sensors 

Considerable efforts have been made in recent years to develop a closed loop system to 
control the emission of internal combustion engine to minimize the air pollution. For this purpose 
all new cars are equiped with a catalytic converter in which an oxygen sensor is used to monitor the 
air-fuel ratio. 

A stabilized zirconia electrolyte is used in an oxygen sensor to separate die combustion gas 
with a low oxygen partial pressure Prj2 from a reference oxygen partial pressure generally the 
oxygen partial pressure in air P^. Platinum coalings on each sides of the zirconia electrolyte allow 
the measurement of emf E. Since there is a difference in oxygen partial free energy 

AG02= RT log - & between two interfaces, oxygen would lend to transfer from the high partial 
Pair 

O, 
pressure side to the low partial pressure side. If such a transfer is electrochemically controlled 
(electronic transfer in the external circuit and O2- transfer through the electrolyte) the electrical 
work produced by the cell would be equal to the variation in oxygen free energy. 

Ex4F = AG0, (16) 

or E = Bllog-^i (17) 
4F pair 

The factor 4 arises from the fact that four electrons are necessary to transfer one oxygen molecule 
from one electrode to the other. 

Exhaust gas 

Fig. J 5 (a) Schematic view of a ZrOj autoexhaust sensor and (b) variation of the emf with the air-
fuel ratio in an oxygen sensor 

In the automobile application, the exhaust gas containing hydrocarbon, carbon monoxide 
and nitrous oxide as polluting agents is passed through a platinum catalyst. For efficient operation 
of the catalyst, the air to fuel ratio must he maintained within a narrow limit around the 
stoichiometric ratio of 14.5. Below this value, the combustion is incomplete and produces 
hydrocarbon and carbon monoxide, and over this value, the oxygen excess produces nitrous oxides 
from nitrogen in air. Fortunately the oxygen partial pressure changes nearly of about 15 orders of 
magnitude in passing through the stoichiometric air-fuel ratio. The response of the sensor shows 
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then an abrupt voltage step, higher than 50(1 mV at that point and a feedback circuit enable 
continuous adjustment of the intake mixture near the stoichiometric value. As discussed in part I, 
ionic conductivity of stabilized zirconia occurs only ai high temperature. Practically the device is 
inserted in the exhaust manifold so that to be healed by the exhaust gas. The response time to a 
variation of the air-fuel ratio is generally lower than 0.1 s above 4(X)°C and the operating life of the 
sensor is in the order of 25,(XX) km. 

5. Elcctrochromic devices 

Recent developments in glass technology have been able to produce window glasses in 
which the transparency is varied with the applied voltage. These electrochromie windows, also 
called smart windows, can be rapidly darkened or lightened by simply turning a switch. In such a 
device, the active component is a thin film of tungsten trioxide WO3 which is transparent when all 
tungsten cations are oxidized as W v l . By partly reducing some W v l into W 7 , localized electronic 
stales are formed and the colour arises from the phoiochemically assisted transfer of one electron 
from a W v cation to a \VVI cation according to 

The required energy of the photon for this transfer is about 1.4 eV and the absorption of red colour 
in the visible light consequently gives a deep blue colour of the partially reduced WO3. 

The electronic injection which allows a partial reduction of tungsten cations is accompanied 
by a cationic insertion ( H + or Li+ ) to preserve the global electroneuirality of the material. Finally 
the electrochromic process may be described by the reversible intercalation reaction 

reduction 
WOj + x e + x H * ^ ^ H , W 0 3 

tran.sp:u~cni oxidation dark blue 

From this poinl of view, an eleclroehromie material is similar to the mixed conductive 
material TLS2 described in Part I. The only difference arises from the fact that the electronic 
injection does not start to fill empty bands but creates localized states. 

To produce an elecirochromic. window, a thin layer of WO3 is deposited on a layer of 
electronically conductive transparent material (IniC^-SnC^ or 1TO) and then covered with a layer 
of a liquid or solid electrolyte which produces the H* cations for insertion in WO3. When the 
intercalation process of HXW03 is reversed, cations are produced and transfered through the 
electrolyte. To accommodate these cations, another insertion material is necessary. Nickel dioxide 
has this interesting property and in addition, it is coloured when cations are removed. 

oxidation 
H xNi0 2 ^ N i 0 2 + x FT + x e-
transparent reduction d:irk green 

In this way, two electrochromie layers, nickel dioxide together with tungsten trioxide 
participate to the colouring and bleaching process thereby enhancing the efficiency of optical 
switching. Altogether an elecirochromic window has five successive layers (ITO/WO3/H* 
eleetrolyie/NiCtylTO) with an overall thickness of 2(X) Jim between two glass sheets which protect 
the thin film system. A schematic representation of successive layers is shown in figure 16. 

An additional technological difficulty arises from the necessity to obtain a homogeneous 
darkening on the window surface with a lateral electrical alimentation. To correct the ohmic drop 
until the centre of the window, a thickness gradient of the 1TO layer is necessary. In addition, a 
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smart window lias to perform a minimum of 1()4 cycles during its life time of about 10 years. Al 
present, the commercially available elecirochromie devices have small surface areas in a reflector 
form display screen used in watches or public display systems. They are also used in rear view 
mirrors of moior cars for reducing dazzle at night. 

Bleaching Darkening 

Fig. 16 Structure of a complementary smart window based on WOjand NiOi as electrochromic 
materials. A polymer electrolyte such as PEO-HjPOi may be used and the total thickness of the five 

layers does not exceed 200 pm. 
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ABSTRACT 

New epitaxial growth techniques with potentials beyond the current MBE and MOCVD 

have been recently developed. This paper will discuss recent advances in two new techniques, 

mainly Atomic Layer Epitaxy (ALE) and Laser Assisted Chemical Vapor Deposition (LCVD). 

Atomic Layer Epitaxy proceeds by the deposition of one monolayer in a self-limiting manner 

per growth cycle and thus offers the ultimate control of the growth process for semiconductor 

films. LCVD allows the control of thin film deposition selectively either by photolytic or 

pyrolytic processes and can offer the basis for maskless fabrications of optoelectronic devices. 
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I. BACKGROUND 

Future requirements for real-lime information acquisition and processing will entail in 

the near future increased signal processing and computer speed by factors 10 to 100. These 

requirements can only be achieved through electronic and optical devices which rely more on 

ultra-small dimensions and precisely controlled semiconductor layers and heterojunctions and 

interfaces. Also optical communication systems will demand the integration of several electronic 

and optical devices on the same ship thus new approaches for selective area depositions need to 

be developed. In the past, deposition techniques such as chemical vapor deposition (CVD) and 

molecular beam epitaxy (MBE) have led to the demonstration of several structured materials and 

devices that significantly improved device performance. However, several quantum well devices 

and selective epitaxy needed for the integration of optoelectronic devices have only limited 

success. Thus the time has come to modify these traditional growth techniques to meet the 

challenge for future device generation. This paper will discuss two new developing approaches, 

mainly atomic layer epitaxy and laser selective area deposition. The two techniques will be 

outlined and their potential device applications will be presented. 

II. ATOMIC LAYER EPITAXY 

Atomic Layer Epitaxy (ALE) of films proceeds by the deposition of one monolayer in 

a self-limiting manner per growth cycle and thus offers the ultimate control of the growth 

process for semiconductor films'. Therefore, it is of considerable scientific and technological 

interest as a possible next generation growth method for semiconductors beyond the current 

technologies. For III-V compound semiconductors, ALE, proceeds by the deposition of a 

monolayer of organometallic group III molecules, a fragment of which react in a subsequent step 

with group V hydrides, thus inducing stoichiometric growth in a well controlled "layer by layer" 

sequence. The result is the deposition of one monolayer, 2.83A of GaAs per ALE cycle as 

described in Figure 1. In contrast to other epitaxial growth mechanisms, ALE is a digital 

deposition process in which the thickness of deposited films is determined by the number of 

cycles rather than the growth time as in a conventional growth technique. The basic concept 

which permits only one monolayer to be deposited makes use of the difference between chemical 

absorption and physical absorption. The first layer of atoms to reach the substrate is strongly 

bound (chemisorbed), while subsequent atoms are less strongly bound (physisorbed) to the 
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surface. If the substrate temperature is adjusted correctly, a condition can be achieved whereby 

after the flux is terminated, the physisorbed layers will re-evaporate, leaving only the single 

monolayer of chemisorbed atoms. This has been termed the self-limiting mechanism, by which 

is meant that only one monolayer is deposited per cycle, regardless of the incident flux5. For 

the self-limiting mechanism to work it is assumed that the vapor pressures of the source 

materials, at the growth temperature, are much larger than the vapor pressure of the resulting 

compound. As a consequence, ALE growth promises extremely uniform thickness for the grown 

films which is difficult to achieve by conventional growth methods where all the reacting species 

are mixed together on top of the substrate. This characteristic self-limiting chemisorbtion cycle 

has additional consequences for epitaxial growth; nucleation and the growth over masked areas 

is reduced, making selective area epitaxy easier and the uniform layer by layer growth allows 

conformal growth over three-dimensional features which is useful for advanced structures. This 

growth approach is potentially a powerful technique for preparing epitaxial layers for ultra-thin 

film devices. 

II.l ALE OF ni-V COMPOUNDS 

Among the III-V compounds, GaAs has been the most studied by ALE. Different 

experimental approaches with various operating pressure regimes have been implemented1. 

The vent/run configuration is the most commonly used method for ALE deposition, but 

has low growth rates ranging from 0.02 to 0.2 /im/hr due to long exposure times3. Exposures 

to AsHj and TMGa coupled with H2 purge times necessary for flushing out reactants with the 

mn/vent configuration results in an ALE growth cycle duration of 5 to 60 seconds or greater. 

In the ALE growth of GaAs, decomposition of the column III precursor occurs quickly and does 

not necessarily require an exposure on the order of seconds to obtain self-limited growth. Short 

exposures to precursors can be effectively utilized, provided that growth conditions allow for 

complete monolayer surface coverage to be achieved. ALE with a growth rate equal or greater 

by one jim/hour can be achieved using the rotating substrate approach developed in our 

laboratory. 

The experimental setup for the ALE of GaAs using TMG and AsHj has been previously 

described and a schematic of the growth system is shown in Figure 2. Growth proceeds by 

alternately exposing the substrate to the AsH} and TMG fluxes from different inlet tubes as 
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indicated. The substrate sits in a recess in the rotating part of the susceptor2. The gases flow 

through two windows in the fixed top part and through two corresponding holes in the base of 

the susceptor as shown in Figure 2. The fixed lop part also acts to shear off most of the gaseous 

boundary layer between successive exposures. Thus, the gases flow unimpeded through the 

susceptor except when the substrate cuts through the streams. This acts to prevent the formation 

of a gaseous boundary layer over the rotating part of the susceptor which holds the substrate. 

The thickness of the deposited ALE films per growth cycle, for different TMG mole 

fractions in the gas phase, are shown in Figure 3. Only about one monolayer is deposited per 

cycle with this being independent of the mole fraction of TMG in the gas phase. The same 

results were obtained for different growth temperatures in the range of 450-700°C. Also, 

increasing the AsH3 flow by about an order of magnitude still resulted in the deposition of about 

one atomic layer per cycle. 

II.2 ATOMIC LAYER EPITAXY OF SILICON 

For II-VI or III-V compound semiconductors, the ALE growth has been achieved by 

sequential injections of source gases containing respective components of semiconductors, whose 

heterogenous reactivities change with surface conditions. On the other hand, group IV 

semiconductors are constructed with only one component. Therefore, ALE of group IV element 

consists of the two processes as follows. 

The first step of ALE is the monolayer adsorption of partially decomposed source gas 

molecules over the clean surface. The adsorbate is constructed with a Si atom and another kind 

of atoms (or groups) bonded with Si, such as SiCl,. The Si atoms in adsorbates. terminate the 

surface dangling bonds and make a grown monolayer, and the atoms (or group) such as CI (or 

CHj) cover the newly grown layer surface. Therefore, when whole the surface is covered by 

the adsorbates, monolayer growth is achieved. Successive source gas cannot be adsorbed 

chemically because the surface is completely covered and there are no dangling bonds. As a 

result, the growth is limited to I monolayer, that is, the self-limiting growth is achieved. The 

second step is the removal of the surface-terminating atoms (or groups) in some way5. 

Although many studies on the ALE of compound semiconductors were reported after the 

proposal of ALE in the '70s, the history of Si ALE has started in the last few years. First 

successful ALE of Si has been reported by Nishizawa et al. using dichlorosilane (SiH2Cl2) as a 
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source gas and hydrogen (H2) as a reducer gas4. SiH,Clj was decomposed into SiCl,, and SiCI, 

is adsorbed on the clean Si surface. The recovery of the clean surface was made by the 

reduction of surface-terminating CI atoms by H, to HC1. The growth temperature was, however, 

more than 815°C for (100)Si and more than 890°C for (lll)Si. This temperature is too high 

to fabricate new materials and structures such as Si-Ge heterojunction or superlattices because 

of the diffusion of Si and Ge. 

Two possible ways to lower the substrate temperature exist. The first way is use of 

higher silane as a source gas, where surface-terminating atoms are H atoms instead of CI atoms. 

H atoms terminating the Si surface are well known to be thermally desorbed from the Si surface 

at about 600°C which is much lower than for CI atoms. Therefore, repetition of the injection 

of higher silane as a source gas and heating up the substrate for thermal desorption of H atoms 

can result in ALE. The second method is to use atomic H to reduce the surface terminating CI 

atoms7. 

II.3 ALE OF RESONANT TUNNELING DIODES 

In the exploration of ALE growth techniques a number of device demonstrations have 

been reported, including the delta-doped field-effect transistor1"10, n-p-n and p-n-p heterojunction 

bipolar transistors". The strongest motivation for the development of ALE is for devices such 

as QW lasers and detectors, and devices such as RTDs and resonant tunneling transistors, where 

uniformity depends significantly on the control of quantum-well and tunnel-barrier 

dimensions'2".. The resonant peak voltage in an RTD is approximately 2E,/q, where E, is the 

energy of the first QW eigenstate (in electron volts) and q is the.fundamental charge. For high 

runnel barriers, E„ is primarily dependent on the QW width (w), so the threshold voltage 

variation (AVJ depends on the ability to control the well dimension as" 

AV„ - (4E,q)(5w/w) 

where 6w is the variation in well width. As an example, consider an AlojCao^As/GaAs QW 

having w=40A. For this case, the change in resonance voltage with QW width variation is 

approximately 26 meV/monolayer. 

Conventional molecular beam epitaxy (MBE) is typically capable of approximately +/-1 

monolayer (ML) thickness control in the growth of a single quantum well. Even given +/-1 ML 

thickness uniformity across a wafer, this presents an undesirable limitation on certain resonant 
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tunneling devices such as vertically integrated resonant tunneling diodes, where the peak voltage 

variation sets a limit on the separation between voltage peaks. For these reasons monolayer 

thickness control is needed to precisely set the device threshold voltage. In resonant tunneling 

devices, the peak current density exhibits a greater dependence on monolayer thickness variations 

than does the peak voltage. For narrow transmission resonances, the peak current density J„ is 

given by Jp *• (qm*EP/4x^3)r where m* is the electron effective mass, h is Planck's constant, 

Ej. is the Fermi energy defined with respect to the conduction band minimum, and T is the full 

width at half maximum of the transmission coefficient14. 

The RTD structure was grown on an n+ GaAs substrate in the sequence: 300 nm GaAs 

(4 x 10" cm3), 50 nm GaAs (5 x 10" cm0), 20 nm GaAs spacer (undoped), 5/5/5 nm 

AlojGao.7As/GaAs double barrier, 20 nm GaAs spacer (undoped), 50 nm GaAs (5xlO"cnrJ), and 

a 300 nm GaAs contact layer (6 x 10" cm0). In Figure 4 we show four I-V characteristics of 

this same wafer taken along the fourth row in a line parallel with the cleaved flat. Adjacent 

devices differ slightly in peak current density, but by less than the lithographic uncertainty. 

Current increase or decrease by approximately 50% is expected for a single monolayer 

fluctuation. Since the observed variation (18%) is less than this, the growth of the tunnel 

barriers is reasoned to be controlled to within a fraction of a monolayer. Growth steps and 

interface roughness in the double barrier structure account for the fact that the observed 

variations in peak current density and peak voltage are not discrete. 

ffl.l LASER ASSISTED CHEMICAL VAPOR DEPOSITION 

Current approaches for the fabrication of multiple structures on the same substrate, using 

molecular beam epitaxy (MBE) and metalorganic chemical vapor deposition (MOCVD), have 

limited degrees of success. These approaches either rely on the same multilayer structure for 

the different devices or on using multiple growth steps separated by selective area removal. 

These approaches suffer from several shortcomings such as non-optimized device structures and 

poor reliability15. Thus a technology is needed to selectively and independently deposit multi

layer structures that are optimized separately to meet the different device requirements. When 

the deposition process is stimulated by an external light source, a new approach for selective 

epitaxy can be realized. 

In a typical apparatus, chemical vapor deposition (CVD) is accomplished by inductively 
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heating the appropriate substrate, and the pyrolytic reaction of the gases at the heated substrate 

surface provides the basis for crystal growth. Deposition occurs over the entire substrate surface 

and subsequent masking and etching processes are used for device fabrication. In contrast to 

the standard CVD process, laser-induced chemical vapor deposition (LCVD) would allow direct 

generation of materials patterns. LCVD offers the advantage of spatial selectivity in deposition 

through focusing on the beam rastering optics. This form of laser-stimulated surface chemistry 

can be the basis for a new class of direct maskless fabrication techniques for microelectronics. 

LCVD of thin films has been recently demonstrated by either pyrolysis or photodissociation of 

polyatomic molecules near a gas/surface interface. In the pyrolytic reaction the laser beam is 

used to provide localized heating of the substrate in order to endothermically decompose gas 

phase molecules resulting in film deposition. Photolytic LCVD on the other hand is based upon 

the photodecomposition of molecules near the substrate with subsequent deposition of the desired 

species. 

Laser assisted growth of III-V compounds was achieved using either an excimer laser or 

an Ar+-laser. For excimer laser (X = 0.19 >xm), the photolytic reaction can be the dominant 

mechanism in the LCVD process. However, during the excimer laser pulses, the absorbed laser 

power results in heating the substrate to fairly high temperatures. Thus, strictly speaking, the 

process is not completely photolytic. On the other hand, for an Ar+-laser, photons do not have 

enough energy (X = 0.514 /xm) to dissociate the parent OM molecules such as TMG [Ga(CHj) J 

in the gas phase, but they induce localized heating of the substrate surface. However, it has 

been argued that the enhancement process is a result of a photocatalytic reaction on the substrate 

surface. Thus, the LCVD induced by Ar+-laser is not completely pyrolytic. 

The LCVD system consists of a vertical MOCVD reactor operated at atmospheric 

pressure, an Ar ion laser operated at multiple wavelength (488-514 nm), and a computer 

controlled X-Y laser beam scanner as shown in Figure 5. Achieving selective area epitaxy using 

LCVD requires keeping the substrate temperature with the presence of organometallic sources 

induces nonselective deposition on areas of the substrate not exposed to laser light; hence, the 

LCVD technique loses its selective nature at higher substrate temperatures. On the other hand, 

a substrate temperature lower than this range requires a higher laser power density, which may 

produce excessive local heating and accompanying local thermal stresses. Figure 6 demonstrates 

the direct writing of GaAs films by the LCVD technique and the effect of the growth conditions 
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such laser power density on the quality of the deposited films. 

The LCVD technique was used in the selective depositions of several device structures; 

such as Metal Semiconductor Field Effect Transistors (MESFET)17, p-i-n photodetectors", MSM 

high speed detectors and optical wave guides. The characteristics of the fabricated detectors 

grown by the LCVD technique were found to be comparable with that grown by MOCVD or 

MBE technique. For example, the detector has external quantum efficiency of about 60% (no 

Ar coating), and impulse response of the diode has FWHM of 150 P's, corresponding to a cutoff 

frequency of 2 GHz". Other devices fabricated using the LCVD technique were found to have 

comparable performances to their MBE or MOCVD counterpart. Thus, it is hopeful that with 

further material development the LCVD technique can offer a new approach for the integration 

of optoelectronic devices. 

IV. CONCLUSION 

In conclusion, new growth techniques are in demand to meet the material challenges 

imposed on next generation of electronic an optoelectronic devices. Two techniques, namely 

Atomic Layer Epitaxy and Laser Chemical Vapor Deposition) were described. The first, ALE, 

controls the deposition process to the atomic layer level, while the second, LCVD, allows the 

selective deposition of different devices to be integrated on one chip. 
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Atomic Layer Epitaxy (ALE) 

Two steps process 

a) Step 1 -- exposure to Column III only 
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AsH, 

CH 

substrate substrate (100) 

complete cycle 

In one complete cycle 2.83 A of Ga As is deposited. 

Deposited film thickness = (number of cycles) x 2.83 A • 

[Digital process] 

Figure 1 Two step process of ALE of GaAs using TMGa and AsH3. 
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Abstract 

Electron beams using heated tungsten filaments as sources, have found 
application in instruments ranging from electron microscopes and vacuum tubes 
to television monitors and CRT displays. However, silicon based devices have 
nearly replaced vacuum tubes, field electron emitters are used extensively in 
electron optical instruments, and other display technologies are replacing CRTs. 
Recently, processing methods have evolved to fabricate large arrays of micron 
scale vacuum tubes, using field emitters. Such devices are collectively identified 
as Vacuum Microelectronics with applications ranging from fiat panel displays 
to microwave sources. Individual sourceB also have been configured into 
miniature electron optical columns, with applications in lithography or imaging. 
Many of these new "devices" are silicon based and others use metal field emitters. 
Thin coatings of SiC, diamond-like materials, or metal silicides on silicon are 
also attractive. Since most field emitters are needle shaped, they may also be 
characterized individually, thereby becoming sources for field emission 
microscopy (FEM), field-ion microscopy (FIM) or atom probe studies (AP). 
Individual needles also make excellent specimens for High Resolution Electron 
Microscopy (HREM). Vacuum microelectronics thus provide an unusual 
opportunity to obtain fundamental data on the same specimens that can be used 
as devices. This bridge from fundamental materials science to device application 
will be described by specific examples. 

Introduction 

Since the discovery of cathode rays, electron beams have become the 
essential sources for many instruments such as vacuum tubes, electron 
microscopes, television monitors, and other CRT displays. For most of these 
applications, electron currents are generated by thermal emission from heated 
filaments and then modulated by high voltage biased electrodes. Field electron 
emission, which generates electrons through surface tunneling under an applied 
electric field, was discovered in 1920s and is recognized today as a very important 
method to produce electron beams with ultra-high current density and brightness 
from a cold cathode. There are also many advantages resulting from this 
phenomenon, such as a fine electron beam and low energy spreading. 

Successful microfabrication of miniaturized field emitter arrays (FEAs) 
during the last several years, based on the mechanism of field electron emission, 
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has opened up a exciting now field called Vacuum Microelectronics. It appears 
that this field combines the most efficient way of generating electrons with the 
optimal environment. In the new vacuum microelectronic devices, conventional 
hot filament electron sources are replaced by densely packed FEAs which can 
provide electron current densities much higher than that of a hot filament 
source. FEAs are now being investigated for many types of applications ranging 
from,flat panel displays and pressure sensors, to high power and high frequency 
vacuum tubes or amplifiers. Although extensive research and development has 
been performed, there are still many questions concerned with electron emission 
that remain to be solved. These properties are largely depend upon the emitter 
material, its work function, and the geometrical structure of the arrays. 

Classical field emission cathode tips are usually fabricated from refractory 
metals because of the high electron concentrations in their conduction bands, 
their high melting points, and their general stability. In comparison, a large 
percentage of today's FEAs are fabricated from silicon in order to take advantage 
of well-developed silicon microelectronics processing and fabrication technology. 
Improving the stability and ruggedness of these microfabricated silicon emitters 
forms an important research objective since it directly affects the long term 
performance of the emitters. Several materials, such as SiC, metal silicides, 
diamond, and diamond-like carbon, are being investigated as coatings for the 
reactive surfaces of silicon emitters. Field emission microscopy (FEM), field ion 
microscopy (FIM), and atom probe (AP) have proved powerful tools for studying 
needle shaped individual emitters as prototypes for emitter arrays. Since field 
emission is at the heart of vacuum microelectronics, these techniques are briefly 
reviewed first, before presenting our recent work in FEAs. Without further 
specimen preparation, needle shaped emitters can be conveniently studied by 
high resolution electron microscopy (HREM) which provides even further 
detailed information about surface and interfacial nanostructures. 

Field Electron Emission and Field Ion Emission 

Evidence for the field emission of electrons was published by Millikan and 

Eyring in 1926, but the classical models used to explain it were not successful. 
The quantum-mechanical treatment of this problem by Fowler and Nordheim 
appeared in 19283 and by 1936 it was clear that they had successfully explained 
the main features of the field electron emission process. Although there have 
been many refinements, the Fowler-Nordheim theory remains the basis for 
understanding field emission. Fig. 1 illustrates the potential diagram for a field 
emission process on a metal surface. In the presence of a large electric field F 
the surface barrier to electrons is lowered and the probability for electron 
tunneling becomes significant. The decreasing of the surface barrier is further 
enhanced by Coulombic attraction between the exiting electron and its "image 
charge" in the metal, i.e. -er/4x. The total electron emission current density can 
be calculated by integration of the barrier penetration probability and the arrival 
rate of electrons. For a planar metal surface, the total current density usually 
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gives a form called the Fowlur-Nordheim equation: 

J^A^expf-B^/VJ 

where V is the applied voltage, ip is surface work function, A and B are 
constants. The electric field strength F is given by VIkr, where r is the emitter 
radius and k geometrical factor (e.g. k =1 for an isolated sphere and in reality, 4 £ 
k £ 6). It is found that a field strength about 3V/nm is required for electron 
emission; that is, a potential of nearly one kilovolt would be required for r © 300 
nm. If reasonable numerical values arc inserted into Fowler-Nordheim 
equation, a current density of 104 A/cm2 or about 103 times greater than for 
thermionic emission is obtained. If the logarithm ofJ/V^is plotted against 1/V, a 
straight line can be obtained and this is usually referred to as a Fowler-Nordheim 
(F-N) plot. An average surface work function of the emitter, ^. can be determined 
from the slope of the plot if the tip radius r is known. 

The first working field emission microscope (FEM) was introduced byE.W. 
Muller in 1936 who was interested in developing an electron microscope.* This 
type of FEM, a point project electron microscope, was able to provide a ~2 nm 
lateral resolution and less than 0.1 nm vertical resolution. The latter feature was 
not truly recognized or exploited until the development of scanning tunneling 
microscope (STM). The FEM could also be claimed as the first instrument used 
for surface science. Field emission was so extremely sensitive to adsorbatcs that 
the effects of even a few molecules were detectable. As a consequence, stable field 
emission images, such as shown in Fig. 2 from a <111> oriented Si emitter, 

requires vacuums better than 10"10Torr. 

Atomic resolution of an emitter surface was achieved by Muller for the first 
time in 1956, based on a closely related method of point projection, the field ion 
microscope (FIM). In the operation of an FIM, inert gas atoms are repeatedly 
ionized just above the emitter surface by a high applied electric field (>10V/nm) 
and then accelerated and projected to the phosphor screen to form an image of the 
surface. Cooling to cryogenic temperatures of the emitter, and thereby the field 
adsorbed imaging gas atoms, was found necessary to achieve images with atomic 
resolution. Many technical improvements, e.g. in vacuum systems, tip 
refrigeration, and image intensification have been made over the years to perfect 
the FIM as a scientific instrument, as well as to improve its versatility. As an 
example, Fig. 3 shows a high resolution FIM image revealing a few surface 
atoms on a very sharp W emitter (r=10nm). 

A related and powerful analytical tool developed for microanalysis of field 
emitters is the atom-probe (AP) FIM. It combines a field ion microscope with a 
time-of-fiight (ToF) mass spectrometer" sensitive to single ions. The chemical 
composition and atomic structure of an emitter can be analyzed byAP-FIM using 
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the method of pulsed field evaporation of surface atoms from the emitter. Three 
distinct kinds of measurements can be made: (1) the relative abundances of 
surface species; (2) a depth profile, obtained by field-evaporating the surface layer 
by layer; (3) the average composition for any near-surface volume. A typical 
mass resolution of better than 1:2000 is common in commercial ins t ruments and 
1:20,000 or better has been reported. 

Fabrication of Field Emitters and Arrays 

There are several techniques for preparat ion of field emi t te r a r rays 
currently used in research and development for vacuum microelectronics. These 
techniques are capable of producing large ar rays of field emit ters , unlike the 
classical electrochemical etching methods, used to sharpen refractory metal tips. 
They include: (1) large scale gated molybdenum emitter a r rays fabricated on 
various substrates using a chemical vapor deposition (CVD) method developed by 

Spindt, (2) gated silicon e m i t t e r a r r a y s fabricated u s i n g s t a n d a r d Si 

microelectronics technology, (3) combined vapor-liquid-solid (VLS) growth of Si 
whiskers with subsequent sharpening to form single free-standing individual 
emitters or arrays.^ 

A number of emi t te r shapes can be formed using microelectronics 
processing techniques. An appropriate one for this meeting is shown in Fig. 4, 
silicon pyramids fabricated by orientation-dependent etching (ODE) techniques on 
a <100> oriented substrate . Silicon oxide CVD was deposited to form a dielectric 
layer and these min ia tu re pyramids were further sharpened by l inear dry 

oxidation a t 850 °C. A pla t inum extraction gate, with a 1.6 urn opening was 
formed on top of the dielectric layer of silicon oxide by a self-aligned CVD process. 
After the final oxidation and cleaning processes, silicon emitters were formed 
with a radius of curvature less than 30 nm. A SEM micrograph of the gated 
silicon field emitter array used in our study is shown in Fig. 5. 

The VLS (vapor-liquid-solid) growth techniquo, based on the Au-Si eutectic 
mechanism, has also been demonstrated as an effective way to fabricate ultra-
sharp Si emitter tips. Si whiskers can be grown up to a few hundred microns 
high from a <111> oriented silicon substrate . Chemical etching with a follow-up 
oxidation sharpening processes can produce a tip radius of curvature below 10 
nm, as shown in Fig. 6 shows. Such needle shaped emit ters are especially 
suitable samples for studies by FIM, FEM, and especially TEM. 

Field Emission Characterization 

Field emission studies have been performed in a combined imaging atom-
probe field ion microscopy (AP/FIM)/field emission microscope (FEM) system. A 

-10*11 Torr range background vacuum was achieved in this system by a 
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turbomolecular/ion/sublimation pumping system and a suitable bakeout. The 
silicon field emit ters were mounted to a specimen holder, which position and 
orientation could be manipulated outside the UHV chamber . A Fa raday cup 
installed inside the system was used to collect the electron emission cur ren t . 
Field electron emission from either single silicon emit ters or from large emitter 
ar rays could be measured selectively. During the FKM imaging and cur ren t 

measuremen t , the vacuum was usually kept in the 10"8 to 10"9 Tor r r ange , 
without baking the vacuum chamber. The electric field required for emission 
was created by a positive voltage applied to the extraction gate with the silicon 
emit ter grounded. S t a r t ing from the sub-picoampere r ange , the emission 
current was measured a t Fa raday cup and was typically up to 1 to 2 uA per 
emitter at extraction voltages of about ISOvolts. Fig. 7 shows the current-voltage 
characterist ics from a 2x2 emit ter array which followed the expected Fowler-
Nordheim relationship very well. Note that the extraction voltage is considerably 
lower than expected for a free s tanding emit ter because the closely spaced 
extractor (1-2 (im) concentrates the field at the emitting tip. By suitably reducing 
tip extractor dimensions and/or producing sharper emit ters , voltages well below 
50 volts for 1-2 uA per emit ter h a s been reported from silicon. Lowering the 
effective work function; for example, with a suitable coating, will further lower 
the required emission voltage. 

The electron trajectories from pyramid-shaped silicon field emitter? also 
have been studied by direct imaging of the electron emission pat tern in parallel 
with the emission cur ren t voltage measurements . Uniform field emission 
pa t te rns were obtained from individual emitters selected from conventionally 
fabricated a r r ays , indica t ing t ha t electrons were emit t ing th rough surfaces 
covered with thin oxide layers. The emitted electron trajectories were found to 
vary significantly wi th extract ion voltage and emiss ion c u r r e n t . Our 
experimental measu remen t s and analyses of electron emission images under 
moderate operating voltages have shown that the electron emit t ing angle at the 
screen is below 13°, a considerable focusing of the initial emission from the 18° at 
the emitter surface. The corresponding emitting area on the emit ter surface was 

found to be about 2 x 1 0 " n cm2.10 

Surface Modification of Emi tiers 

Although silicon emit ters can achieve very high cu r r en t s (10 uA per 
emitter) and they can be fabricated in large arrays , the emit t ing surfaces a re 
r a t h e r unstable in the vacuum condition normally encountered in device 

operation (e.g. 10"6Torr). One possible remedy is to cover the emitter surface with 
a chemically inert conductor, or semiconductor. Silicon carbide is one strong 
candidate because it can be formed on a silicon emit ter and has excellent 
electronic, chemical , and mechanical properties. The polytype 3C-SiC can 
usually be huteroepitaxially grown on SiC or on a Si substrate by chemical vapor 
deposition (CVD) or molecular beam epitaxy (M13E) with Si and C-containing gas 
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precursor systems such as (SiH4, SiHCl3)/CxH and SiCH3H3. More 
conveniently, SiC can also be formed directly by the chemical reaction of Si with 
gaseous hydrocarbons at elevated temperatures. A thin, smooth SiC buffer layer 
can be obtained by such a chemical conversion process of the surface. This 
mechanism is especially interesting because it can bo achieved at a relatively low 
temperature, so as to retain the sharp radius of curvature of the emitter during 
formation of the surface coating. 

We have studied the formation of SiC on sharp silicon single crystal 
whiskers which were grown on <111> oriented substrates such as illustrated in 
Fig. 6. Thin coatings of 3C-SiC with different thickness were obtained, from our 
experiments, such as the example in Fig. 8, a TEM micrograph of a Si tip after 
one carburization treatment. Apart from a slight increase in radius of 
curvature, a thin and uniform coating can be seen on the emitter surface, except 
for some contaminants formed afterwards. Coatings of SiC as thin as 2nm were 
obtained in this way on silicon emitters. TEM diffraction and Auger electron 
spectroscopy (AES) were also used to identify the films. Since the lattice 
parameter of the 3C cubic SiC structure is about 20% less than that of a pure Si 
lattice, the interface is highly stressed. Note that the reaction rate on these 
emitters was found to be higher (and the reaction temperature lower) than has 
been reported on flat substrates. FIM studies of such emitters yield a field 
evaporation strength of about 55V/nm (at 35 K) compared to 35V/nm for pure Si. 
This extremely high evaporation field suggests that carburization has resulted in 
a more chemically stable emitter surface. A total emission current of more than 
12 uA and a high transconductance were also measured from one such 

emitter, confirming that the coating is very stable and does not impede 
emission. Other coatings are currently being studied. 

Summary 

A new generation of microelectronic devices with a wide range of potential 
applications based on vstuum field emission is evolving rapidly. Arrays of 
silicon emitters have been fabricated with promising results, but inadequate long 
term stability. Surface modification of the silicon e.g. by formation of a thin layer 
of SiC, appears a very promising means to improvement. 
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1. Potential energy diagram of a metal surface in the presence of an applied 
electric field. 



2. Field electron emission pattern from a <111> oriented single crystal Si tip. 
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3. Field ion image shows the atomic structure of a <011> oriented W tip 
surface. Two atoms can be seen on the top (Oil) plane. 
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4. SEM micrograph of a pyramidal Si field emitter and the surrounding 
dielectric layers. The structure was fabricated on a Si wafer by standard Si 
processing technique. 
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5. A part of microfabricated Si field emitter array. They are in the diode 
structure with metal extraction gates. 
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TEM micrograph of a single crystal Si tip fabricated by VLS eutectic growth 
and oxidation sharpening. 
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ABSTRACT 

Surface treatments allow the improvement of the physical, chemical and mechanical surface 
properties of materials. Nevertheless, the generation of Residual Stresses can affect the 
performance of the materials and, consequently, may limit their application in structural 
components. In order to contribute to the understanding of the general problem, basic 
concepts about the generation and the measurement of Residu;u* Stresses introduced by 
different surface treatments are discussed in this paper. 

1. INTRODUCTION 

New technologies presently require the use of materials in critical conditions of solicitation: 
corrosive atmospheres, vacuum, high or low temperatures, wear, stringent mechanical 
stresses conditions, etc. Such materials are required for the production and transformation 
of energy, transport, communications, aeronautics and space, medical biology, etc. 
Sometimes, conventional materials cannot sustain the imposed requirements. One way to 
solve the problem is to improve the surface properties of these materials. Different 
techniques can be used in order to improve the surface mechanical properties of metallic 
materials. For example, coating techniques can be applied to the resolution of tribological 
problems, the production of thermal barriers and for corrosion protection. 

Simultaneuosly with the physical transformations introduced on surfaces by these processes, 
the appearance of Residual Stresses (RS) can affect the performance of the materials. Thus, 
the characterization and the understanding of residual stresses acquire a special technological 
interest. Sometimes, these RS states can be easily determined by using X-Ray diffraction 
techniques and their generation and development can be modelled (i.e. shot peening and 
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thermal treatments) . In other cases, as in coatings, the existence of complex structures 
(which can include porosity and microcracks) and different phases may interfere with the 
analysis of Residual Stresses. 

The control of RS is very important to improve the performance of materials. Nevertheless, 
it is important to point out that there is not a unique solution for each problem. An example 
is the case of fatigue in materials, which is the predominant mode of in service failure of 
mechanical components. This type of mechanical damage appears by the application of cyclic 
loads and it can be produced by the application of stress levels lower than the corresponding 
Yield Stress of the material. The microstructure and the mechanical state of the surface are 
the most important factors influencing the fatigue behaviour of components. Then, the 
application of surface treatments attempts to improve the "in-service" behaviour of the 
components in two ways: the improvement of the mechanical properties and the generation 
of compressive RS in surface. There are many possibilities to achieve this purpose: 

* Treatments inducing compressive RS as shot peening. 
* Thermal treatments as laser shock and induction heating. 
* Thermochemical treatments as carbonitriding and carburizing. 

The choice of the best solution in order to control RS states is not evident. It is necessary 
to take into account technological considerations, industrial facilities, costs, etc. 

In order to contribute to the understanding of the general problem, basic concepts about the 
generation and the measurement of RS states introduced by different surface treatments are 
discussed in this paper. 

2. DETERMINATION OF RS STATES 

RS states are generally classified in three different orders, which are related to the size of 
the homogeneity of the action domain of stresses, Table I [1]. 

RS order 

1st. order or 
macrostresses 

2nd. order 

3rd. order 

Domain 

millimeters 
(many grains) 

S grain size 

Microstructural 
scale 

Possible origin 

Mechanical and thermal treatments, 
physico-chemical surface processes. 

Intergranular or interphase stresses 

Dislocation cells, interaction 
dislocation-precipitates, etc. 

TABLE I: RS classification as a function of the action domain. Second and third order 
stresses are generally called "microstresses". 

X-Ray diffraction is the most accepted technique for the determination of RS slates in 
materials. Considering the penetration of X-Ray, this technique has a wide utilization in Ihe 
analysis of surface RS problems. Stress determinations by X-Ray diffraction are made by Ihe 
measurement of elastic strains and the subsequent calculation of the stress slate by means of 
the equation of mechanics. The strains are given by the variations of the lattice parameter 
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(d^ which induce the displacement of the diffraction peak by a quantity A(20) given by the 
differentiation of Bragg's law: 

d-d, 
e =• 

0 = - - cotgQ A(29) (1) 

The three orders of RS generate different effects on strains and consequently on the diffracted 
X-Ray: 

- Macrostresses induce a global variation of lattice parameters which results in a 
displacement of the diffraction peak. 

- Second order stresses induce many diffraction peaks presenting a small separation 
between them, giving as a final result an enlargement of the diffraction peaks. 

- Third order stresses introduce very small variations of the lattice parameter around 
its mean value. This fact also induces an enlargement of the diffraction peaks. 

Since in the next sections of this work, we shall essentially deal with macrostresses, it is 
important to describe the methodology used for their determination. Using X-Ray diffraction, 
first order stresses in mechanical isotropic materials are determined using the well known 
"sinV method" [2]. 

Normot of 
df rr action ptont 

20 

28. 

2 ^ 

Sin j Method 

SinV 

Fig. 1: Scheme of X-Ray diffraction by 
crystals 

Fig.2: sinV diagram 

When a material is not subjected to any stress state, the value of the intergranular distance 
<iM is independent of the orientation of the {hkl} planes. The orientation of the diffracting 
planes {hkl} is defined by the angle \p between the normal to the diffracting plane and the 
sample respectively, fig. 1. When a material is subjected to a given stress state, the strain 
measured on the {hkl} diffracting planes is a function of the angle $. The generalization of 
Hook's law for a two dimensional homogeneous and isotropic stress state allows to link the 
strain measured in the direction ('i\^) to the macrostress stale v+ in the direction *: 
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e*.» = ~S2 °» Sia1^ + 5lK + 0y) ( 2 ) 

with: (1/2) S2 = (1 + »-)/E and S, = (-*/E), c being the Poisson modulus and E the Young 
modulus. From Eqs.(l) and (2) it may be observed that vti values can be easily 
determined, considering that they are proportional to the slope M in the 20 vs. of sinV 
relationship, fig.2. 
It is important to remark that this relation must be adapted to account for the X-Ray 
diffraction phenomena, where only the (hkl) planes verifying Bragg's law contribute to 
diffraction, and consequently, to the measurement of strains. Then, the deformation ty. 
measured during deformation depends on the diffracting planes {hkl). In order to link this 
deformation to macrostresses, it is necessary to define the radiocrystallographic elastic 
constants >A S2(hkl) and S,(hkl). These constants depend on the elastic constants of the 
corresponding single crystal and the family of diffracting planes. They can be experimentally 
determined or calculated using an appropriate elastic model. The sinty method has some 
limitations given by the existence of crystallographic textures, triaxial stress states or stress 
gradients in the coating. In these-cases, the linearity of the sinV is lost and a particular 
treatment of the information is needed [3-6]. 

3. GENERATION AND CHARACTERIZATION OF RESIDUAL STRESSES 

3.1. Thermal Stresses in coatings: 

They are generated by the difference in the Thermal Expansion Coefficients (TEC) presented 
by the components of the substratum and the coating (considering that coatings are produced 
at a higher temperature than their operating temperature) [7-8]. A simple unidirectional 
representation of the origin of the RS is given by the "misfit volume model", fig.3.a. The 
sample has two components: the coating and the substrate, which suffer different 
deformations and, consequently, different displacements (U, y U2 in fig.3.a). These 
displacements are fictitious due to the mechanical bond between the components. Then a 
mean value U of the displacement is imposed, introducing opposite stress in the coating and 
the subtract, fig. 3.b. It is important to remark that, in fact, the separation between the two 
blocks is less pronounced and the evolution of deformations presents continuity. 

Coating Substrate 

a) b) 

Fig.3: a) Misfit volume model; b) Associated Stress distribution 
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For a rough approximation, thermal stresses can be evaluated using the equation [')]: 

*t 

where E, is the Young Modulus of the coating,at is the thermal expansion coefficient of the 
coating, a, is the TEC of the substrate, Te is the temperature of the substrate during the 
production of the coating and T, is the room temperature. 

Ceramic coatings deposited on cemented carbide by chemic.il vapor deposition (CVD) or 
physical vapor deposition (PVD) are commonly used to extend tools life. Table II shows 
typical results corresponding to coatings of TiC and TiN [10-11]. 

SUBTRACT 

Co Alloy 

Co Alloy 

Co Alloy 

Bearing Steel 

Carbon Steel 

Stainless Steel 

Co Alloy 

Tools Steel 

Carbon Steel 

Stainless Steel 

COATING 

TiC 

TiN 

Ti(CN) 

TiC 

TiC 

TiN 

TiN 

TiN 

TiN 

TiN 

METHOD 

CVD 

CVD 

CVD* 

CVD 

CVD 

CVD 

PVD 

PVD 

PVD 

PVD 

STRESSES (MPa) 

89 < a < 587 

-12 < a < 490 

-608 < a < 284 

-2050 

-2100 

-6785 

-4350 < a < -1000 

-9900 < a < -4600 

-8930 < a < -2600 

-10000< <r < -2600 

TABLE II: Common RS determined in CVD and PVD coatings on: 
- A sintered hard alloy of WC with 6-10% Co with additions of carbides TiC, TaC and NbC 
[10][11], 
- different industrial steels [11]. 

The results corresponding to CVD coatings can be explained considering the differences of 
the TEC. For example, in the case of hard Co alloys, deposits were performed at 
temperatures * 1000°C, substrate and coating being free of stresses. During the cooling of 
the sample, the lower value of the thermal expansion coefficient of the hard alloy generates 
tensile RS on the coating. The case CVD* corresponds to a coating process performed at a 
lower temperature (700-800°C). For PVD coatings, thermal stresses can only explain a 
fraction of the measured RS. In this case, the "intrinsic stresses", to be discussed in section 
3.3, give the most important contribution to the final RS. 

3.2. Treatments inducing compressive Residual Stresses: 

Shot peening and Laser shock are typical examples of treatments inducing compressive RS 
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on surfaces. As the two process keep resemblance, only the case of the laser shock is 
discussed. Laser shocks need a high density of power ( a 10' W/cm2) and very short 
interaction time ( i 1/is), fig.4. These values can be obtained using pulsed lasers. The laser-
material interaction releases an important amount of energy. This energy produces the 
sublimation of the first microns of matter generating a high pressure plasma. This pressure 
produces a shock-wave which is propagated to the material. The pressure duration is 
proportional to the relaxation time of the plasma. The compressive shock-wave introduces 
plastic deformations in the material. These deformations are in compression in a direction 
perpendicular to the surface and tensile in directions parallel to the treated surface. The 
amplitude of the shock-wave decreases with depth. The plastically deformed material 
interacts with the neighbour non deformed material; compresive RS are introduced in the 
directions parallel to the surface. It is important to point out that the results of laser shock 
treatments are strongly related to experimental conditions, as it can be observed in fig.5, 
where results for a laser treated steel used in car industry are presented. This treatment can 
improve substantially the fatigue behaviour of materials in relation to cases treated with shot 
peening techniques. Even if the level of RS is similar, differences of results are related to 
the non negligible effects of ridging introduced by shot peening [12]. 

powWlJ«ll»y[W/a7l,] 
/ K iMtrthodc 

Fig.4: Physical conditions for different laser treatments 

3.3. Intrinsic stresses: 

Intrinsic stresses are related to the microstructure changes introduced in materials by surface 
treatments. Sometimes, they can give the most important contribution to the final RS in many 
surface treatments, PVD is an example. They can be produced to many microstructur.il 
process, for example: 
* Phase transformations in materials. In the case of coalings, annealing at a certain 
temperature or cooling after layer production can induce phase transformations in the layer 
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and/or the substrate. Volume changes inherent to the phase transformation and the high 
atomic mobility at moving interfaces can contribute to a possible relaxation of RS [13]. 
* The coalescence of grains originates a volume contraction and tensile RS. 
* The existence of strong intergranular stresses in textured materials. 
* Surface hardening process. 
* Gas impurities introduced during the deposition process. 
* Defects introduced by ion implantation. 
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Fig.5: RS generated by laser shock, a) 10 GW/cm2, 25 ns; b) 80 GW/cm', 2.5 ns [12]. 

In coatings, the intensity of intrinsic stresses decreases with the increase of the process 
temperature while the thermal stresses are increased by temperature. This effect is 
schematized in fig.6. 

Total i tmi 

Coaling process tamfmtttm 

Fig.6: Schematic representation of the 
evolution of thermal and intrinsic stresses 
with coating process temperature. 

Different surface treatments can induce phase 
transformations in materials generating RS 
states. As an example, the generation of 
tensile RS during laser remelting of a 
tempering steel is discussed. The formation of 
tensile RS can limit the practical use of laser 
treated engineering parts because: 
- They can hamper the production of crack-
free surface coatings, 
- They can influence negatively the resistance 
of materials against static and dynamic loading 
as well as the resistance to wear and 
corrosion. 

Laser surface modifications as remelting, 
cladding and surface hardening processes are 

produced using continuous lasers and power densities between I0M07 W/cm2 and interaction 
times in the range 10"2-10s, fig.4. In the laser remelting case, an area of some mm' on the 
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Fig.7: Laser surface remelting 
of a tempered steel. 
TA: austenitizing temperature; 
TM: melting temperature; 
TMS.- martensite start temperature [14]. 

specimen surface is displaced at a given rate 
under the focused laser beam, fig.7 [14]. 

During the heating process compressive RS are 
generated at the outer surface, since the 
expansion of the laser irradiated surface is 
retarded by the underneath cold material. 
Compressive RS are lowered at the 
austenitizing temperature due to the formation 
of austenite, which has a smaller volume than 
ferrite. When the material transforms to liquid 
state, all stresses fall down to zero. After 
resolidification of the remelted layer, the 
inverse process occurs. The contraction of the 
resolidified material during cooling is delayed 
by the cold base material underneath and 
tensile RS are generated at the surface. At 
high temperature, these tensile RS can be 
reduced by plastic deformation. At the 
temperature of martensitic transformation, the 
increased volume leads to a reduction of the 
tensile RS. However, during further cooling of 
the surface layer, these tensile RS will 
increase again. 

4. EXAMPLES OF RS STATES WITH COMPLEX ORIGINS 

4.1. Oxidation and Intergranular stresses in textured Zr. 

In the case of RS introduced by thermal treatments in textured Zr, the interpretation of 
experimental results requires the consideration of the effects of the oxide layer developed 
during annealing and the effects of strong integranular stresses which can affect the 
macrostress distribution in materials [15]. 

The generation and evolution of Residual Stresses during the quenching of metallic materials 
can be modelled using finite elements. Models consider the heat conduction in solids, the 
thermal deformation, the eiasto-plastic behaviour of the material (especially the evolution of 
the Yield Stress with temperature) imposing to the material the verification of the equilibrium 
conditions and the physical continuity conditions. The evolution of RS introduced by thermal 
treatments in polycrystalline Zr sheets is shown in fig.8 [15]. It is important to remark that, 
unlike cubic materials, TEC for hexagonal closed packed materials are anisotropic, their 
values being affected by the crystaliographic texture of the sample [16]. This fact was 
accounted in the model. 
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One typical problem presented by Zr alloys is the formation of an oxide layer at the surface. 
This oxide layer acts as a thermal barrier and also contributes to prevent corrosion 
phenomena. The oxide layer can be divided into two regions as a function of the oxygen 
content: a region nearest the unoxidizcd metal containing oxygen in solid solution, known 
as the "diffusion layer", where oxidation has not yet been completed and the remainder of 
the oxide layer, where oxidation is completed, known as the "fully oxidized layer" [17]. As 
the thickness of the diffusion layer is very thin compared to the sample thickness, the effect 
of the fully oxidized layer can only be considered in the analysis of RS. 

0 100 200 300 400 300 BOO 700 000 900 f 000 

OaptJi&im) 

Fig. 8: Residual stresses in textured Zr (rolling direction). Case 1: Zr; case 2: Zr with full 
relaxed oxide layer; case 3: Zr with non relaxed oxide layer [15]. 

Iii order to explain differences between predicted and experimental results shown in fig.8, 
the effect of a Zirconia layer on the distribution of RS introduced by thermal treatments in 
a Zr polycrystalline thin sheet was studied. Two limit cases were considered in the 
calculations: total stress relaxation is produced during the oxidation process (the most 
probable) and the opposite (the length of the thermal treatment does not allow stress 
relaxation in the sample). It can be observed that the differences between the absolute values 
of the predicted stresses are lower than 50 MPa. Then, oxidation is not responsible for the 
observed differences. 

The only way to explain these differences is to take into account the effects of intergranular 
stresses. They are originated by the anisotropy of the TEC in single crystals and the 
existence of texture in polycrystalline samples. The TEC presents different values along the 
< a > and < c > directions of Zr single crystals. During cooling of textured polycrystallines 
samples, intergranular RS are introduced in order to assure the physical continuity of the 
material. Tensile intergranular stresses (.100 MPa) on {0002} planes and compressive 
stresses on {1010} planes were determined experimentally [18]. Considering the proximity 
of {0002} planes to the diffracting planes {1014} used in X-Ray determinations, the fact that 
experimental results include the addition of the tensile intergranular stress to the "real" 
macroscopic stresses could explain the discrepancy [15]. 
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4.2. Ion implantation: 

Ion implantation is a physical process where atoms of a given element are introduced into 
a solid structure only by means of their kinetic energy. This method introduces modifications 
in physical and chemical properties of surface layers. An example of the application of this 
technique is the nitriding process in steels using nitrogen ion implantation. It is important to 
remark that the changes in properties introduced in steels by ion implantation are not only 
a function of the type of implanted steel but also a function of the experimental conditions 
of the implantation: geometry, energy, flux .and dose of the ion beam. 

Ion accelerators used during ion implantation are generally low flux, single energetic beams 
with a constant current associated (40 KeV < E < 100 KeV). The results presented in this 
work were obtained by using a non conventional technique of ion implantation, which utilizes 
an ion pulsed beam implanter developed at the Physics Institute of the Rosario University 
(Argentina). The implanter has a pulsed beam with pulse time duration of 200 ns < t < 700 
ns and the ion beam presents a continuous energy spectrum (20 KeV < E < 550 KeV, 
dN/dE=»E"'-4). The fluence associated to each shot is » 5.1015 ions/cm7, higher fluences can 
be obtained by the accumulation of a prefixed number of shots [19-20]. 
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Fig.9: RS evolution with depth in M2 steel (rolling direction). Nitrogen implantation dose: 
3.5 10'4 Ions cnVJ [21]. 

Important changes at the RS states can be determined. Fig.9 shows the evolution of RS with 
depth before and after nitrogen implantation for a M2 tool steel and Table III shows the 
results corresponding to the RS evolution with fluence for a AISI 1075 steel [21]. The 
interpretation of the properties changes introduced by ion implantation requires the 
consideration of: 
- The basic-aspects of the ion-matter interaction mechanisms: energy losses by inelastic 
electronic scattering and elastic collisions with atomic displacements production. 
- The possible existence of mechanisms such as shock-waves induced by pulsed plasma on 
the surface of the material. 

Energy losses by inelastic scattering are a direct consequence of the electromagnetic 
interactions between the incident nitrogen ions and the electronic core of the sample atoms. 
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These interactions can pnniuce (lier:iial effects introducing very localized and very short 
(=10'* s) "thermal spikes". Sometimes, local temperatures could surmount the melting 
point. During the cooling proce.ss, tensile H.S can be introduced in surface. This process is 
similar to the "remelting" process induced by laser treatment, .section 3.3. It is evident that 
thermal effects could also induce localized phase transformations with the possibility of 
nitride formation. 

Elastic collision produces primary atomic displacements of sample atoms, which can also 
produce cascade collision processes. Injerstitials and vacancies are generated during cascade 
process. They can contribute to the acceleration of the diffusion processes and the possible 
formation of atomic segregations (interstitials or vacancies clusters or loops) and new phases 
(as nitride). 

Compressive intrinsic stresses generated by elastic collisions are produced in a thin layer 
(depth lower than the micron). Considering that the size of the X-Ray diffracting volume is 
several microns deep, the only way to explain the measured macrostresses is to accept the 
existence of mechanisms such as shock wave induced by the pulsed plasma. 

Sample 

non-implanted 

1.5 10'5 lons.cnv' 

1.5 10'7 Ions.cnv2 

Rolling Dir. 

232 ± 40 MPa 

-286 ± 24 MPa 

-261 + 50 MPa 

Transv. Dir. 

245 ± 15 MPa 1 

... 

-280 ± 37 MPa | 

TABLE III: Evolution of RS with tluence for an AISI 1075 steei. 

Microstructural changes introduced during the ion implantation are a combination of the 
stated effects. Considering the beam spectral law it can be demonstrated that, for each shot, 
only 19% and 2% of the ions have energies of E>40Kev and E ^ lOOKev respectively. From 
this result, it can be assumed that, in the case of M2 steel, thermal effects would be 
important near the surface and they can explain the observed tensile RS states. In the 
opposite, displacement and shock-wave effects would be more important than thermal effects 
in order to explain the compressive RS in the AISI 1075 steel, where it seems that the 
"remelting" process did not occur. 

CONCLUSIONS: 

RS states for different processes (thermal treatments, coatings, ion implantation, laser 
treatments) were characterized and the microstructtiral mechanisms of RS generation were 
discussed. These results correspond to a generalized and simplified analysis of the processes. 
Reality is always more complex: RS are related to the treatment conditions and to the 
physical and chemical characteristics of the materials used in processes. There are also 
surface processes and technological applications where the understanding of the mechanisms 
of generation and control of RS are actually a subject of different studies. For example: 
stresses in thin films used in microelectronic devices, in reinforced materials and in biology 
materials (particularly in prothesis), the effect of phase transformations (especially in steels), 
ceramic-metal joints, etc. As a final conclusion, it must be pointed out that the study of the 
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mechanisms of RS generation, their characterization and control and their relationships with 
the performance of materials are open and exciting subjects for basic and applied research 
in Materials Science. 
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ABSTRACT & HISTORICAL SURVEY 

Since the discovery of superconductivity in ceramic oxides by 

Bednorz and Muller in 1936. the transition temperatures of 

superconductors are now approaching 125 K. The excitement of 

research on these high temperature superconductors (HTS) stems 

largely from applications of superconductors operating at liquid nitrogen 

temperatures. 

Three advantages of the use of liquid nitrogen, these are: 

1 - Liquid N2 is cheaper than He 

2 - The cryostat is more simple 

3 - Latent heat of vaporization of liquid N2 is about 60 times greater than 

that of liquid He, so it lasts much longer. 
Traditional superconductors are used in magnets for magnetic . 

resonance imaging, ac power cables, turbogenerators, high power 
electronics. The critical magnetic field and critical current density are 
important parameters for technical applications of the new 
superconductors, particularly in magnet construction. 

The high temperature superconductor YBCO has very high upper 
critical magnetic fields (about 10 Tesla at liquid nitrogen temperature), 
however, there are problems for the mechanical properties since they 
are ceramic materials and are brittle. So until now no high temperature 
superconductor magnets have been built. 

Thin film technology for superconductors at liquid nitrogen 
temperature was used in the field of small scale electronics, such as 
Josephson devices, optoelelectronic devices and squ ids . 

Fullerine, which is a huge carbon molecule, opens a very promising 
technical field for the use of superconductors. It is the new type of 
superconductor that excels all other types because of its easy production 
and good technological properties. 
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INTRODUCTION 

The discovery of Fullerine, C60, was considered the most striking 

news of the year 1985 in chemical physics. In this year a group of 

chemical physicists at Rice University discovered, after they laser-

vaporized a graphite target in a jet of helium gas. that 60-atom clusters of 

carbon remained uniquely stable. They rationalized that such a stable 

molecule might have assumed the perfectly symmetrical form of a foot

ball. In tribute to the famous architect Buckminster Fuller, whose 

geodesic dome was taken to resemble the molecule, the Rice group 

named the spatial C 6 0 cluster "bucky ball". Other research groups 

observed that many other even-numbered carbon clusters existed in a 

stable form. Researchers proposed that if these clusters were formed of 

closed spheres, as they suspected, then the laws of geometry would 

demand that their structures would possess close similarities, i.e., 

exactly 12 of their faces would consist of pentagons of carbon atoms, and 

depending on the size of the cluster, some several hexagonal rings would 

connect the 12 pentagons. Researchers proposed that these clusters 

belonged to a new class of pure carbon called "Fullerine". typically 

represented by the bucky-ball molecule. CgQ, Fig. 1. 

Short time after its discovery, it was realized that there are other 

similar carbon clusters, but only with even number of atoms, which are 

rather stable. The fullerine 60 carbon atoms C60 . being the most stable. 

All these clusters ranged from as small as 32 atoms to as large as 960 

atoms forming a network of hexagons and pentagons. 

For Cg0. the diameter of the cage on which the carbon atoms are 

arranged is about 7 angstroms, while the molecule as a whole is roughly 

10 angstroms in diameter. The center of the cage is devoid of charge 
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since the charge density falls off rapidly away from the cage. The atoms 

are distributed symmetrically such that the strain is minimum: 

STRUCTURE AND BONDING OF FULLERINE 

It has been now well agreed that fullerines are a distinct class, 

differing in characteristics from diamond or graphite, the well known 

crystalline forms of solid carbon. The fullerine represents a third unique 

bonding structure for carbon, joining planar graphite, and tetrahedral 

diamond. Fleming and his co-workers in the Bell laboratories showed 

that the structure is face-centered cubic at 300 K, with the bucky 

molecules sitting in the lattice sites. The bonding between the C 6 0 

molecules in the f.c.c. structure is Van der Waals in character, but 

covalent bonds exist between the carbon atoms in any one molecule. This 

means that out of 4 electrons of each carbon atom, three electrons are 

shared with three neighbouring carbon atoms. The remaining electron 

forms an orbital perpendicular to the surface of the cage. These orbitals 

of each carbon atom can overlap with each other forming n molecular 

orbitals. The electrons from these orbitals are delocallzed over the cage. 

It is interesting to make a comparison of the structure of the three 

allotropic forms of solid carbon. Fig. 2 shows such a comparison of atomic 

arrangement and interatomic distances and the density of each form in 

gm/c.c. 

S t ruc tu re Diamond 
f . c . c 

graphite 
b . c .p 

so l id Crr, 
f . c . c . 6 0 JL 

Atomic 
arrangement ,' 

J-5VA 

Density 

3-St, A l*-

3.5 

3-L0f\ 4 Mjfe-

2.3 
F i g . ( 2 ) Al lo t ropic forms of carbon. 
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PRODUCTION OF FULLERINE 
After the spectacular discovery and announcement of Fullerine CG0. 

the curiosity of a large number of scientists was aroused to get more 

understanding of this new form of carbon. 

However, the exotic experimental setup' in which graphite was 

vaporized in the atmosphere of supersonic helium beam by high power 

laser was not accessible to most of the researchers. For this reason no 

progress took place from 1985 until a breakthrough in September 1990 

was made by Kratschmer and his group in Germany' ' who announced an 

inexpensive method to produce reasonable quantities of C60, in contrast 

with the laser method. The production of a few milligrams of C6 0 per day 

has not remained a difficult task any more. At the same time the solid 

form of CQ0 was discovered, i.e., the regular f.c.c. crystal with C 6 0 

molecules at lattice sites of the unit cell. This crystal was considered as a 

molecular crystal crystallized into face-centered cube, see Fig. 3. The 

forces holding these molecules or clusters together are weak Van der 

VVaals forces although the clusters themselves are highly stable. Single 

crystals'3 ' with dimensions of about 2 mm are reported recently. 

J) F Bucky b a l l 
F i B . ( 5 ) % e f . c c . WtWffiK ^ molecules 
s t r u c t u r e of sol id CgQ. 

THE EXPERIMENTAL SETUP 

Fullerine is simply produced in a deposition chamber which can be 

evacuated to a pressure of about 10 - 10" torr. The chamber is cooled 

with water. Helium gas is introduced in it at a pressure of about 40 to 

300 torr. An arc is struck between two graphite electrodes using a power 

supply which can deliver about 50 volts and 100 amperes, see Fig. 4. 
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When the arc strikes, graphite from the electrodes start to evaporate and 

then be condensed either on watercooled substrates or on the walls of 

the water cooled chamber. After depositing for a few hours, a sufficiently 

large quantity of black soot can be collected. This black soot is dissolved 

in benzene or toulene. The solution is then filtered to seperate carbon 

contents which are not fullerines and are soluble in these solvents. The 

filtered solution appears red-brown in colour if it contains a large 

proportion of fullerines. After heating this solution to evaporate leaving 

behind a residual powder, we get C 6 0 as well as other fullerines. 

Chromatographic methods need to be employed in order to separate out 

fullerines of different sizes. 

It is now well accepted that fullerines could be formed at high 

temperatures, even a candle soot produces C60 , although in very small 

amounts. Graphite heated to about 1500 K in helium atmosphere can 

produce C6Q. It is speculated that the vaporized carbon atoms first forms 

chains that link together and become graphite sheets which curl 

together in the inert atmosphere of helium to form cagelike molecules 

without dangling bonds. Pentagons are crucial in curling up. 

It-should be mentioned that all the carbon dust in the universe is in 

the form of fullerites with fullerine crystal structure. It has been formed 

long long time ago since the Big Bang and the creation of the universe. 

PROPERTIES OF FULLERINES 

Since 1991, experiments were underway in dozens of laboratories 

worldwide to find the properties of fullerines. Detailed nuclear magnetic 

resonance experiments of fullerines in solution and in bulk crystals 

confirmed the existence of the C6 0 and C7 0 fullerines. In solid form, both 

of these fullerines spin at over 100 million times per second: C G 0 

molecule can rotate in any direction, but C7 0 molecule revolves about its 

long axis. 

From the exponentially growing research activity on fullerines the 

most remarkable findings are summarized in the following. The linear 

compressibility of the lattice is very small and comparable to that of the 

-368-



planes of graphite While the volume compressibility is very large, it is 

many times greater than that of graphite or diamond. This was attributed 

to the hollow structure of the cage in which foreign atoms can fit in 

easily. It is a very good host for other atoms. 

Photoemission and inverse-photoemission s tud ies ' 4 ' of the 

electronic state of C 6 0 and C7 0 have shown greater structure than 

graphite or diamond because of the molecular character of the wave 

functions. Groups of theoreticians have used those experimental results 

as reference in their calculations of the static and dynamic behavior of 

C60 . Experiments and theory have exhibited sharp features derived from 

the radially directed jr bonds that represent the upper levels of the 

valence band and the lower levels of the conduction band. These narrow 

bands result in unique optical and electrical properties of the pure solid 

and compounds. 

One of the most remarkable aspects of fullerines is related to their 

ability to accept charge from donor atoms, such as alkali metals, thus 

forming alkali metal fullerides. Haddon and co-workers'5' demonstrated 

this when they exposed C6 0 films to vapor from Li, Na, K, Rb, and Cs 

sources and found that the films changed from being insulators to 

conductors. They speculated that the alkali metal atoms donated their 

weakly bound s-electrons to the fullerine so that the first group of empty 

states would be partially occupied, giving rise to electronic conduction. 

They also showed that extended exposure led to increased resistivity, 

presumably because the first band was filled. Subsequent photoemission 

studies showed that the incorporation of more alkali atoms caused 

excessive charge transfer and the band derived from the lowest 

unoccupied molecular orbital was filled. 

SUPERCONDUCTING FULLERIDES 

Herbard and co-workers'6' at Bell Labs reported that Kx C6Q is a 

superconductor with a transition temperature Tc = 18 K. This work 

raised questions as to whether other superconducting compounds could 

be formed, possibly with higher critical temperatures. Afterwards, it was 
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discovered that Rbx C 6 0 has a critical temperature T = 28 K. 

Investigators in Japan recorded that cesium-rubidium fulleride, Cs2 

RbC(;0, showed superconductivity with a critical temperatrue 33 K. 

Using X-ray diffraction, the group ofyBrookhaven Lab. Pennsylvania 

have shown the formation of two major phase structures. The first. K3 

Cg0 structure is a superconducting phase in which potassium ions occupy 

the tetrahedrai and octahedral sites of the f.c.c. structure lattice. The 

second phase is the insulating Kfi C6Q structure in which the C6 0 fullerine 

f.c.c. lattice has transformed to a b.c.c structure with the potassium ions 

occupying the tetrahedrai holes. In this latter structure the fullerine C 6 0 

exhibits the remarkable character of accepting about six electrons per 

molecule from the potassium atoms. 

Experiments also showed that the more the lattice parameter of A3 

C 6 0 . the more the critical temperature Tc of the superconductor thus 

formed. A being the alkali halide atom. 

In the near future, we expect to see considerable theoretical activity 

as efforts are made to explain the mechanism of superconductivity. 

Experimental studies will show the interaction of fullerines with other 

species, leading to new phenomena such as the recent discovery of 

fullerine-based organic molecular ferromagnets'7 '. Particular intriguing 

results may come when fullerine is used in the field of polymerization, or 

when substitutions for carbon atoms are effected. 
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ABSTRACT 

The development of new materials and new technologies needs information on 
the thermophysical property data of different substances. Thermophysics plays 
therefore a leading role in the. characterization of materials, contributing 
definitely for the advance of materials science and technology. The thermal and 
flow capabilities have to be studied for several materials, namely through the 
measurement of the thermal conductivity and diffusivity, viscosity and heat 
capacity. The errors in the use of wrong data can have a catastrophic impact in 
the cost or operation of the materials designed to perform a given duty. To 
respond to these requirements new experimental and prediction techniques 
have to be developed. It is the purpose of this paper to discuss the above 
mentioned problems, illustrating with the development of new methods for the 
measurement of the thermal conductivity and viscosity of molten materials at 
high temperatures. Aspects related with criteria for method selection, 
equipment parts materials compatibility with testing samples, establishment of 
reference materials, environmental considerations, and temperature 
measurement will be analyzed. 

INTRODUCTION 

It is now well established that the development of materials for new applications 
and new working fluids need3 a good characterization of its behaviour, usually 
at temperatures and pressures that fall beyond the normal ranges. This is 
indeed the case for composites, ceramics, certain polymers, metals, molten 
salts, molten semiconductors, superconductors, biomaterials and non-
azeotropic working fluids. 

Thermophysics plays a leading role in the characterization of materials, 
contributing definitely for the advance of materials science and technology. 
More and more, industrialists and scientists became aware of this fact, 
promoting research and development in this area. Nagashima [1] states that 
extremely wide range of conditions such as cryogenic temperatures, mega-bar 
pressure and extremely corrosive, radioactive, magnetic or microgravity 
environment are more and more used. This author gives a very clear example 
about the fact that sometimes the information about a single property is the key 
for important technological advancement - the thermal conductivity of insulating 
tiles of a space vehicle. If the tile is too thick less equipment can be loaded in 
the vehicle and if it is too thin too much heat will cross it. 

The thermal and flow capabilities have to be studied for several materials, 
namely through the measurement of the thermal conductivity and diffusivity, 
viscosity and heat capacity. The errors in the use of wrong data can have a 
catastrophic impact in the cost or operation of the materials designed to 
perform a given duty. 
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The measurement of these properties at high temperatures and high pressures, 
specially in the first case [2], has been proved to be very difficult and difficult to 
perform with a desirable accuracy. Existing instrumentation is normally not 
applicable, a fact that justifies the development of new instrumentation, an 
expensive and time consuming task. This can be well analyzed in recent 
publications (3,4). 

The creation of new data is not the only task. In fact the evaluation subjected to 
rigorous criteria of the existing data and the proposal of standard reference 
data are very important because the development of new instrumentation 
techniques creates new data for ordinary substances, with better accuracy, and 
the recommended data can be used to test the accuracy of new methods of 
measurement. Unfortunately the proposition of standard reference data for the 
thermal conductivity of liquids is restricted to the atmospheric pressure and 
temperatures not yet bigger than 360 K, using toluene and water as 
recommended reference materials [5-7], For viscosity the situation is worse, 
because only one point, at 293.15 K , for one reference material, water, is 
known [8]. 

It is the purpose of this paper to discuss the above mentioned problems, 
illustrating with the development of new methods for the measurement of the 
thermal conductivity and viscosity of molten materials at high temperatures. 
Aspects related with criteria for method selection, equipment parts materials 
compatibility with testing samples, environmental considerations, and 
temperature measurement will be analyzed. The discussion will be focused in 
high temperature melts, key substances in a wide variety of new technologies. 

2. THE MEASUREMENT OF THERMAL CONDUCTIVITY AND 
VISCOSITY 

The measurement of the thermal conductivity2 and of the viscosity of molten 
materials, like molten salts, molten metals, molten semiconductors and molten 
glasses, including nuclear materials is very difficult. High temperature melts are 
solids at room temperature, have high surface tensions in the liquid phase, and 
are strongly active, both chemical and electrically conducting, so that the 
application of convencional sensors for detection, container materials and 
atmospheres is completely impractical. We can summarize the principal 
difficulties in the following list: 

• The samples can react with the cell walls 
• The samples can react with the atmosphere around it 
• The accurate measurement of temperature is difficult 
• The importance of the contribution of convection and radiation for heat 

transfer increases 

2 or thermal diffusivily, the heal capacity and density being necessary 
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• Most of the samples are highly electrically conductive 
• The melting temperatures are high and non Newtonian flow can degrade 

results 
• The samples need to be very pure to avoid secondary reactions with 

surrounding media 

These difficulties limited the acceptance of the methods of measurement 
available for both properties to a very few because the users can never be sure 
about which set of data is right or wrong. Figure 1 displays a very interesting 
result obtained by Nagasaka and Nagashima, when these authors tried to 
analyse critically and evaluate the thermal conductivity of molten NaN03 and 
KNO3 [9].This figure displays the thermal conductivity of KNO3 as a function of 
temperature, obtained by different authors, using different methods, three sets 
of data were chosen as primary (..concentric cylinders an transient hot wire-
ceramic probe) and fittedto a straight line, of negative slope. 

G70 720 

Temperature, K 

Figure 1 - The thermal conductivity of KNO3 [1] 

The departures of the data from the recommended values (based on 
accuracies between 2 and 4%) can be as big as 20%, most of the deviations 
being systematic and some of the data having positive variations with 
temperature.The deviations became worse for molten KCI, where at 1000 K 
thoy can reach 300 % [10]. 

In the case of thermal conductivity Mardolcar and Nieto de Castro [11] made a 
comparative study of the advantages and disadvantages of the different 
techniques available for the measurement of thermal conductivity up to 1500 
°C, analyzing the limitations and possibilities of using those methods at such 
high temperatures with accuracies of the order of 2%. These authors, after a 
very long discussion with other colleagues from EL) (W. A. Wakeham, M. J. 
Assael, H. van den Berg, B. Le Neindre, T. El Gammal, R. Taylor, K. Mills, E. 
Lorengel, G. Hemminger) and some industrial technicians (M. Franken, C. 
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Broadbent, S. Klarsfeld), arrived to the conclusion that all the existing methods 
could be classified in two big categories - classical and non-classical . By 
classical were designated all the methods that measure directly temperature 
gradients and heat flows, while the remaining methods involved indirect ways 
of accessing the temperature gradients and or high power sources. The reader 
can obtain a full classification and description of all these methods from 
reference [2]. As an example we can say that the transient hot wire and hot 
strip techniques are examples of the classical methods, while the laser flash or 
the forced Rayleigh techniques are example of the non-classical methods. 

The most suitable non-classical methods for application in this temperature 
range were the laser flash and its adaptations to thin films, the forced Rayleigh 
scattering, the photon correlation spectroscopy, the photothermal deflection 
with contactless thin film applications, the wave front shearing interferometer, 
the photoacustic method and the transient hot strip with substrate. For the 
classical methods the best choices were the steady states parallel plates and 
concentric cylinders, the steady state hot wire (ac or dc), the transient hot wire 
and the axial heat flow method. 

The selection of a given method was based in several criteria, designed to 
achieve the best accuracy possible for temperatures between 0°C and 1500°C, 
described bellow: 

1) Application to temperature range 0°C to 1500°C using the same 
principle. 

2) Low sensitivity of working equation to geometric restrictions. 
3) Absolute method 
4) No need to measure temperature differences 
5) No electrical connections in contact with the sample 
6) Measure thermal conductivity directly 
7) No convection present 
8) Low volume cell 
9) Fast measurement to eliminate high quality temperature control 
10) No radiation present or possibility of obtaining radiation free thermal 

conductivity values 
11) Ability to measure transparent and non-transparent samples 
12) Complete working equation available 

The answer to the above twelve criteria could be Yes (+1), No (-1) or May Be 
(0). A sum of all the values of the answers gives a value S. If S <, 0, the 
method was rejected, and if S > 0 the method was accepted if answers to 
questions 11) and 12) where Yes and rejected if it was No. Table 1 shows the 
results obtained for the different methods studied. For simplicity only answers 
to questions 11 and 12 are displayed. 
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Table I - The classification of the different methods of measurement of 
thermal conductivity for high temperatures 

METHOD 

Classical 

Parallel Plates 
Concentric Cylinders 
Steady State Hot Wire (ac) 
Steady State Hot Wire (dc) 
Axial Heat Flow 
Transient Hot Wire 

Non-classical 

Laser Flash 
Laser Flash - Thin Films 
Forced Rayleigh Scattering 
Photon Correlation Spectroscopy 
Wave Front Shearing 
Interferometry 
Photoacustic 
Transient Hot Strip with Substrate 
Photodeflection - Thin Film 

Criteria 11 

+1 
+1 
+1 
+1 
+1 
+1 

0 
-1 
-1 
-1 
-1 

-1 
+1 
-1 

Criteria 12 

+1 
+1 
+1 
0 

+1 
+1 

0 
0 
0 
+1 
0 

-1 
0 
0 

s 

-2 
-1 
-3 
-4 
0 
+6 

+4 
+5 
+6 
+5 
+3 

-1 
+4 
+4 

This table shows that the classical methods only generate one candidate - the 
transient hot wire - while the non-classical generate several candidates. 
However most of them are eliminated because of criteria 11 and 12, surviving 
the laser flash technique and the transient hot strip with substrate. These three 
methods are the most adequate to be used but unfortunately none of them can 
be a direct solution to the problem. Therefore a combination of them seemed to 
be the best solution, combining the advantages of the optical methods - no 
electrical connections in contact with the samples, with the advantages of the 
transient hot wire / hot strip methods - absolute, giving thermal conductivity 
directly3. 

A consortium of 4 universities in the European Union (EU) was therefore 
established to launch a feasibility study, which by experimental tests and by 
analytical attempts to solve the general 3D heat transfer equation arrived to the 
conclusion that the only possible adequate solution was the development of a 
method based on the transient hot strip technique, where the strip would be 
deposited in an insulating substrate, as the optical methods seemed to be 
unable of a good signal to noise ratio [12]. Efforts currently in progress, 
financed by the EU Measurements and Testing Programme, showed already 
that the method is possible, if we can design suitable hot strip sensors, we 

3Data on heat capacity and density is often not available for high temperature melts. 
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hope to report the results of this team work in a near future. A preliminary 
report was presented at two recent conferences [13,14]. 

The measurement of the thermal conductivity of fluids up to 320 °C and 
pressures up to 70 MPa has been done with success, using concentric 
cylinders [15] and transient hot wire [16]. 

The behaviour of the viscosity of high temperature melts is rather different from 
that of the normal liquids, specially when we approach the melting point and 
consequently it is not possible to verify the reliability of the experimental data 
only by examining an Arrehnius plot, as it is usually done for those. Therefore 
the quality of the methods has to be discussed on the basis of good working 
conditions of the instrument, conformality of operation with the principle of 
functioning and intercomparison or intercomparison exercises. 

For viscosity no systematic study of the best available methods for high 
temperature melts has been presented, although the available monographs 
and reviews recommend the use of oscillating body viscometers [3,4]. 

Any type of oscillating body viscometer consists of a suspended, axially 
symmetric body, which performs torsional oscillations in the fluid. The use of 
oscillating disk viscometers, for liquids at high temperatures with high accuracy 
was implemented by Kestin and collaborators [17] up to 300 °C and pressures 
up to 35 MPa. Oscillating cup viscometers have been developed by Kestin, 
Franck and collaborators [18,19] and oscillating cylinder viscometers by 
Torklep and Oye [20]. The last authors used their equipment up to 820°C in the 
measurement of the viscosity of molten alkali chlorides [21], claiming an 
accuracy of 0.3%. Their study was included in the Molten Salts Standard 
Program Project of NBS (USA). The authors found deviations up to 30% with 
previous data. Nagashima and collaborators developed an oscillating cup 
viscometer for molten salts [22,23] and molten metals [24]. Kakimoto and 
Hibiya applied the oscillating cup to molten semiconductors [25]. The 
application of the oscillating cup to glasses has been make by Abe et al. [26] 
and Srinivasan et al. [27]. 

These authors, expressed in reference [1], concluded that the different sets of 
experimental data often show marked deviations from each other. Figure 2 
show the viscosity of NaCI obtained by different authors, from the melting point 
to 1473 K. It can be seen that at lower temperatures the discrepancies can 
amount to 50 %, with totally different curvatures4, possible due to erroneous 
calculation of the effect of the surface tension of the melt. The situation is 
similar for the case of liquid metals, like lithium, p. ex.. For the case of 
semiconductors, like GaAs at temperatures up to 1480 °C, the lack of data 
inhibits further comparisons. For glasses, like the LiF-BeF2 eutectic mixture 
and LiF up to 1800 K, the deviations between sets of different authors is also 
of the order of 10 % [26]. The viscosity of liquid BO3 have also been measured 
between 1189 and 1610 K [27]. The comparison with earlier data shows 

4This means a totally different activation energy for the flow. 
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deviations up to 50 %. The viscometer was calibrated with a standard 
reference material for high temperature viscosity measurement, recently 
proposed, a UO2-AI2O3-S1O2 slag. 

x10"J 

15 

1/1 

6 
"-10 
>. 
'w 
o 
u 

> 
0.5 

1100 1200 1300 U00 1500 

Temperature K 

Figure 2 - The viscosity of NaCI [1] 

All these studies seem to indicate that the most appropriate method of 
measurement of viscosity at high temperatures is the oscillating cup, if a careful 
application of the theory of the method is made, and account for several effects 
negligible at lower temperatures, but increasingly important at high 
temperatures, is taken. 

The author's group is currently developing a viscometer based on the 
oscillating cup technique and hope to report results in a near future. 

3. MATERIALS COMPATIBILITY AND CHOICE OF REFERENCE 

MATERIALS 

The design of the sensors and crucibles for thermal conductivity and viscosity 
needs a materials compatibility study, between the possible samples to test in 
the future and the equipment parts that are in contact with the samples. 
Moreover the behaviour of the samples at high temperatures, in different 
atmospheres, must be also analyzed, to avoid sample degradation by chemical 
reactions. 

One of the major difficulties encountered in high temperature experiments is 
the problem of oxidation. It is therefore essential to control the partial pressure 
of oxygen in the gaseous atmosphere surrounding the sample to better than 1 
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ppb. So a theoretical thermodynamics study must be done, identifying the 
stability of the oxides of the metals involved in the measurement device, on the 
basis of the standard Gibbs energy of formation ( AG°f) and its dependence on 
temperature. We shall illustrate this issue with the development of the hot strip 
sensors for the new thermal conductivity instrument, following the study by 
Srinivasan and Seetharaman [28] for our project. 

We can have as a first design a sapphire or quartz slab, were a strip of a metal, 
platinum for instance, is deposited. This strip needs to be covered by an 
electrically insulating layer, for convenience chosen to be the same material of 
the slab. Suppose we want to measure the thermal conductivity of molten 
aluminum. The stability of the oxides of aluminum and of silicon must be 
analyzed. It follows from thermodynamic tables that the stability of aluminum 
oxide is bigger at any temperature. Molten aluminum will therefore reduce 
quartz, resulting in the formation of an Al-Si alloy. In addition an alloy of 
eutectic composition melts at 577 °C. These observations indicate that 
aluminum and quartz are not compatible and hence can not be used together at 
high temperatures. 

In this work, the suitability of various substances as possible reference 
materials for thermophysical property measurement and their compatibility with 
sapphire and quartz have been theoretically evaluated. Au, Pb-Bi alloy, Pd, Sn, 
B2O3, K2CO3, KNO3, LiCI-KCI eutectic mixture, U2CO3, NaCI, NaN03 and 
Na2N03 were the compounds or alloys chosen as possible candidates as 
reference materials. 

A reference material must satisfy two conditions: 

• It must have low reactivity and thermal stability in the temperature 
range to be used 

• Experimental conditions required for its application should be simple to 
realize and easily reproducible, as for example the gaseous atmosphere 
surrounding the sample 

Details of the application of the thermodynamic considerations to all these 
systems can be found in reference [28]. The reference materials chosen are 
displayed in Table 2. 

4. THE TEMPERATURE MEASUREMENT 

One of the principal problems in the measurement of the thermophysical 
properties of matter at high temperatures is the accurate measurement of 
temperature. The ITS-90 has two regions in the zone of interest for melts. Zone 
3.2, where 273.15 ^ T90 <, 1234.5 K and zone 4, when T90 > 1234.93 K. 
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Table 2 - Reference materials and range of applicability 

REFERENCE MATERIAL 

Pb - Bi eutectic alloy 

KNO3 

LiCI-KCI eutectic mixture 

B2O3 

Au 

Pd 

TEMPERATURE RANGE 

125 to 750 °C 

335 to 390 °C 

360 to 700 °C 

460 to 700 °C (sapphire only) 

1065 to 1560 °C 

1555 to 1800 °C (sapphire only) 

In the first case the thermometer to be used must be calibrated at the triple 
point of water (273.16K), at the normal melting point of tin (505,078 K), of zinc 
(692,677 K), of aluminum (933,473 K) and of silver (1234,93 K). Above this last 
point we must uso the Planck radiation equation. 

The thermometers normally used in this range are the thermocouples ( Pt/Pt-
10%Rh. and Pt-30%Rh / Pt-6%Rh ), platinum resistance thermometers (up to 
the silver point) and optica) pyrometers. The choice of the thermocouples is 
based on its superior stability and chemical inertness, facts also applicable to 
PTRs. Crovini [29] makes an excellent review of the developments in 
thermometry in the period 1978-1984. 

The discussion of previous sections leads to the use of a contacless 
thermometer, namely a pyrometer, calibrated for temperatures above room 
temperature. However, and in spite of the excellent developments in the last 10 
years in the field of high speed pyrometry I30], there are some difficulties that 
make this type of thermometers difficult to achieve a good accuracy. The main 
problem is the dependence of the intensity of the signal emitted by the hot 
surface on the surface properties and on their stability with respect to time and 
temperature. The emissivity of the various substances encountered in most of 
the applications of optical pyrometry is not very well known, and therefore 
material science specialists must dedicate a big effort to understand, correlate 
and predict this phenomena. 

The possibility of oxidation masks completely the temperature measurement, 
due to the formation of an oxide coating above the surface which temperature 
is desired, changing the emissivity characteristics of the surface. In addition the 
accurate measurement of temperature with a pyrometer is expensive. There is 
still a long way to go before we can use a pyrometer that is versatile, accurate 
and easy to operate. Neuer [31] calculated the temperature error of a 
monochromatic pyrometer (M) at 1300 nm and of a ratio pyrometer (Q) 
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resulting from a ± 1 % deviation in the emissivity of the surface at 1300 nm 
and its result is shown in figure 3. It can be seen that this error can reach 20 K 
at 1700 K for a ratio pyrometer and 3 K at the same temperature for a 
monochromatic pyrometer. 

Temperature Error • Ratio Pyrometer ( Q ) 1300/1500 nm 
- Monochromatic Pyrometer ( M) 1300 nm 
at 1 % Emissivity Error at 1300 nm 

500 1000 1500 2000 2500 
Temperature | K) 

Figure 3 - Temperature error of a monochromatic pyrometer (M) at 1300 
nm and of a ratio pyrometer (Q) resulting from 1% deviation 
on emissivity [31]. 

Until 1500 °C periodically calibrated thermocouples are possibly the best way 
to measure temperature if contact with the sample is possible and non 
destructive, and the area to be measured is small. 

5. THERMOPHYSICS FOR MATERIALS CHARACTERIZATION 

From the previous sections we can conclude that the measurement of thermal 
conductivity and viscosity is very difficult at high temperatures. These 
properties necessitating the perturbation of the thermodynamic state of your 
material from equilibrium, put stringent requirements in the instrumentation 
developed to measure them. However, the situation for equilibrium properties 
of melts is similar, from density to heat capacity, from vapour pressure to 
surface tension. Most of the previous analysis is adapted, without much effort 
to equilibrium properties. 

A further complication is sample purity. All the properties are more or less 
affected by it, and we must have a very good description of the sample 
constitution. 
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Trip jse >f thermophysical properties of matter to characterize materials is 
therefore a continuous and actual field of research. Many technological 
applications need the knowledge of these properties to model, simulate or 
predict the behaviour of the materials under a given duty load. Melting and 
flowing is involved in the processing of most of the new materials. Needless to 
emphasize that the knowledge of the thermal properties (thermal conductivity, 
thermal diffusivity, heats of fusion and heat capacity) and of the flowing 
properties ( viscosity) not speaking of the nucleation driving forces (diffusion) in 
the molten state control completely the properties of the new ceramic, plastic, 
composite or solid semiconductor, superconductor or glass. It is therefore 
necessary to develop more the research in this field, both on instrumentation 
and molecular theory grounds, to help the solid state scientists in their 
endeavor of understanding the constitution of matter and its properties. 

6. CONCLUSIONS 

There are still several problems in the measurement of the thermophysical 
properties of new materials to resolve. The search for reliable data information 
is very intense at the frontiers of materials science and technology, requiring a 
big effort in the financing of research in thermophysics and its use in the 
characterization of materials. 

Having-promised to speak about the equilibrium and transport properties of 
matter, focusing the solid state I have used most of my time dealing with high 
temperature melts. The choice was intentional, because in my point of view the 
bridges between solid state and liquid behaviour are becoming very narrow. In 
fact melting is just a rearrangement of. a condensed phase with an increase of 
entropy or disorder, fact that creates flow and therefore viscosity. 
Understanding these connections and similarities is a 21st century task. We 
are only the first pioneers. 
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Abstract 

Recent advances in material research has generated a quite large 

variety of new mater ials ranging from superconductors to 

superinsulators. 

For the proper use of these new materials in different applications, 

their physical properties in general, and their thermophysical properties 

in particular, must be accurately known. Knowledge of the 

thermophysical properties of these materials helps the understanding of 

their structure, and the nature of thermal motion in them. 

The tremendous advances in measuring techniques of mass, 

temperature, heat flux, etc., helped to develop very accurate and quite 

fast techniques for the measurement of thermophysical properties: 

thermal diffusivity, heat capacity and thermal conductivity coefficients. 

This has been achieved by the introduction of digital techniques, 

computers, interfaces, sophisticated software, and lasers. 

As a result of these advances, the temperature range has been 

extended from microkelvin to thousands or millions of degrees The 

pressure range extends from fractions up to hundreds of MPa. The 

time required for one experimental run has been reduced from several 

hours to few milliseconds and microseconds. Moreover the accuracy of 

these measurements has been considerably improved. 

In this review, an account of the modern and ultramodern 

developments of measuring technqiues in thermophysical research is 

given. The main features of these techniques are also reviewed and 

discussed. 



Introduction: 

The term "thermophysics" is applied to all physical parameters, 

that directly or indirectly related to the absorption,release or transport of 

heat. Thus, this includes the physical parameters: specific heat 

capacity, thermal diffusivity, thermal conductivity and thermal 

expansion coefficients. Moreover, this also includes the radiative 

parameters of physical bodies. 

In recent years, since the middle of this century, major changes 

took place in thermophysical research due to the tremendous progress 

in measuring techniques, data aquisition, mathematical procedures in 

conjunction with computerization. This has been dictated by the 

materials revolution, which in many respects, is outdistancing the 

progress in measurement capabilities. 

In this paper, we will concentrate upon the thermophysical 

properties of solids, and the recent advances achieved in this field; the 

field of thermophysical research. 

1. Hie importance of the thermophysical research: 

The thermophysical research is of great importance for the 

advncement of both pure and applied sciences. This is so for two 

reasons: 

* No doubt that investigation of the thermophysical properties of 

materials is quite important to understand structure and the nature of 

thermal motion in solids, liquids and gases. 

Historicity, thermophysics contributed to the advancement of 

physics through the development of the theory of the specific heat 

capacity of solids at low and high temperature, by Einstein and Debye 

[1]. This approach, based upon the quantum theory of thermal radiation 

introduced by Planck, led to the introduction of quantum concepts and 

the birth of quantum physics. This also led to the introduction of the 
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concepts of phonons, and later to magnons, palarons and all other 

quasiparticles. This was one of the major achievements of the twenties 

of this century. 

* On the other hand, knowledge of the thermal properties of 

materials is a must for their proper use in different technological 

applications. For example, space technology and energy engineering 

required materials with high or very high melting points (refractory 

materials) metals, alloys, oxides and very many different compounds. 

Nuclear technology required the development of good cooling agents that 

are not activated inside the nuclear reactors. Energy technology 

required the development of energy storage materials, mainly salts and 

organic compounds. In this respect, thrmophysics comprises a 

cushion between science and engineering. 

2. The present s i tuat ion of the accumulated data on 

thromophysical properties: 

In figure 1 are shown the obtained results of the measurement of 

thermal conductivity of Aluminium. In figure 2 are also given the 

obtained experimental data on thermal conductivity of A ^ O g . As 

noticed, these data are quite different to the extent that they become 

confusing and unuseful. This discrepancy is attributed to two factors: 

* The obtained results are the results of investigation of different 

specimens with different chemical composition and of course 

different impurities that can considerably affect the obtained 

numerical data of thermal properties. 

* These results have been obtained by different experimental 

technqiues with different accuracies and different sources of 

errors (reported or not). 

To solve this problem /thermophysicists did a great effort in two 

directions. 

* The development of some standard materials at different 
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temperature ranges for the test of different experimental 

techniques. Accordingly a round-robin program has been 

established. In this program, specimens prepared with the same 

specifications processed from the same piece of material has been 

distributed to different laboratories in the world to test the 

experimental techniques. 

* A group of thermophysicists formed a committee to analyse these 

data, and extract the so called "recommended data" based upon a 

statistical processing of all the available data. These data have 

been published in a multivolume publication [4]. 

3. Measurement of thermophysical properties: 

The measurement of the thermophysical properties; specific heat 

capacity, thermal conductivity, thermal diffusivity, thermal expansion 

and radiative properties can be reduced to the measurement of five 

physical quantities: mass, length, time, heat flux and temperature. 

Measurement of length, mass and time achieved a high accuracy 

long time ago, and still developing rapidly with the advancement of 

mechano-optical tecnqiues, and digital balances and clocks. But the 

main problem is closely related with the measurement of heat flux and 

temperature. Let us discuss this point in more details. 

3.1. Measurement of heat flux: 

In fact measurement of heart flux is equivalent to the 

measurement of the quantity of thermal energy introduced in the 

investigated specimen. Classically condesing steam was the main 

method to supply heat to the investigated specimen. Mixing was also a 

very popular method for the same purpose. 

Recently some other heating technqiues have been used: 

1. heating by electric current directly. 
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2. heating by induced currents in high frequency furnaces (induction 

furnaces). 

3. high frequency dielectric heating (microwave ovens). 

4. electronic beam hombardment 

5. thermal radiation (from high pressure lamps, solar or laser 

heating). 

6. heat pipe furnaces. 

All of the mentioned technqiues (1-4) are accurate enough because 

measurement of the electric power can be done with high accuracy. The 

fifth method of thermal radiation from high pressure lamps or laser are 

relative methods and should be calibrated. 

3.2. Measurement of temperature [4]: 

There are several types of thermometers: 

1. liquid thermometers 

2. gas thermometers 

3. resistance thermometer (platinum thermometer) 

4. thermocouple thermometer. 

5. noise thermometer 

6. optical pyrometer 

7. other types of thermometers 

Liquid thermometers and in particular mercury thermometers 

have been very popular and used very widely to measure temperatures 

in scientific and students laboratories. These thermometers are simple 

and cheap but they are not accurate enough. Gas thermometers are not 

practical. Resistance thermometers were very accurate tools for 

temperature measurements, but recently they have been gradually but 

very rapidly replaced by thermistors. Thermistors are more accurate 

and in combination with digital techniques of measurement and 

display, devices for temperature measurements became very versatile, 
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accurate, inertia free, small in size, and relatively inexpensive. 

Thermocouples of different types have been very popular and are 

very accurate means of measuring temperature. The most important 

feature of thermocouples is that they enable one to measure 

temperature at a point. 

Noise thermometry is still in infancy, but there are serious efforts 

to develop this type of technqiue for accurate measurement the 

temperature of conductors. 

Optical pyrometers,, photomultipliers and infrared detectors 

became accurate tools for temperature measurement. The main feature 

of these thermometers is that, they are contactless. This is a very 

improtant advantage espcially if we need to measure high 

temperatures. 

Very recently i t has been found that some organic materials 

change their colour as their temperature changes. Some other 

materials change their refractive index with temperature. Such 

materials are used for the measurement of the human body as a 

replacement of the conventional medical mercury therometer. All these 

technqiues are very simple but rough and can serve only to evaluate the 

temperature of a medium rather than serve to accurately measure its 

temperature. 

With the introduction of digital techn'qUies and solid state 

microelectronics, a new class of thermometers are already available for 

accurate, noninertial and quite easy measureent of temperature. So the 

combination of thermistors, solid state electronic devices with digital 

display generated versatile devices for temperature measurement. The 

output of these devices can be displayed, stored and processed by 

computers and adequate interfaces. The sensitivity of these devices can 
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reach 1/1000, 1/10000 of a degree. 

4. Experimental investigation of thermophysical properties: 

Let us give in some detail a review of the widely used technqiues 

for the measurement of thermal properties at moderate and high 

temperatures. 

4.1 Measurement of specific heat capacity: 

Calorimetric methods have been developed long time ago for the 

measurement of heat capacity of materials in a wide range of 

temperatures. Different types of calorimeters have been used for the 

measurement of heat capacity of different materials. But all types of 

such devices proved to be very complicated, expensive, and difficult to 

manipulate. The main feature of calorimetry was that high accuracy 

has been achieved ranging from 0.1-1 percent. 

Recently, DTA and DSC techniques have been so well developed, 

that most of the recent accurate measurements are done with these 

tecnqiues rather than by the conventional calorimetric methods. The 

modern DSC devices are automated and computerized. That makes 

these measurements simple, fast and accurate. The non steady state 

methods for the measurement of heat capacity became very popular in 

the last decades. 

42 Measurement of Thermal Conductivity: 

Steady state methods for the measurement of thermal conductivity 

have been developed for many years up to the middle of this century. 

Specimens of different geomeries: flat plate, cylindrical and spherical, 

have been used as shown in figure 3. 
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flat plate cylindrical spherical 

Figure 3 

The main feature of these steady state methods was that the 

temperature field had to be kept steady during the whole course of 

measurements at each experimental point. Although these methods 

were very accurate, but it was very difficult to account for the heat losses 

from the investigated specimens. Very complicated technqiues were to 

be used to take into account the errors due to these heat losses. 

This was the main reason before the move to the so-called 

nonsteady state methods or technqiues. 

5- Non s t eady s t a t e t e c h n q i u e s for t h e m e a s u r e m e n t of 

thermal properties: 

Nonsteady state methods are those when the temperature field in 

the investigated specimen changes with time depending upon the mode 

of change of the heat flux supplied to the specimen. These tecnqiues can 

be classified to three types: 

1. stepwise 

2. pulse 

3. periodic 
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5.1. S tepwise tecliniqu e: 

When the investigated specimen is subjected to a sudden change in 

the supplied thermal power, the temperature field will be an 

exponential response as shown in figure (4). 

power 

— / 

~ 

temperature 

Figure (4): Stepwise technqiue 

&2 Pulse technique: 
When the investigated specimen is subjected to a short heat pulse, 

the response of the temperature field in the specimen will be an 

increasing and then decreasing change of temperature at any point in 

the specimen. This change will be different for different points in the 

specimen. 

tempera ture 

P 

Power 

Figure (5): Pulse tecluiique 
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i'lii*re will be some time lag between the heat flux and the 

temperature response at any point in the spcimen. This enables one to 

measure the thermal difTusivity coefficient. If the heat energy contained 

in the. pulse some how known, then heat capacity can be also measured. 

5.3. Periodic methods: 

If the investigated spcimen is subjected to a periodically changing 

heat flux, then the temperatre field in the specimen will change 

periodically. Measuring the amplitude and phase of the temperature 

oscillations, the group of thermophysical properties: diffusivity, 

capacity and conductivity coefficienty are measured. For this reason 

pulse and periodic technqiues, are called multiproperty technqiues. 

This is a considerable advantage of these techniques. But in general, 

this is achieved on the expense of accuracy typical for the calorimetric 

and steady state techniques. 

temperature 
temperature 

power 

power 

a A square wave heating b- Sinusoidal heating 

Figure (6) 
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Nevertheless, introduction of the data aquisition systems, and 

modern digital control tecnqiues, enabled one to make these 

measurement technqiues very accurate, fast and easily dealt with. 

An important feature of the nonsteady state methods is the time 

required to perform one experimental run. For the steady state 

methods, a typical run could take several hours to several days. Non 

steady state technqjues take several seconds or at most minutes to carry 

on one run. In the well developed submilli and microsecond technqiues 

for the mesurement of thermal properties of metals up to 3000 k, one 

run takes some milli - or microseconds, covering the solid and liquid 

phasles. [6] [7]. 

6. Ul tramodern t echn iques for the m e a s u r e m e n t of 

thermophysical properties of matter: 

With the introduction of digital technqiues, lasers and computers, 

it became possible to automate and computerize the measurements of 

thermophysical properties. 

In recent developments, it became possible to measure thermal 

diffusivity of tablet-like specimens from nitrogen temperatures to about 

3000*C under vacuum or nitrogen atmosphere. A stepwise laser heating 

flux is let to illuminate one face of the specimen, and the temperature of 

the rear face of the specimen is detected. The apparatus is fully 

automated, all parameters (vacuum, temperature,...) are preset. Then 

the experimental curves (output of a thermocouple or infrared detector) 

are processed, stored, displayed and given in the form of print-out data, 

Figure (7) 
Conclusion: 

Major changes are taking place in the field of thermo-physics 

research.Introduction of digital technqiues, data aquisition systems, 

computers and lasers have shaped the modern t rends in the 
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development of this field. All these developmemts led to more accurate, 

fast and simple techniques. 
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