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Abstract An experiment was carried out to quantify the deformation in the
diffusional creep domain. It was found that material had indisputably been deposi-
ted at grain boundaries in tension. A characterisation of 131 boundaries in terms
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deformation. Twin boundaries below a certain limit of deviation from an exact
twin misorientation were totally inactive in the deformation. A large qualitative
difference was found in the way general boundaries take part in the deformation.
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Abbreviations
Abbreviation Explanation
AFM
BE
CSL
COMP
DSC
EBSP
HCCu
ND
OFHC
RD
RMS
SEI
SEM
TD
TEM
TOPO

Atomic Force Microscope/Microscopy
Backscattered Electrons
Coincident Site Lattice
Compositional imaging mode in the SEM
Displacement Shift Complete
Electron Backscattering Pattern
High Conductivity Cu
Normal Direction (in rolling)
Oxygene Free High Conductivity
Rolling Direction (in rolling)
Root Mean Square
Secondary Electron Intensity
Scanning Electron Microscope/Microscopy
Transverse Direction (in rolling)
Transmission Electron Microscope/Microscopy
Topographic imaging mode in the SEM
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Symbols

Symbol Explanation
an
A
b
b,bi
B

cv
Co
d
d
Deff
DGB
DSD

D
D d

D 9

E

Ea

E)
E{d2)
E(d3)
E(A)
E{1)
E(V)
F
F(0)
*V
S
Si
Si'
G
h
k
k
K
J
J
M
n
n
N
Nv

N4

P
P
P

Misorientation matrix element
Area
Magnitude of the Burgers vector
Burgers vector, i = 1,2,3
Total Burgers vector for a grain boundary
Vacancy concentration
Vacancy concentration constant
Grain diameter
Days
Effective diffusion constant
Grain boundary diffusion constant
Lattice self diffusion constant
Deformation vector
Deposition vector
Glide vector
Young's modulus
Activation energy
Vacancy formation energy
Mean equivalent circle diameter for grain
Mean equivalent sphere diameter for grain
Mean grain area
Mean linear intercept
Mean grain volume
Helmholtz free energy
Structure factor for unit cell
Force on dislocation i = 1,2,3
reciprocal lattice vector
Rotation matrix (crystal system to specimen system)
Rotation matrix (specimen system to crystal system)
Shear modulus
Hours
Boltzmann's constant
Electron wave vector
Electron wave vector
Flux
Flux vector
Misorientation matrix
Stress exponent
Number (in general)
Total number of lattice sites
Equilibrium vacancy fraction
Grain boundary normal, i = 1,2 for grain 1 or 2
Zone axis
Misorientation axis for exact CSL orientation
Pressure
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q Zone axis
q Misorientation axis for part-misorientation
R Rotation matrix (misorientation matrix)
s Deviation vector from Bragg reflection
t Time
T Absolute temperature. Trace direction in micrograph
T, Symmetry operation for cubic crystal system
Tm Melting point (absolute temperature)
T Stress tensor
U Misorientation axis ^-component
U Trace direction in micrograph
U(XJ) Displacement vector
v Average velocity for mobile dislocations
V Misorientation axis ^-component
u Misorientation axis
W Misorientation axis ^-component
(xi) Point coordinates
x Vector in grain boundary plane
Xp,x9 Beam directions
yp ,y, Beam directions
Z Atomic number
Z Beam direction normal in TEM

a Geometrical constant in Nabarro-Herring creep
e Strain
€ij Strain tensor component
e Strain rate
7] Viscosity
9 Misorientation angle
6B Bragg angle
A Wavelength
A Subgrain size
p Dislocation density
a Stress
(Ji Internal stress
<7jj Stress tensor components i,j — 1,2,3
(Ti Stress on plane i i = 1,2,3
4> Misorientation angle for part-misorientation
4> Inclination angle of grain boundary in TEM film
Xi Angle for grain boundary normal calculation i = 1,2
u Misorientation angle for exact CSL orientation
ui Tilt angle
ft Atomic volume
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Summary

The creep deformation of a material can be described in many ways and at many
levels. The macroscopic parameters such as creep-rate can be stated to characterise
the process or a microstructural investigation of the crept material can be carried
out. The emphasis is put on a microstructural characterisation in the context of
the present thesis "The Influence of the Grain Boundary Structure on Diffusional
Creep". According to the classical Nabarro-Herring theory of diffusional creep,
there is a flux of material from boundaries in compression to boundaries in tension.
The behaviour of emitting and absorbing vacancies is believed to be related to
the structure of the boundaries. Furthermore such features as grain boundary
sliding and migration during creep are also believed to be affected by the boundary
structure.

The question of valid experimental corroborations of diffusional creep has been
discussed during the last decade. There has e.g. been a debate of the occurrence
of denuded zones in crept particle-strengthened materials and their relation to
the deposition of material at boundaries. Denuded zones are anticipated by the
classical diffusional creep theory, but evidence for this feature of the process has
been questioned.

To study the microstructure of a crept material an idea of measuring the local
deformation was followed. This relies on an experiment for which the creep spe-
cimen is covered with a fiducial grid so the deformation can be measured with
the aid of the grid. The material of the creep specimen was chosen to be a metal
(Cu-2%Ni). The grid application was carried out by a "lift-off' method known
from the semiconductor industry, and such a grid would fulfill the criterion of a
well-defined regular marker. The demands to the marker material was to be inert
in the sense that its only purpose was to define the deformation.

Despite the difficulties in succeeding to creep the copper alloy at high tem-
perature and still have the marker to reflect the deformation both things were
accomplished and a crept specimen from which the deformation could be quan-
tified was obtained. Several results followed from a microstructural investigation
with electron microscopes and the atomic force microscope. It was found that ma-
terial had indisputably been deposited at grain boundaries in tension. This result
could only be obtained relying on a measurement of the grid designed for the
experiment. A characterisation of 131 boundaries in terms of their misorientation
was carried out and the misorientation was correlated to the observed deforma-
tion. The correlation shows that twin boundaries below a certain limit of deviation
from an exact twin misorientation were totally inactive in the deformation. A large
qualitative difference was found in the way general boundaries take part in the
total deformation. An analogous behaviour for grain boundaries was found in an
investigation of helium bubble formation in an irradiated copper sample. In this
material the behaviour of bubble formation in vacancy assisted diffusion could be
related to the grain boundary character.

In conclusion, it has been demonstrated that the main creep experiment was
possible to carry out and that it provides important new information. The results
from the experiment have elucidated the role of the grain boundaries in diffusional
creep and has established one of the fundamental predictions of diffusional creep
as a fact, namely the deposition of material at the boundaries.

Ris0-R-1O47(EN)



Sammenfatning

Krybedeformationen for et materiale kan beskrives på mange måder og på mange
niveauer. Man kan bruge makroskopiske parametre såsom kryberate til at karak-
terisere processen med, eller man kan foretage en undersøgelse af den fremkomne
mikrostruktur. Vægten er lagt på en mikrostrukturel karakterisering i forbindelse
med den nærværende tese "korngrænsestrukturens Indflydelse på Diffusionskryb-
ning". Ifølge den klassiske Nabarro-Herring teori for diffusionskrybning udveksler
korngrænserne vakancer, hvilket udgør et flux af materiale fra korngrænser i kom-
pression til korngrænser i træk. Emissionen og absorptionen af vakancer menes
at være relateret til korngrænsestrukturen. Ydermere menes karakteristiske træk
som korngrænseglidning og migration at være påvirket af den specifikke struktur
af korngrænsen.

Den eksperimentelle anerkendelse af diffusionskrybning har været genstand for
en diskussion de sidste ca. 10 år. Der har fx. været en debat omkring tilstedeværel-
sen af denuded zones i krøbede partikelholdige materialer og denuded zones relation
til deponering af materiale på korngrænserne. Materialedeponering er forventet ud-
fra klassisk diffusionskrybeteori, men beviser for materialedeponering har været
draget i tvivl.

For at studere mikrostrukturen af et krøbet materiale blev en idé til et eks-
periment fulgt op. Eksperimentet beror på at pålægge et gitter på overfladen af
krybeprøven, således at deformationen kan opmåles ved hjælp af gitteret. Mate-
rialevalget for krybeprøven faldt på et metal (Cu-2%Ni). Gitterpålægningen blev
udført ved hjælp af "lift-off"-metoden kendt fra halvlederindustrien, da dette ville
opfylde kriteriet om et veldefineret og ensartet gitter. Kravene til gittermateri-
alet var, at det skulle være inert, således at det kun afspejlede deformationen.
På trods af besværligheder med at krybe kobberlegeringen ved høj temperatur
og samtidig få det pålagte gitter til at afspejle deformationen, lykkedes det at
krybe et prøvelegeme udfra hvilket deformationen kunne kvantificeres. Adskillige
resultater er fremkommet i den efterfølgende mikrostrukturelle undersøgelse med
elektronmikroskoper og AFM (atomic force microscope). Det blev vist, at der
uomtvisteligt havde fundet deponering af materiale sted på korngrænser i træk.
Dette resultat kunne kun tilvejebringes udfra en måling af det pålagte gitter de-
signet til eksperimentet. En karakterisering af 131 korngrænsers misorientering
blev udført og misorienteringen blev korreleret med den observerede deformation.
Korrelerationen viser at tvillingegrænser under en vis værdi af afvigelse fra den
eksakte tvillingegrænses misorientering var inaktive og ikke bidrog til deforma-
tionen. Der blev fundet store kvalitative forskelle i den måde, hvorpå generelle
korngrænser bidrager til deformationen. En opførsel analogt til dette blev fundet
ved en undersøgelse af dannelsen af heliumbobler i en kobberprøve. I dette mate-
riale kunne bobledannelsen i den vakanceassisterede heliumdiffusion relateres til
karakteren af korngrænserne.

Som konklusion skal det nævnes, at gennemførligheden af hovedeksperimentet
blev demonstreret. Resultaterne fra dette eksperiment har belyst den rolle korn-
grænserne spiller i diffusionskryning og har eksperimentelt eftervist et af grundele-
menterne i diffusionskrybning nemlig, at deponering af materiale på korngrænser
finder sted.
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1 Creep

Plastic deformation of a material can occur by many different mechanisms. E.g.
by rolling, bending, cyclic deformation and creep. Creep, as it is carried out in the
specific experiment to obtain results for the present thesis, is done by simply letting
a specimen flow under the influence of an external load. In this way it is creep
during constant stress. The free-load setup seems like a very simple idea, but great
care must be taken to quantify such things as recording the creep rate, keeping a
constant temperature in vacuum, and so on. But the real challenge lies in deducing
useful results from observations made of the creep specimen. Consider for example
the appearance of the surface of a copper sample in fig. 1. According to diffusional

• ! " - ! • ». -

Figure 1. Copper 99.999% pure, optical micrograph. Thermally ethched at 800°C
at 5 h after grinding and polishing of the surface. A large variety of grain sizes
and shapes are seen.

creep theory the grain boundaries play an important role in the deformation. The
relative orientation of the grain boundaries to an applied stress, the grain size and
shape is very varied. In this respect a parameter as e.g. a measured creep rate is
a very crude parameter to characterise the creep behaviour with. Though a creep
rate can provide a basis for understanding a creep mechanism, for example by a
correlation between a measured grain size and predicted creep rate from theory,
much more can be learned from a microstructural examination. If progress is to
be made in evolving theories for creep such examinations must be made. The
main goal of this work is to provide such an examination with the focus on grain
boundaries in the diffusional creep process.

The phenomenological outlining of creep and the different models for the micro-
structural behaviour during creep will be made in this section. Special attention
on diffusional creep will be given, starting with the mechanical equation of state,
and then with an elucidation of the role of the grain boundaries for the diffusional
creep process. Also, a recent debate on the very existence of evidence for diffusio-
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nal creep will be summarized. To end this section the main experiment carried out
for the present thesis will be described: how can the role of the grain boundaries
in the diffusional creep process be elucidated, and what can be expected with this
experiment?

1.1 Crystal defects
When a crystalline material undergoes creep it is inevitably caused by movement
of atoms of the crystal lattice. The lattice defects have a major role in the process.
Different types of defects, such as vacancies and dislocations, playing roles in the
straining of a material will be described in the following. The emphasis will be put
on grain boundaries with a description of the prevailing grain boundary structure
models, in the next section.

Vacancies

Vacancies are point defects in a lattice. They are created as a consequence of
the fact that the material obtains a minimum free energy F in thermodynamical
equilibrium. Consider the change in free energy AF, by the introduction of n
vacancies at temperature T with an energy of formation EJ:

AF = nE] - TAS (1)

The presence of the vacancies raises F by E = nEJ, but lowers it by the entropy
term TAS, so a net lowering can be obtained. The equilibrium concentration of
vacancies is given by CV(T) = jfr = Coexp(-EjfkT) which is strongly tempe-
rature dependent (e.g. for Cu there is a difference of 17 orders of magnitudes in
vacancy concentration between room temperature and the melting point). Co is a
constant for the material, A; is Boltzmann's constant and N is the total number of
lattice sites. It should be mentioned that another type of point defect, an inter-
stitial, exists with concentrations governed by similar rules of thermodynamics.
In metals the concentration is though much lower than for vacancies due to an
energy of formation which is two to four times Ej. It should be mentioned that
vacancies also can be produced in a material by a plastic deformation and by
bombardement with high-energy particles.

The process of creating a thermodynamical equilibrium concentration of the
vacancies is dynamical. Vacancies are created and destroyed at for example the
surface of the material and at grain boundaries, and the vacancies diffuse in a man-
ner described by the state of the system. The diffusion process is a random-walk
process where atoms and vacancies exchange places in the lattice. For this diffu-
sion behaviour the diffusion coefficient Dv is given by: Dv = DQV exp f — A£f>),
where AHm is the activation enthalpy for migration.

The derivation of the expression for Dv is done in a probabilistic context: the
probabillity that the atom overcomes a migration step is determined by a potential
barrier. Fick's two universal laws of diffusion can be used on the diffusion of
vacancies: J = -DVVC (Fick's first law), ^ = DVV2C (Fick's second law). J
is the flux of vacancies and C is the concentration of vacancies, (C = ^f- where
ft is the atomic volume). The phenomenon of self-diffusion is associated with the
diffusion of vacancies: the self-diffusion coefficient is DSD = DV • NV where Nv is
the probabillity that a nearest-neighbour position in the crystal to an atom is a
vacancy (Nv is also the vacancy equilibrium fraction).
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Dislocations

Dislocations are linear defects in the lattice and two different types exist: edge
and screw dislocations, see fig. 2, top. The line at which the defect in the lattice

p

0

M JQ

Burgers

N

vector

Figure 2. Top left: edge dislocation with part of the dislocation line along AB.
Top right: screw dislocation with part of the dislocation line along AB. Bottom left:
a Burgers circuit around an edge dislocation. Bottom right: the same circuit drawn
in a perfect crystal along with the Burgers vector b. M is for both drawings the
starting point for the circuit. Illustration adapted from ref. [1].

is concentrated is called the dislocation line. The defect is seen as a displacement
perpendicular to and parallel to the line respectively for an edge and screw dislo-
cation, see fig. 2, top. The region in the immediate vicinity of the line is called
the dislocation core which can be imagined as a tube around the dislocation line
with a diameter < 1 nm. In general, dislocations are mixtures of these two types of
dislocations. The notion of a Burgers circuit is used to define the Burgers vector b,
which is used in many contexts concerning the dislocation (elastic energy, move-
ment, etc.) b is perpendicular and parallel respectively to the line for an edge
and a screw dislocation. The dislocation density p is defined as total length of
dislocation line per unit volume or number of dislocation lines intersecting a unit
area. When annealing metals the dislocations will move and arrange themselves in
networks or annihilate. In well-annealed metals p is 104 to 106 mm"2. Dislocations
are practically impossible to avoid totally in the lattice.

Dislocations will generally move when experiencing a stress as for example in a
creep test. Two types of motion are associated with dislocations: glide and climb
which for edge dislocations are motions in mutually perpendicular directions. The
glide takes place in the slip plane defined by b and the dislocation line vector, see
fig. 3. Atomic bonds are broken and new are formed as the dislocation glides in
the glide plane. Climb motion is somewhat different. To make the edge dislocation
move out of its glide plane takes a vacancy flux to or from the dislocation line,
see fig. 4. One can relate the density p, and the average velocity v for the mobile
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Figure 3. Glide of an edge dislocation from left to right. After the glide the atoms
1 and 3 are displaced. Illustration taken from ref. [1]
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Figure 4- Climb of an edge dislocation. The horisontal line is the slip plane. Left:
the dislocation absorbs vacancies and climbs out of the slip plane, positively. Mid-
dle: stationary dislocation. No vacancy flux is present. Right: the dislocation emits
vacancies and climbs out of the slip plane, negatively. Illustration adapted from
ref. [1]

dislocations to the strain rate e by Orowan's equation, ref. [1], valid for both climb
and glide:

e = pbv (2)

b is the magnitude of the Burger's vector. Orowan's equation is used as a mi-
croscopic constitutive relation linking the density p and velocity v as functions of
applied stress a, temperature T, pressure P to the strain rate e.

1.2 Grain boundaries
A grain boundary can be termed "a crystal defect" as can vacancies and disloca-
tions, described in sect. 1.1, and grain boundaries are planar defects. This section
is devoted exclusively to a description of grain boundaries as they constitute an
important feature in the diffusional creep process. This is done both in the context
of grain boundary geometry - a purely geometrical description with reference to
the crystallography, and grain boundary structure which is a description of the
atomic arrangement of the grain boundary. A few aspects of the way differences
among grain boundaries have an impact on the vacancy concentration is dealt
with in the end of the section.

When two crystal lattices with different orientations adjoin each other they
form a boundary. Their relative orientation reflects the geometry for the grain
boundary. 5 macroscopic degrees of freedom express the geometry for a grain
boundary. It is always possible to express their relative orientation as one rotation
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which transforms the crystal axes of the first grain onto the second grain. This is
called the misorientation of the two grains. Two terms to describe the geometry
are the misorientation scheme and the interface-plane scheme. The misorientation
scheme gives the geometry by stating a rotation angle 9 (1 degree of freedom),
and a rotation axis u (2 degrees of freedom), related to the misorientation matrix
M. The misorientation matrix transforms the crystal axes of grain 2 into grain
1. To complete the description, the grain boundary normal vector (2 degrees of
freedom) N i ; is stated (i = 1,2 with reference to grain 1 or 2). The other choice
of description is the interface-plane scheme, which states Ni and N2 (each with 2
degrees of freedom) and a twist angle <j> (1 degree of freedom). The following basic
nomenclature/relations exist for the above mentioned variables, ref. [2]:

«2i a-n «23 I N2 = MNi (3)

) (4)

u = (U, V, W) U; V; W = a32 - a23 ; a i 3 - a3i ; a2X - aX2 (5)

au = C/2(l - cos 0) + cos 0

a12 = UV(1 - cos 6)-W sin 6

o 1 3 = j [ /W(l -cos0)- l -Vsin0

a21 = VU{\ - cos 9)+W sin0

a22 = V2(l - c o s 0 ) + cos(9

a23 = VW{l-cos6)-Usln6

a31 = WU(1 - cos 6)-V sin 6

a 3 2 = WV(1 - cos 8) + U sin 6

a33 = W 2 ( l - c o s 0 ) + c o s 0 (6)

The term misorientation is often used for the angle/axis pair (6, u) alone (neg-
lecting that the grain boundary normal is included in the misorientation scheme).
A misorientation can be decomposed into two sequential rotations: first a tilt
rotation and then a twist rotation:

Full misorientation Twist Tilt

The twist component is defined as a rotation with a rotation axis perpendicular
to Nj, and the tilt component is a rotation about an axis parallel to Nj. The
composition can always be carried out and formulated with eq. 7, except in the
case where either the tilt or twist angle is zero: then the grain boundary is a pure
tilt or twist boundary.

For rotations, like the one described by the misorientation matrix, the notation
of Euler angles is also widely adopted. A rotation can be split up into 3 sequential
rotations with defined rotation axes and belonging rotation angles. The Bunge
notation, ref. [3]:

Rotation 1: <j)\ about Z2, Rotation 2: $ about x'2, Rotation 3: (/>2 about Z\. (8)

is used in the present work.
A misorientation for a grain boundary in a material belonging to the cubic

crystal system can be represented in several equivalent ways. If the orientation of
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grain 1 is defined, the rotation given by M to grain 2 can be done in 24 equivalent
ways, because the axes defining the orientation of grain 2 can be chosen in 24
equivalent ways. The 24 symmetry operations for the cubic crystal system induce
the 24 choices. Starting again with defining the orientation of grain 1, this can
also be done in 24 equivalent ways, so that there are 24 x 24 ways of expressing
the misorientation. These occur in 24 groups of 24, and the groups are having
the same set of 9-values and type of u-indices < UVW >. Within one group the
whole set of ^-values exists for that particular misorientation with the associated
u-vectors, and changing to another group will merely give a redefinition of the
u-indices. In a calculation of a misorientation one angle/axis pair is obtained and
the set of the 24 misorientations in a group can be generated with the symmetry
operations Tt: M' = TjM i = 1, ...24.

Of the 24 equivalent misorientations1 one angle/axis pair is chosen as the mis-
orientation, namely the angle/axis pair with the lowest angle. This is sometimes
denoted the disorientation.

Grain boundary structure models

A recognition of different classes of grain boundaries has been done since the early
models reviewed in ref. [4] (1949), where the grain boundary was characterised as
" an amorphous intergranular glue".

The concept of dislocations as a central part of grain boundary structures was
put forward by Burgers, ref. [5] in 1940 for a low-angle boundary. The entire
misorientation is accommodated by arrays of dislocations with Burgers vectors b,
being lattice vectors. The spacing between the dislocations decreases as 9 increases
until the cores of the dislocations overlap at 8 « 15°. At that limit of 9 the concept
of isolated dislocations becomes non-physical. Frank's formula, ref. [6]

B = 2sin(0/2)(xxu) (9)

can be applied to a low angle grain boundary to calculate the total Burgers vector
B with x being a vector in the grain boundary plane. The dislocations in a low-
angle boundary are called primary grain boundary dislocations. They were first
observed with TEM (Transmission electron microscope) in aluminum in 1956, ref.
[7]. A number of points should be noted about Frank's treatment concerning range
of validity and predictions: (1) Eq. 9 applies to flat boundaries without long-range
stress fields. (2) The prediction of B is not unique, several solutions will exist. (3)
The dislocation lines will be straight and parallel and form a dislocation network.

No matter what model, as the ones described briefly below, their field of validity
is limited to rather special cases, and the problem of describing a general grain
boundary (with a general misorientation) is still present. The classification of
grain boundaries, as it is mostly seen nowadays, is in three classes: the low-angle
boundaries, the CSL (or special or vicinal) boundaries and the rest, which cannot
fulfill either of the two, the general (or random) boundaries.

The coincident site lattice model

The concept of CSL (coincident site lattice) was put forward in 1964 by Brandon
et al., ref. [8]. Brief introductions to CSL grain boundaries are found in ref. [2] and
ref. [9]. This model recognises special misorientations to be favourable in terms
of the geometry of two interpenetrating lattices. For these special misorientations

1 It is sufficient to consider the misorientations in one set (i.e. the 24 mentioned here out of
the 24 x 24 = 576).
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lattice points coincide, and the physical significance of this is that a grain boun-
dary plane drawn, notionally, through the interpenetrating lattices will contain a
number of these coincident sites. The interpenetrating lattices are characterised
by the number S = total "^ber^nattice points for & aped&ed v o l u m e o f t h e i n .

terpenetrating lattices. A low-angle boundary is ascribed a S-value of 1. When a
misorientation is not exactly at the CSL misorientation, secondary grain boundary
dislocations will be present in the grain boundary. They accommodate the angular
deviation from the exact CSL misorientation, and preserve the CSL structure at
the grain boundary itself. Their Burgers vectors are subject to the restriction,
that they shall preserve the CSL structure at the grain boundary. Such vectors
are constructed by subtracting or adding lattice vectors of the two interpenetrat-
ing lattices. This class of vectors belongs to the DSC lattice (Displacement Shift
Complete), and is a "finer" lattice than the two interpenetrating lattices. A calcu-
lation of the secondary grain boundary dislocation content is stated with Frank's
formula for near-CSL grain boundaries:

B = 2sin(0/2)(xxq) (10)

where (q, <j>) is a part-misorientation describing the deviation from the exact CSL
misorientation (p,o>) in the matrix equation:

(^0) = (q,0) • ( p ^ ) (11)

Full misorientation Deviation Exact CSL
Contrary to the low-angle boundary case, eq. 10 determines B in a unique way,
ref. [9]. Secondary grain boundary dislocations were first observed in a near-S3
boundary (a twin boundary) and a near-E5 grain boundary in aluminum in 1969,
ref. [10]. Steps in the grain boundary are recognised as being associated with secon-
dary grain boundary dislocations. The steps alter the level of the grain boundary
plane, and preserve the number of coincident sites in the grain boundary.

An analogy between the CSL and the low-angle case can be drawn: in a low-
angle grain boundary the "bad fit" between the two grains are localised in primary
grain boundary dislocations with Burgers vectors belonging to the perfect crystal
structure, the lattice. In a near-CSL grain boundary the deviation from the CSL is
localised in secondary grain boundary dislocations with Burgers vectors belonging
to the DSC lattice2.

An example of a boundary often occuring in copper and copper alloys is a twin
boundary, which will be described geometrically in the following. It has a misori-
entation of d,u = 60°, < 111 > and has S = 3. This description is equivalent to
0,u = 180°, < 211 >. The latter description is more appropriate when explaining
the name twin. The 180° rotation can also be understood as a reflection of the
lattice of grain 1 into grain 2, and when the boundary plane contains the rotation
axis it is also the reflection plane. The twin boundary owes it name to the simple
geometrical "twinning" (reflection) of the lattice in the boundary plane. Actually
other sets of misorientations and boundary planes exist representing twinning,
which are non-equivalent to the above boundary. Among the CSL boundaries
with E equal to e.g. 5,7,9 twinning also occurs with the right combination of the
grain boundary plane. But the term twin is devoted to the E3 system with the
boundary plane 111. Sometimes this is also emphasised as a coherent twin. Twins
formed during annealing are easily recognised by having very flat boundary planes
which show up as straight lines at the surface in a micrograph, see for example
fig. 1 where several twins are present.

2The secondary grain boundary dislocation network is being "on top" of the perfect CSL grain
boundary structure, geometrically constructed by primary grain boundary dislocations, but these
have little physical significance as the primary grain boundary dislocation cores overlap.
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A near-CSL grain boundary can be characterised by the amount of deviation
from the exact CSL misorientation. The maximum deviation vm, is stated by an
angle according to Brandon, ref. [11]:

I 1
vm = uQY, 2 = 15° S 2 Brandon criterion. (12)

One states the deviation as a fraction of a calculated angle y to ^m, where v can
be extracted by using eq. 13 on the matrix Me, ref. [12]:

MD = Mexp • McszT1 (13)

E.g., for a £3 boundary with v calculated to be 4.5°, the deviation would be stated
as: •¥- = 15^L°i/2 = ^ ^ = 0.52. The Brandon criterion is widely adopted, but
other exponents than —| have been proposed, (—| and —1), ref. [13]. Especially
the choice of — | has both a theoretical and experimental sound basis.

Consider the notion of two interpenetrating lattices at a near-CSL misorienta-
tion. When a plane is drawn through this system it represents the grain boundary
with secondary grain boundary dislocations and associated steps. The atomic ar-
rangement of the grain boundary does not necessarily have to be so, that atoms
occupy the coincident sites in a real grain boundary. In fact, it was pointed out
in 1971, ref. [14], that it does not always lead to the lowest energy configuration.
Instead, the two grains are translated relatively to each other to give another con-
figuration with lower energy by a rigid body displacement. It moves atoms away
from the coincident sites and is therefore a movement with non-DSC vectors. A
rigid-body displacement preserves the orientation relationship of the two grains,
the secondary grain boundary dislocations, and the steps associated with them. It
must either extend the whole length of the grain boundary or end with a type of
grain boundary dislocation called a partial grain boundary dislocation which has
a non-DSC Burgers vector. An analogy to this, is the phenomenon of a stacking
fault in a perfect crystal structure (a lattice) terminated by partial dislocations
with Burgers vectors being non-perfect3. For a stacking fault the reference for
partial dislocations being non-perfect is to the crystal lattice - for a secondary
partial grain boundary dislocation the reference is to the DSC-lattice. Rigid-body
displacements were first observed in 1974, ref. [15], in an incoherent S3 boundary
in aluminum.

The structural unit model

Some grain boundaries can be described with the structural unit model, which
was first proposed in 1968, ref. [16]. In this model the grain boundary structure
consists of one or more types of structural units each consisting of a limited num-
ber of atoms linked together to form the boundary. Some boundaries are denoted
"favoured", that is when they are formed with only one type of unit. In the in-
termediate region of misorientations between such two favoured grain boundaries,
the structure is simply a weighted mixture of the two types of unit. The applica-
tion of the structural unit model is limited to pure tilt- or twist-boundaries with
low-index misorientation axes, ref. [17].

The role of grain boundaries in vacancy creation/annihilation

The vacancy concentration at a given temperature is maintained dynamically by
both creation and annihilation of vacancies. For a polycrystalline material these
processes are taking place at the surface and at the grain boundaries. A typi-
cal expiration for an isolated vacancy after creation, is to diffuse into the grain

3A perfect dislocation is one, which has a Burgers vector belonging to the reference lattice
the Burgers circuit was drawn in.
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interior and reach a lattice dislocation or a grain boundary where the vacancy
will annihilate. Other vacancies may start their diffusion from the same disloca-
tion or boundary. This property of the grain boundary, to annihilate and emit
vacancies, is referred to as sink and source ability. On theoretical grounds it is
accepted that differences in sink/source ability exist among grain boundaries. An
explanation on the microscopical level is that dislocations are thought to be si-
tes for the creation/annihilation. The present grain boundary models as e.g. the
CSL model predicts varied grain boundary dislocation content depending on the
misorientation. A grain boundary with a near-exact CSL misorientation has a
small dislocation content, while large deviations from the exact CSL gives rise
to many dislocations. Thus near-CSL grain boundaries are thought to be less ef-
fective sinks/sources than general grain boundaries. Experimental investigations
have been carried out to correlate grain boundary structure to phenomena where
a sink/source activity is visible, such as in quenching, refs. [18] and [19], irradia-
tion, ref. [20], and diffusional creep, ref. [21]. These investigations show the trend
of poor or non-existing source/sink efficiency for CSL-boundaries (especially co-
herent £ = 3 boundaries) and existence of source/sink efficiency for general grain
boundaries.

Source/sink efficiency during diffusional creep is a central subject for the pre-
sent thesis. It can be given a definition as in ref. [22]: "Sink or source efficiency
may be most conveniently defined as the rate of point-defect absorption or emission
achieved per unit area of grain boundary, per unit driving force...". The diffusional
creep mechanism involves the absorption and emission of vacancies at grain boun-
daries along with a flux of the vacancies. The flux is a consequence of differences in
vacancy concentrations caused by stresses. These processes are more thoroughly
described in sect. 1.4. They will be referred to in the experimental part, during
the discussion of the results, and in the conclusions drawn from the experiment.

1.3 Creep curves
The subject of creep is within the framework of continuum mechanics, as it descri-
bes the deformation of a material when external forces act on it. The proper defi-
nitions necessary for quantifying the deformation such as stress and strain taken
from continuum mechanics will be summarized in the following.

Applied forces to a body are normally considered as forces per unit area: the
stress. In a specified coordinate system the stress magnitudes are described by
a stress tensor T with elements o-y, i,j = 1,2,3. ofy- is the stress component of
the stress vector cr* (the stress on the plane normal to i in the chosen coordinate
system) along j . The tensor is symmetrical when no torque is acting. The an
components are called the normal stresses and the Cy, (i ^ j) are called the
shear stresses. In applying forces to the body a displacement represented by the
vector u(xi) takes place at a point Xi in the body. For non-uniform displacements
(non-rigid-body translations) the strains are represented by the strain tensor with
elements ey- = ^(ff1 + â f )> which is a symmetrical tensor by definition. The e«-
elements are called normal strains and the ey, (i ^ j)-elements are called shear
strains.

Narrowing the framework in from a continuum mechanical description to a rhe-
ological description, diffusional creep is termed viscous according to the behaviour
given by the constitutive equation: e = ^ where c = ^| is the strain rate and T)
is the viscosity - a material constant. When n is independent of a the material
is called Newtonian viscous, and when a threshold stress for creep is present the
material is called Bingham viscous. The creep test is a mechanical test which can
provide the rheological parameters. The creep test can either be characterised as
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a constant-stress test or a constant rate test. A constant-stress test can be accom-
plished by dead-weight loading the sample in tension or compression, which are
furthermore uniaxial tests. Testing a polycrystalline material in a tensile test will
often lead to crack-nucleation at grain boundaries and in the end lead to failure.
The whole duration of a creep test is illustrated in the e — i-diagram, a creep
curve, fig 5. The secondary regime is object for an analysis to obtain the creep

Figure 5. Typical creep curve for a uniaxial tension test. The sample is allowed to
fail in the end (where the curve stops). The creep described by the appearance of
the creep curve is divided into the regimes: primary (I) the rate decreases in this
regimes. Secondary (II) the rate is quasi-steady. Tertiary (III) the rate accelerates
during this time ending with failure. Illustration taken from ref. [23].

rate. In a straightforward determination this could be done by a simple fitting
procedure of a straight line to the portion of the curve, which seems to be linear
and calculating the rate as the slope. There is though one difficulty in obtaining
the rate in this way owing to the judgement of when the curve is linear. The way
out of the problem is to make a e — e-plot and observe if a limiting value of e is
found. Another difficulty lies in the fact that a true steady-state should be stable
in infinity. This is obviously not the case and for this reason the secondary creep
regime is termed quasi-steady instead of steady. Apart from the stress a, other
parameters are relevant for obtaining the phenomenological parameters, and a ge-
neral constitutive relation for creep test data is often in the form: f[a, e, T, P] = 0,
where T and P are temperature and pressure.

1.4 Creep mechanisms
Several physical models exist to describe the outcome of a relatively simple experi-
ment of dead-weight loading a material. In this chapter proposed physical models
from the literature are outlined in brief. Those of particular interest when descri-
bing the main subject of diffusional creep models are described. Their relevance to
diffusional creep are such that they can influence or mask the process of diffusional
creep.

Dislocation creep

The creep-deformation of a material can take place by dislocation creep which in-
volves motion of dislocations through the lattice, thus accommodating the strain
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evolution through displacement of atoms. The dislocations can form networks,
which can be relocated in recovery processes during creep. The literature is crow-
ded with mechanical equations of state for dislocation creep relying on different
physical reasoning. A broad classification is done with respect to the magnitude
of the exponent n for the relation e oc an. For solid solution alloys n = 3 or 5, ref.
[24]. The dislocations can move by glide and climb and the slowest mechanism is
the rate controlling4, n = 3 is associated with glide motion and n = 5 is associated
with climb motion of the dislocations. Using Orowan's equation relating the move-
ment of dislocations to their density p, strength (through b) and velocity v one
can outline the general trends for the creep rate. Using this equation the outcome
depends crucially on which model for the recovery is supposed. The classical model
of Friedel, ref. [25], assumes a driving force for recovery which is inversely pro-
portional to the link length between the dislocations in the network. Though the
calculations following this model seems simple and predicts a stress dependence of
n = 3, experiments, ref. [26], measuring recovery time versus dislocation density
do not agree well with these ideas. The experiments show an initially fast recovery
followed by a strong decceleration. By making an assumption of a dependence of
the abundance of recovery sites on any previous glide which has taken place, better
agreement is achieved, ref. [27].

Harper-Dorn creep

This creep deformation mechanism was first seen in creep of aluminium in 1957
by Harper and Dorn, ref. [28], though questioned as an independent phenomenon
at first. The characteristic found for Harper-Dorn creep is that the creep-rate is
linearly proportional to the stress, i.e. i oc a like diffusional creep, see below, but
the creep rate is about three orders of magnitude greater for Harper-Dorn creep.
The dependence of creep-rate on grain size does not resemble diffusional creep:
the creep-rate is independent of grain size. There have been models which draw
an analogy to the type of diffusional creep called Nabarro-Herring-creep (see the
section below): in Nabarro-Herring-creep there is exchange of vacancies among
grain boundaries - in Harper-Dorn creep the exchange is between dislocations. In
producing the large strains observed during Harper-Dorn creep some dislocation
multiplication process must operate, which is stress independent, the only creep-
rate dependence on stress coming from the dislocation velocity, see eq. 2. Harper-
Dorn creep takes place in the same stress and temperature regime as diffusional
creep, and when it takes place Harper-Dorn creep will mask the predicted features
of the mechanical equation of state for diffusional creep due to a much larger creep-
rate.

Diffusional creep

When creep takes place in a polycrystalline material at elevated temperatures,
high enough for diffusion to be important, transport of matter occurs. If also the
applied stress is low, the dislocation motion through the grains will only contribute
little to the strain, and the transport of matter will mainly be due to a diffusional
flux of atoms. The type of deformation mechanism associated with a diffusional
flux of atoms is called diffusional creep. The diffusion takes place through the
lattice or in the very grain boundaries (grain boundary diffusion). The diffusional
creep is named according to which diffusion path is the dominant: when diffusion
is from grain boundary to grain boundary through the lattice it is called Nabarro-

4 The mechanisms are sequentially coupled and that implies that the slowest of the processes
is rate controlling.
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Herring creep and when diffusion is in the grain boundary it is called Coble creep.
In fig. 6 the material flux during Nabarro-Herring creep is depicted. Though grains
with such shape as in fig. 6 are not predicted theoretically it will serve for the
purpose of recognising features of grain boundary processes The deformation of

Compression

. §

«- Compression

Figure 6. Rectangular grain depicted. The arrows indicate stresses. Differences
in vacancy concentrations C, as a result of different stresses, are denoted . Flux
directions for vacancies and atoms in the grain are depicted.

the grain causes grain boundary sliding and migration, so the straining process
is described as mutually accommodating grain boundary sliding, migration and
transport of matter. E.g. deposition of material at grain boundaries will create
the driving force for grain boundary motion and these two deformation features
are inevitably intertwined. Nabarro calculated the mechanical equation of state
for diffusional creep with a diffusion path through the lattice in 1948, ref. [29].
The calculation is outlined below.

The equilibrium concentration of vacancies at a given temperature T, is CV(T) =
fi = Co exp(-EJ/kT), see sect. 1.1. When a stress a, is applied to a polycrystal-
line material the energy of formation for vacancies is altered from Ev, to EJ+aCl for
grain boundaries under compressive stress and Ej — a£l for grain boundaries un-
der tensile stress, fi = b3 is the atomic volume. The equilibrium concentrations of
vacancies are thus altered with the factors C~ = exp(—^) and C+ = exp(+|p),
and the differences in vacancy concentrations gives the driving force for the flux,
see fig. 6. Fick's first law of diffusion gives for the vacancy flux J in one dimension:

n ocv c+ -
= -Dv-^ « aDv6x d

(14)

Dv is the diffusion coefficient for vacancies, ^- the fractional vacancy concen-
tration gradient, and d is the grain size (taken as the distance between grain
boundaries), a is a geometrical constant depending on the grain shape. The flux
of vacancies J (equal to a flux of atoms in the opposite direction) can be rela-
ted to the strain rate e by considering the number of vacancies moving through
an area d2 per second: cj> = Jd2. This number of atoms takes up a volume of
(pil which, spread over the grain boundary area d2, takes up a layer of thickness
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<f>£l/d2. Therefore the strain rate is

layer deposited per unit time
e = original length

Using eq. 14, <f> = Jd2 and the expressions for C+, C~ in the above one finds:

erfi
6 = a

sa a—^75— • -r=; since, for small stresses, <rO <C kT (16)
er kT

(17)

The product Con is recognised as the equilibrium fraction of vacancies Nv and
with the expression for the self-diffusion constant DSD — DVNV one obtains the
following expression for Nabarro-Herring creep:

e = — — Nabarro-Herring creep (mechanical equation of state) (18)

The diffusion path length is seen to be important, as expressed in the inverse
grain size-squared dependence. The temperature dependence lies in the DSD/T-

dependence. Creep with e oc IT as Nabarro-Herring-creep is termed Newtonian
viscous, see sect. 1.3. Herring obtained the same expression for creep rate as eq. 18
in 1950, ref. [30], and calculated a to be 40. The calculation is for a shear stress,
which is the a appearing in eq. 18. For a tensile stress a should be replaced by
a/3 according to the correspondence principle between elasticity and plasticity.

Another diffusion path than through the lattice can be in the grain boundary
itself. Diffusional creep with this diffusion path is called Coble creep, ref. [31], and
the creep rate is:

^ = — M U T — Coble creep (mechanical equation of state) (19)

DQB is the grain boundary diffusion coefficient and S is the grain boundary width
(taken as « 0.5 nm). The a in eq. 19 is a shear stress.

Which of the two types of diffusional creep will dominate, (comparing the me-
chanical equations of state) and under which circumstances? The activation energy
of grain boundary diffusion is lower than for lattice diffusion, so at temperatures
where grain boundary diffusion is more active than lattice diffusion Coble creep
will dominate. Raising the temperature causes lattice diffusion to occur to a gre-
ater extent compared to grain boundary diffusion and Nabarro-Herring creep,
which transports much bigger volumes of material, is masking the features of
Coble creep. Furthermore there is a l/d2-dependence for Nabarro-Herring creep
and a l/d3-dependence of Coble creep, favouring Coble creep at smaller grain sizes.
Summarising the effects of grain size and temperature on type of deformation, a
picture of the fields of deformation is shown in fig. 7 based on the mechanical
equations of state.

Another very often used depiction describing creep regimes is an Ashby diagram,
ref. [32]. It is also called a deformation mechanism map and gives the regimes
of creep in terms of the parameters homologous temperature T/Tm, where Tm

is the melting temperature, and normalized stress a/G, where G is the shear
modulus. The depiction is based on drawing the curve f[or/G,e,T/Tm] = 0 in
a 2-dimensional plot, see sect. 1.3. The contour lines drawn are constant creep
rates based on mechanical equations of state fitted to experimental data, and
the diagram is thus not better than the data and equations used to construct it.
Care has also to be taken in the transition between regimes, as it is not physically
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Nabarro-Herring
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Figure 7. Depiction of the constitutive equation /[lne, 1/T, lnd] = 0 for both
Nabarro-Herring- and Coble-creep (schematically). The upper of the two surfaces
determines which creep mechanism dominates as it is the fastest mechanism. Il-
lustration adapted from ref. [23],

plausible that the transition takes place without an interval of mixed mechanisms.
An Ashby-diagram for Ag is seen in fig. 8. The creep tests carried out in the work
for the present thesis were all carried out in the Nabarro-Herring regime of creep,
refs. [33] and [34].

Grain boundary dislocations as sinks and sources for vacancies

The notion of a grain boundary at the time when eq. 18 and eq. 19 was proposed
was "a continuum model", see sect. 1.2, where the layer of atoms constituting the
grain boundary was thought to have an amorphous structure. This concept has
undergone extensive refinement with the arrival of theories with grain boundaries
being constituted by grain boundary dislocations and steps in the grain boundary
plane. Citing ref. [35] for the impact of this on diffusional creep theory: "In order to
obtain a clearer insight into the way in which boundaries emit or absorb vacancies,
it is necessary to extend the continuum approach used previously to calculate rates
of creep and sliding and to consider the actual microscopical processes which occur
at grain boundaries."

The intention with the present thesis is a better understanding of the action
of grain boundaries in a diffusional creep process - what kind of boundaries ab-
sorb/emit vacancies and what is the mechanism?

The present way to characterise grain boundaries is according to the CSL-model,
see sect. 1.2. One would anticipate that CSL-boundaries were poorer sinks/sources
than general grain boundaries. This is because the ordered structure characterising
a CSL-orientation is altered to be more complex, when considering the changes
in deviating more and more from the exact CSL-orientation. When the deviation
from the exact CSL reaches a certain limit the boundary ceases to be characteri-
sed as a CSL-boundary - instead it is characterised as a general grain boundary.
The complexity of a general grain boundary, without being described with a sa-
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figure 8. A shby-diagram }or Ag, ref. {32]. Grain size 32fim, strain rate e =
10~8s~1. The curves in the diagram are based on the mechanical equations of state
for the creep mechanisms and creep mechanism domains are denoted. Illustration
taken from ref. [35].

tisfactory model at present, is on theoretical grounds thought to favour vacancy
absorption/emission.

A few considerations are made below of how grain boundary dislocations ab-
sorb and emit vacancies and how material at grain boundaries is plated out. These
considerations are done with reference to a grain boundary dislocation with pure
edge character. The action of sink/source-behaviour is ascribed to this edge dislo-
cation. Consider fig. 9: a rectangular grain is illustrated. The grain boundary under
tension (the boundary perpendicular to the stress direction) acts as a source for
vacancies in a diffusional creep situation, and the particular boundary conside-
red can lose these vacancies by the action of climb of the dislocation to the left
(negative climb) indicated by the arrow. Atoms are plating out as the dislocation
climbs in the grain boundary. The markers drawn reflect the action of the dislo-
cation movement. The A marker has been drawn apart due to the atoms being
added, while the B marker is the situation before the dislocation has passed. The
marker drawings are schematic. The situation for the boundary under compression
(the boundary aligned with the stress direction) is to act as a sink for vacancies.
Annihilating vacancies, the dislocation moves up in the boundary considered (po-
sitive climb). The lower marker has contracted due to the dislocation movement.
The structural character of the boundary gives no room for grain boundary sli-
ding in the above example and is somewhat speculative. In another configuration,
grain boundary sliding can take place: consider again an isolated grain boundary
dislocation with pure edge character as in fig. 10. There is a component of the
Burgers vector in the grain boundary plane as well as one perpendicular to the
plane for the dislocation (indicated by the inset I). The component in the plane
gives rise to grain boundary sliding as understood by the following. The glide
plane for a lattice dislocation is defined to be the plane with the line vector and
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Figure 9. Rectangular grain with applied external stress. An edge dislocation in
the grain boundary under tension and in the grain boundary under compression
is depicted. Negative climb takes place in the boundary under tension and posi-
tive climb takes place in the boundary under compression resulting in an elon-
gation of the grain in the applied stress direction. Two marker lines are drawn
across each boundary and the "A"-markers displays schematically the action of
the climb movements on their appearance. The "B"-markers are the markers be-
fore the action of the dislocation.

the Burgers vector. But a difference between the motion of any grain boundary
dislocation and a lattice dislocation, is that the movement is confined to the grain
boundary plane for a grain boundary dislocation - even if the Burgers vector and
the line vector is not both in the boundary plane. The possibility of glide of the
dislocation exists. Which way will the dislocation move, and will it be by glide or
climb, or both? This question has been examined in ref. [36]. Here the notion of
formally separating a grain boundary dislocation in a glide component and climb
component is used, the total motion always being in the grain boundary plane
and, of course giving an elongation as in diffusional creep, adding to the total
strain. Though expressions for a climb-force and a glide-force are put forward it
is, as argued in ref. [36], only possible to argue qualitatively for predictions of the
glide and climb behaviour. There will be situations where the forces are judged
to be of similar magnitude, and in such cases the outcome can be a bit specu-
lative. Two constructions giving rise to two different features in a crept sample
are nevertheless worth considering, considering the relative ease with which these
can be observed and, for some configurations, are predicted. It is the phenomena
of positive and negative grain boundary sliding. In fig. 11, top, a configuration,
where positive sliding is predicted, is sketched. The glide component is judged to
be large and the grain boundary dislocation glides while simultaneously, atoms
are plated out. Both movements (the glide and the plating out) are adding to a
positive strain. The term positive sliding is used for this configuration because a
marker will show a displacement like the one depicted after the action: the marker
has separated in a "natural" way to show an elongation. In fig. 11, bottom, the
climb component is largest and there is negative climb, where atoms are plated

26 Ris0-R-1O47(EN)



Glide and negative climb

Glide and
positive climb

Compression

Figure 10. There is negative climb in the boundary under tension and the part of
the dislocation having a glide-component results in grain boundary sliding. For the
boundary under compression there is positive climb and the part of the dislocation
having a glide-component results also in grain boundary sliding. The marker lines
depicts the action of the combined climb/glide movement of the dislocation in both
boundaries.

I
I
a.

Figure 11. Two grain boundaries under tension. Top: the grain boundary dislo-
cation has a large glide component and glides to add to positive grain boundary
sliding. Bottom: the climb component is large and the dislocation glides negatively
to add to the elongation, while the small glide component is forced to add a con-
traction. The inserts II and 12 show schematically the relative magnitudes of the
climb and glide component of the grain boundary dislocation.

Ris0-R-1O47(EN) 27



out. This forces the glide component not to move in the "natural" direction: the
glide, seen in isolation, adds with a contraction of its movement. This is depicted
by the marker-sketch. This behaviour is termed negative sliding. Negative grain
sliding in crept specimens has been observed, but not yet fully understood. An
analogous feature will occur in a boundary near the direction of the applied stress,
when the glide component is large and is forcing the smaller climb component to
plate out material. This behaviour of material being added to boundaries nearly
parallel to the stress direction has been observed. The observation is not predicted
by classical Nabarro-Herring theory and has, together with other observations, led
some people to reject much experimental work which has been held as "evidence"
for diffusional creep. This will be discussed thoroughly in the next section. One can
nevertheless note that the simple dislocation configuration in fig. 11, can explain
the behaviour by negative climb.

In continuation of the above considerations of where the dislocation will move,
the subject of threshold stresses in non-particle-containing materials is focused on
in the following. Suppose the climb and glide component of the grain boundary
dislocation are nearly equal and in opposite directions. What will then happen? It
is supposed that this configuration will give rise to poor, or no, sink/source-action.
In a broader context than this particular configuration, namely the interface con-
trol of sink/source efficiency, theories exists to predict threshold stresses. King and
Smith have considered arrays of dislocations constituting a grain boundary and
showed that this will give rise to a threshold stress where no dislocation move-
ment is taking place, ref. [22]. This is due to the elastic strain fields acting between
dislocations which exert a drag-force between the dislocations.

Also, considering the aspects of the part-process of sink/source-action of grain
boundaries, is the influence of particles in grain boundaries, in particle-containing
materials. The influence will mainly be a result of the present particle/grain in-
terface. The particle/grain interface can have the same sink/source-ability as the
grain boundary or it can behave differently from the grain boundary (normally
having a poorer ability). If the latter is the case then, for a grain boundary under
compression (absorbing vacancies), the particle/grain interface of the particle will
not absorb any vacancies. This leads, during the condensation of vacancies on
the grain boundary, to an increasing stress on the particle/grain interface. As the
stress therefore is increased at the particle/grain interface it will decrease on the
grain boundary, thus leading to a halt in the driving force for the flux. The stress at
the particle/grain interface can be relaxed by e.g. punching out a dislocation loop
at the interface. This process is associated with a threshold stress, and threshold
stresses have been observed for many particle-containing materials, e.g. for Cu con-
taining AI2O3, ref. [37]. A particle-containing material which has been crept with
a diffusion creep mechanism will show the characteristics of particle-denudation
at grain boundaries under tension and particle-collection at grain boundaries un-
der compression. The particle-denudation comes about because new material is
plated out, and this material (a denuded zone) contains no particles. The new
material is plated out at the expense of material leaving from other boundaries,
so at these boundaries particles tend to move towards the boundary when atoms
have diffused away (particle-collection).

1.5 "Evidence for Nabarro-Herring creep in metals: fic-
tion or reality?"
The above, for some, provocative section title, is chosen on the background of the
present debate in the literature. There is an ongoing debate on the existence of
diffusional creep as a deformation mechanism. Ruano and Sherby started this de-
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bate in 1982, ref. [38]. In 1992 came Evidence for Nabarro-Herring creep in metals:
fiction or reality?, ref. [39], and in 1993: Refutation of the relationship between de-
nuded zones and diffusional creep, ref. [40]. Six months later Bilde-S0rensen and
Smith published Comment on "Refutation of the relationship between denuded zo-
nes and diffusional creep", ref. [41], and in 1994 Burton and Reynolds published
In defense of diffusional creep, ref. [42]. The debate was set on and O.A Ruano
answered back with Rebuttal to "In defense of diffusional creep" in 1995, ref. [43].
Many authors other than the above mentioned have added comments in this recent
debate.

The pro et contra for the existence of evidence for diffusional creep with origins
in the present debate is outlined in the following. But before doing so, it is stated
that the opponents (Ruano and co-workers) do not question the theoretical back-
ground for the Nabarro-Herring-mechanism, but the present amount of diffusional
creep data - as stated in the title: Evidence for Nabarro-Herring creep in metals:
fiction or reality?, ref. [39] with underlining of evidence. Among the concluding
remarks in the same article are: "It is suggested that Nabarro-Herring-creep may
be rate-controlling creep under conditions where the dislocation density is low and
the grain size is fine...", ref. [39], p.140. This implies a recognition of diffusional
creep as a possible creep mechanism.

Discussion on the phenomenon of denuded zones

The observation of denuded zones and their role in corroborating diffusional creep
theory is commented on in the following with extensive quotations from the par-
ticipants in the debate. Ruano and co-workers, ref. [40] p.517, comment on the
observation that denuded zones sometimes occur on only one side of a grain boun-
dary: "This observation, that in many cases denuded zones are found on only one
side of a transverse boundary is in disagreement with the diffusional creep model
in which zones of equal size are required on both sides of transverse boundaries...".
Bilde-S0rensen and Smith, ref. [36], p.871 reply "It is axiomatic to point out that
when denuded zones are formed by climb of grain boundary dislocations, the posi-
tion of the denuded zone will be determined by the Burgers vector of the climbing
dislocations in the array, so that in the general case it is expected to lie on one
side of the boundary." This is predicted considering a grain boundary description
as the CSL-model, a description not mentioned by Ruano and co-workers in either
ref. [38], ref. [38], ref. [40], ref. [43]. Bilde-S0rensen and Smith are following the
CSL-model: "The grain boundary dislocation description of the boundary struc-
ture introduces an element in the boundary that is not preserved by a rotation of
•K around an axis perpendicular to the tensile axis, namely the directions of the
Burgers vectors of these grain boundary dislocations. The formation of denuded
zones on only one side of the boundary is therefore a natural consequence of the
grain boundary dislocation mechanism.", ref. [41], p.383. Burton and Reynolds
have another, somewhat independent, argument for the occurence of asymmetri-
cal denuded zones: "The answer to this [asymmetrical denuded zones] probably
lies in the increased grain boundary mobility in a particle-free zone, compared with
that in a crystal containing particles.", ref. [42], p. 139. The grain boundary could,
with a slight perturbation, migrate from the centre of the denuded material to one
of the rims of particle-containing grain domains. A micrograph proposed to show
this behaviour is shown in ref. [42].

Besides the discussion of asymmetry of denuded zones the occurence of denuded
zones at boundaries far from the transverse direction are under debate. Ruano and
co-workers refer to the experiments done on a Mg-Zr alloy, ref. [44]: "Many ob-
servations can be noted in photomicrographs of denuded zones in the Mg-Zr alloy
which cannot be explained by diffusional creep. For example, from Fig.4 [in ref.
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[40]] it can be observed that denuded zones are evident on boundaries that are ori-
ented far from the transverse direction.." Instead, Ruano and co-workers propose
that grain boundary migration can result in the observation of denudation of bo-
undaries far from transverse directions, and that: The fact that denuded zones are
commonly observed at transverse boundaries in tension tests would suggest that
a tension accelerates grain growth more than does a compression stress." Bilde-
S0rensen and Smith point out, again with reference to an intrinsic grain boundary
structure, that negative climb can cause denudation at grain boundaries near-
parallel to the stress-direction. Also the glide of grain boundary dislocations can
cause denudation. It can happen during grain boundary sliding when the grain
boundary dislocations climbs with the particle and preserves the particle/grain
interfacial structure, as stated by Horsewell: "The dragging of particles by grain
boundaries is shown to occur as a natural consequence of the local sliding accom-
modation mechanisms.", ref. [45]. Therefore: "...migration of the particles with the
boundary will lead to the formation of a denuded zone.", ref. [36] and repeated in
ref. [41]. Greenwood follows up with another reply to ref. [40]: "// the denuded
zones were entirely random in their orientation this would indeed be a serious
difficulty in attempting to relate their origin to diffusional creep, but observations
clearly show a strong preference for denuded zones to form adjacent to grain bo-
undaries transverse to the tensile stress. The necessary accompaniment of grain
boundary sliding in the accommodation of diffusional creep, together with complex
grain shapes must lead to some variability in the angular distributions of denuded
zones.", ref. [46], p.1529. Another feature predicted by the diffusional creep model
is the accumulation of particles. Greenwood states: "It is extremely difficult to
envisage how this might arise simply by grain boundary migration. Its occurence
follows directly from consideration of the diffusional creep process.", ref. [46], p.
1529.

In conclusion to the role of denuded zones in a diffusion crept material Ruano
and co-workers state: "Therefore it is concluded that the presence of denuded zones
is a necessary but not sufficient condition for verification of diffusional creep in
two-phase alloys." Bilde-S0rensen and Smith come to the same conclusion (but as
it appears from the preceding discussion, on a different basis): "In conclusion we
agree with Wolfenstine et al. [ref. [40]] in the suggestion that denuded zones may
be formed by other mechanisms than diffusional creep."

Creep ra t e discrepancies

The above refutations contra defenses have mainly been concerned with the ob-
served microstructural features of denuded zones. Another subject for discussion
has been prediction of creep rates on the basis of measured denuded zone widths.
Again with reference to the experiments done on a Mg-Zr alloy, ref. [44], Ruano
writes: "Another indication that diffusional creep is not occuring in the Mg-0.5
wt. %Zr alloy is the wide discrepancy in creep rates calculated from the width of
denuded zones and the actual experimental creep rates.", ref. [40], p.517. Their
reasoning is that two cited calculations of creep rate on the basis of denuded zone
width gives rates two and a half times higher, and six times lower, than the expe-
rimentally observed rate, and therefore "...there is no correlation between denuded
zones and diffusional creep", ref. [40], p.517. The replies from Bilde-S0rensen and
Smith, and Burton and Reynolds are again based on the opinion that there is no
reason to reject the mechanism of diffusional creep, but instead to refine the ori-
ginal Nabarro-Herring model. The argumentation from Bilde-S0rensen and Smith
is: "...denuded zones could conceivably also be formed by movement of a grain
boundary dislocation array by glide...", ref. [36], p. 873. This is with reference to
the dragging of particles, ref. [45], as mentioned above. To help around the di-
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screpancy it is suggested that: "The structure of the boundary must be known so
that a correction can be made for the glide-induced migration component." Ano-
ther mechanism giving rise to a discrepancy is a synergistic interaction between
dislocation and diffusion creep, citing Greenwood: "The rates of diffusional and
dislocation creep cannot be purely additive in the transition regime between the
two mechanisms. This is so because movement of dislocations in the boundary will
inevitably alter the chemical potential for vacancy-flux. So, the two processes are
interrelated.", ref. [47]. Burton and Reynolds arguments for creep rates estimated
from the denuded zone width and the experimentally observed rate are not equal:
"This can be reasoned for from the fact that the threshold stress increases as par-
ticles are collected on grain boundaries and this causes the creep rate to decrease
continously"., ref. [42], p. 137.

Concerning the prediction of creep rates in general (not specifically by using
denuded zone widths) a lot of attention has been given to this and stress expo-
nents n in Nabarro-Herring creep. This is a topic which invariably considers many
aspects of high-temperature deformation. Creep-modelling on the sole basis of
creep-rate-results is therefore a crude way to make progress in an understanding
of the prevailing mechanism (but nevertheless creep-rates predicted should have
some resemblence to rates measured). Details on the various experiments tend to
accumulate in the "pro et contra"- discussion. In this perspective the debate on
discrepancies on the subject of creep-rates will not be referred to in great detail,
as is required for each individual experiment under debate, but instead a broader
view on the arguments is mentioned.

Ruano and co-workers have other means of predicting creep-rates than the
Nabarro-Herring-equation (eq. 18), as stated: "The phenomenological equations
developed for describing grain boundary sliding and Harper-Dorn creep are useful
scientific tools in explaining and predicting the creep behaviour of materials at
elevated temperatures and low stresses. Theories of creep at the atomic level that
closely approach these phenomenological relations are needed.", ref. [39], p.140. The
equations describing the proper creep-rates, proposed by Ruano and co-workers
in ref. [39], are by their nature phenomenological. In opposition to this is the
Nabarro-Herring-equation (eq. 18) with corrections to justify discrepancies to the
creep-rate.

The most important considerations in the debate made in attemps to explain
discrepancies to (eq. 18) are on the subjects: sink/source-ability variations of grain
boundaries, distributed parameters (e.g. grain size d), creep-rate anisotropy due
to grain shape, interaction of run-in dislocations with grain boundaries, grain
growth during creep. The debate concerning these subjects will be outlined in the
following, as will arguments, pro et contra existence of "evidence" for diffusional
creep, in a broader context.

Sink/source ability Greenwood states, with reference to discrepancies between
predicted and measured creep-rates: "The reason for these discrepancies most
probably lies in the inability of grain boundaries to act as sources and sinks for
vacancies such that vacancies are not emitted or absorbed in negligible time.",
ref. [46], p. 1528. Greenwood refers to calculations from ref. [35] which explains
features in the above consideration could result in: "...a less strong dependence on
grain size but a greater stress dependence can be anticipated.", ref. [46], p. 1529.
Bilde-S0rensen and Smith point out an experiment which stands alone in the work
done on correlating grain boundary characterisation with sink/source efficiency:
"The experiments by Jaeger and Gleiter [ref. [21]] indicate that grain boundaries
differ in their efficiency as sources and sinks for vacancies.", ref. [41], p.385. The
experiment referred to will now be outlined in greater detail, as it is constituting
ideas for the main experiment for the present thesis. In the experiment of Jaeger
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and Gleiter a Cu bamboo-structure specimen was crept at 1075°C at a — 0.1 MPa
in 100 h. In a bamboo-structure the boundaries extend over the whole width of
the sample (the sample thus resembling bamboo). There are only grain boundaries
at directions near-perpendicular to the stress-direction, so all grain boundaries
are under tension. The vacancies leaving an active grain boundary acting as a
source, diffuse to the sample surface, annihilating when it is met. The deposited
material in the active grain boundaries was revealed in the experiment because
the entire sample was coated with a 20 nm layer of AI2O3, which cracked because
of the strain due to added material. The conclusions drawn upon the observation
that some grain boundaries had cracks in the AI2O3 associated with them (and
presuming this was due to added material) and some had not, were that differences
among grain boundaries exist with respect to source-ability. All boundaries were
characterised by their misorientation and following that, it was found that at the
cracks were general grain boundaries, while CSL-boundaries with 3 < £ < 15 were
inactive. This implies that the mentioned CSL-orientations are ineffective at the
stress of 0.1 MPa, but not that they are fully ineffective in the sense that there
could exist a threshold stress for these boundaries and that O.lMPa was not high
enough: at a higher stress the onset of the source-ability could be achieved. That
sink/source ability is a main concern in the context of diffusional creep is pointed
out in the next two quotations. Firstly, from In defense of diffusional creep: "It is
suggested that a more fruitful approach is to concentrate on extending the theory
to consider the role of grain boundaries acting as sources and sinks for vacancies,
an avenue not explored in the early analyses of diffusional creep.", ref. [42], p. 140.
Secondly, in commenting on a creep rate being two orders of magnitude lower than
predicted, Ruano and co-workers state: "A typical explanation proposed for this
disagreement is that precipitates in some way inhibit the ability of grain boundaries
to absorb or emit vacancies...", "Such an explanation, however, is at present too
general to permit quantitative analysis.", ref. [39], p. 139. The above quotation by
Burton and Reynolds and the phrase "at present" in the last quotation by Ruano
and co-workers, representing the opposition to diffusional creep, seems to have an
impact on the future work to be done to clarify discrepancies within diffusional
creep.

In the perspective of differences among grain boundaries in their sink/source-
behaviour the concept of clustering can be relevant. It is introduced in ref. [48]
and takes into account that grain boundaries with "special" properties (near-
CSL boundaries) and low-angle boundaries often behave distinctly differently from
general boundaries. The occurence of non-general boundaries adjacent to each
other constitutes clustering and a cluster is bounded by general boundaries. The
influence this is expected to have on diffusional creep is that the cluster size would
be more relevant than measured grain sizes to use as the distance between effective
sinks and sources in the polycrystalline material. With the predicted behaviour
of the cluster model one would anticipate slower creep rates than the original
Nabarro-Herring model accounts for, since the diffusion distance is taken as the
grain size in the original Nabarro-Herring model.

Distributed grain sizes The case of the impact of a grain size distribution
present in a creep sample on the creep rate, has been dealt with by Burton, ref.
[35]. Discrepancies resulting if a mean linear intercept grain size is used instead of
considering the influence of a grain size distribution are quantified in creep rate
equations. An example based on the calculation is mentioned: if the sample has
two distinct grain sizes differing by a factor of 10 and the volume fraction of the
larger grain size constitutes 10% then, for calculated creep rates:

e (using mean linear intercept grain size in eq. 18) ^ 1
e (using distributed grain size, ref. [35]) ~ 3
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The use of a mean linear intercept parameter would thus give rise to a slower
creep rate compared to a calculated creep rate based on a distributed grain size.
Another aspect of a material having a distributed grain size is that, being in the
proper stress interval, one would anticipate dislocation creep to occur in large-
grain domains meanwhile small-grain domains will creep with a diffusional creep
mechanism. This is so beause large grain sizes means longer diffusion distances,
and so as diffusional creep will be slow, dislocation creep might take over locally. It
is the same thing to say that the transition stress between the two creep domains
is lowered, ref. [33].

Influence of grain shape The grain shape will also have an influence on the
creep rate as discussed by Greenwood, ref. [49]. According to this, the diffusional
creep rate in a material with highly elongated grains should differ depending on the
loading direction. Timmins and Arzt have compression tested an oxide dispersion
strengthened superalloy, ref. [50] and [51] with a highly elongated grain structure.
They tested in the transverse direction and compared creep rates with results for
a longitudinal loaded specimen and found "At high stress both sets of data are
comparable whereas at lower stress the creep rate in the long transverse direction
is higher; at 120 MPa the creep rate is over two orders of magnitude greater.",
ref. [50] p. 1354. Creep rates are estimated from the equation e = ^wq^ffj^f
where L2,L3 are the transversal grain lengths and L\ is the longitudinal length,
(Li > L2, L3), and: "This [the creep rate] indicates that diffusion creep can readily
account for the creep rates observed although the stress dependence is greater than
the predicted linear relationship.", ref. [50], p. 1354. Denuded zones observed are
furthermore indications for the occurrence of diffusional creep. Greenwood com-
ments in "Sources of discrepancy" in ref. [46]: "An additional point, highly relevant
to the operation of diffusional creep processes, to which only a small amount of
attention has been given, lies in the marked anisotropy of creep strength that can
be related to grain shape, ref. [51]." Bilde-S0rensen and Smith refer to the experi-
ment in ref. [50] as a "structural observation...which are indicative of the occurence
of diffusional creep.", ref. [41], p. 385, while Ruano and co-workers state with re-
ference to ref. [51] that: "It is well established that these materials [dispersion
strengthened materials] deform by slip processes, and that their strengths are de-
pendent principally on the type of particle distribution and on the type and stability
of the dislocation substructure that is developed." and furthermore: "...diffusional
creep has no part in the deformation process of dispersion hardened materials [re-
ferences listed].", ref. [43], p. 70.

Influence of grain growth If grain growth (secondary recrystallisation) is
occuring, the creep rate will slow down, as the diffusion distances between the
sinks and sources (the grain boundaries) will become longer in the growing grains.
Therefore, in attempts to predict creep rates, both for the analysis of the creep
curve, and for using the proper grain size value in eq. 18, grain growth has to be
considered.

Some of the many attemps to modify the original mechanical equation of state
for Nabarro-Herring-creep have been described in this section. All are relevant for
explaining discrepancies in creep rates, but the topic of sink/source behaviour is
emphasised as being of particular interest. This topic is of fundamental importance
for the present thesis. In the following section experiments will be outlined to
elucidate the topic.
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1.6 The creep experiment
The foregoing discussion has outlined a debate on the existence of evidence for
diffusional creep. The claimed lack of evidence for difFusional creep is a matter of
great concern for the present thesis. Among the parts in the discussion there is
no really questioning of the basics of Nabarro-Herring-creep theory. As stated by
Greenwood: "The theoretical basis for [eqn. 18], relying as it does on the establis-
hed principles of thermodynamics and diffusion, cannot be seriously challenged..."
Several corrections to eq. 18 have been proposed, where some are outlined in the
foregoing discussion, but there still exist discrepancies between theory and experi-
mental results. One is faced with a feature, somewhat characteristic for especially
materials science: the real materials are much more complicated than any mo-
del for predicting e.g. the creep rate. See for example the optical micrograph of
thermally etched polycrystalline 99.999% Cu in fig. 1. Ascribing the grain size d
measured by e.g. the mean linear intercept method to be the diffusion distance,
between otherwise perfectly effective sinks/sources (grain boundaries), has to be
approximate in any model for diffusional creep trying to predict creep rates. A
debate whose main objective is to explain creep-rate discrepancies is not fruitful
for establishing, or rejecting, the dominance of diffusional creep in real materials.
From the preceding discussion it is re-stated that the future investigations point
in the direction of the topic of how grain boundaries act as sinks and sources
during the diffusional creep process. It is the basis for providing a concentration
gradient for the material to flow in the original Nabarro-Herring-theory that they
do act as sinks and sources for vacancies. New theoretical models exist for struc-
tural characteristic features at present, but with few experiments to provide their
establishment - as was the situation originally in 1948 when Nabarro developed
the mechanical equation of state, eq. 18, and experimental results came later on.
The theory is in advance. The new theoretical models put forward at least one cha-
racteristic which is a goal for experimental work for this thesis with the title " The
Influence of the Grain Boundary Structure on Diffusional Creep": the notion of
the grain boundary constituted by a dislocation network to explain structural cha-
racteristic features during diffusional creep, ref. [36]. This will distinguish between
boundaries within the scope of present grain boundary models. Bilde-S0rensen
and Smith have been more specific in suggesting experiments to provide results
for their theories: "More complex experiments, as e.g. application of fiducial grids,
are needed to distinguish between the mechanisms [of creep] on a sound basis. It
would be useful if such experiments were combined with a determination of the
character of the individual boundaries." An experiment with creep testing a mate-
rial with inert markers on the surface and observe the structural developments is
really an extension of the experiment made by Jaeger and Gleiter, ref. [21] where
cracks in an alumina film revealed which grain boundaries were active sources for
vacancies. This type of experiment is the main experiment for the present thesis
and will be dealt with in the following. The material chosen is polycrystalline
(instead of a bamboo-structure as in ref. [21]) with a cubic crystal system for the
grain boundaries to be described by the CSL-model. Placing a continous, inert grid
on the surface serves as a marker for several structural developments to be reve-
aled in a "before and after"-creep examination. The characterisation of the grain
boundaries is done by using EBSP (electron backseattering patterns) followed by
a calculation of the misorientation. The observation of grid line displacement will
reflect grain boundary sliding. Cracks in the grid material across a grain boundary
will be in focus because this is presumed to be a result of material being deposited.
It is expected that phenomena such as grain growth and grain boundary migra-
tion will not lead to observation of cracks. In measuring distances between grid
nodes it might be possible to reveal which grain boundaries emit atoms. These
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boundaries might also have cracks associated with them. The observation of grid
lines not cracked at grain boundaries could, besides being indicative of inactive
sinks/sources, also lead to an indication of clusters. The issue of activity would
be a central topic to focus on from such an experiment, where active denotes a
boundary which take part in the deformation contrary to inactive.
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2 Carrying out the creep experi-
ment

The creep experiment referred to in the title to this section is the main experiment
described in sect. 1.6. Along the way in performing the desired creep experiment
with fiducial markers on the creep samples, the experimental work turned out to
consist of two major tasks both related to the creep specimen itself: to control
the physical properties of the specimen (material, grain size etc.). To control the
surface of the specimen (marker material, polishing/etching). These two topics
are presented in this section. Also, the experimental investigation involved the
observation of the creep specimens before and after the creep had taken place.
The microscope methods used are described in the end of this section.

2.1 Experimental Part I: materials for creep experiments
The quest for a material shall be seen on the basis of the experiments which
were to be performed. The main experiment is described in section 1.6. Clearly
the first demand to the material is the abillity to deform with a diffusional creep
mechanism. To be able to identify structural features as grain boundary sliding
and deposition/removal of material the observed displacements should be no less
than 2 /zm. This implies that an estimated strain of an e.g. 100 //m-grain size
material should be at least around 2% (2 [im = 100 /imx 2%). This strain should
be obtained in a reasonable amount of time. A demand which affects the material
concerning properties as diffusivity, grain size and stress. Furthermore one should
be able to observe it with electron microscope techniques and describe the grain
boundary structures within the CSL-model. These were the minimum demands
to a material for the purpose of correlating grain boundary structures in the
"markers-on-surface" experiment. Other concerns, as well as a deduction of the
particular choice of material (a Cu-2wt%Ni-alloy), are mentioned in the following.

As a starting point, a description with the CSL-model requires the material
to belong to the cubic crystal system. Ruano and co-workers recognise diffusional
creep to take place in ceramics and the controversy of diffusional creep taking place
or not (see sect. 1.5) is focused on metals. Having narrowed in the test-material to
be a cubic metal several other practical considerations were done: a glance at the
periodic system excludes the group I and II metals, which mostly are bcc, but very
reactive. Among the rest of the metals those available as standard at the suppliers,
e.g. Goodfellow, are considered. Fe and Ni disturbs observations with electron
microscopes due to magnetism, Au, Ag, Rh, Ir, Pd, Pt are too expensive. Cr,
Mo, Mn, Nb, Ta, V, W have high melting points which implies undesirable high-
temperature techniques. Pb has a high extinction coefficient for electron beams
in electron microscopy and is highly reactive. Ce and Eu are too exotic - not
much is known about e.g. their creep properties. Al has not shown to creep by a
diffusional creep mechanism - instead it has a strong tendency to Harper-Dorn
creep. Faced with all these facts Cu seems to be the least cumbersome material
which fulfills the demands for the creep experiment, though practical problems
were found when handling it. One major concern for long-time creep experiments
with fiducial grids on Cu was the occurence of grain growth. Grain growth was
unwanted since it would be difficult to deduce sliding and deposition/removal of
atoms at migrating grain boundaries with the means of a stationary grid, fixed
relative to the sample surface. Despite the promising properties of pure Cu it was
rejected due to extensive grain growth.

36 Ris0-R-1O47(EN)



Rejection of Cu

Cu was not useable in the context of establishing a succesful markers-on-surface
experiment. The deduction of this conclusion is outlined in the following. But
several creep tests on Cu were however made.

The expectations to success in obtaining a properly crept Cu-specimen was on
the background of experiments done by Burton and Greenwood, ref. [33]. They
were able to achieve strain rates of 0.3%/h at 820° and a = 2MPa for a grain size of
35 ŷ m. They also found a «10% increase in grain size after 3 h (by measuring with
the linear intercept method), but it nevertheless seemed promising that a strain
of 1% could be achieved without noticeable grain growth. This stimulated the
search for a temperature interval where diffusional creep rates were at maximum
with the constraint that grain growth rates were not extensive for Cu. A simple
procedure of annealing Cu-samples and measure resulting grain sizes was carried
out. Though it would not lead to any conclusions of grain growth during creep
it was the second best thing to do. The available Cu was OFHC-quality and the
batches had rolling reductions of 10.6%, 29.8%, 55.5% and 87%. The starting
material (0% rolling reduction) for these batches was without texture, ref. [52].
Samples of the 4 rolled and the texture-free Cu-slabs were annealed in 4h 550°C
in air, polished and etched to reveal the grains. This was done to nucleate and
stabilize the grains. After this annealing, grain measurements were made and
followed by an annealing of 800°C for 5h. When the grains were revealed after the
800°C-annealing it was immediately clear that grains >1 mm had evolved along
with grains of much smaller size. The extent to which this occurred increased with
increasing rolling reduction. The grain sizes quoted, see table 1, are calculated as
mean-values. The mean-value is calculated as the mean of y/A, E(\/~A), where A
is the area for 150 — 200 grains, see appendix A. Along with this grain size a grain
size calculated for E{\fA) < 190 fim is quoted in parenthesis. The differentiation
of grain sizes in "small" grains (with the arbitrary choice 190 /zm) and the mm-size
grains was done to examine the growth in the "small" grain size domain. This was
deduced by inspection of the grain size distributions, see fig. 12. It was a major

Table 1. Cu grain size data

Rolling reduction in %. Grain size in /im.
Grain size in parenthesis is the mean for grains <190/xm.

Heat treatment
4h 550°C
4h 550°C + 5h 800°C
4h 550°C + lOh 800°C
Existence of grains > 1 mm
after 800°C annealing
Measuring plane

0%
108

107(94)
(104)

«

-

10.6%
60(53)

+
ND-TD

29.8%

157(87)
(69)

+
ND-TD

55.5%

83(66)

+
RD-TD

87%

153(99)
(78)

+
RD-TD

RD: rolling direction

ND: normal direction

TD: transverse direction

concern that a large fraction of the samples could develop such big grains in 5h
at 800° C since this would mean that strains of 2-3% could not be achieved in the
fine grained domains in the time needed before extensive growth had occurred. It
seemed like the process of obtaining an appropriate creep strain had "lost" to the
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Figure 12. Grain size distributions. N is the number of grains measured. Grains
>1 mm were present i all Cu-samples (except 0% rolled Cu) but are not depicted
in the distributions.

dominance of grain growth solely due to abnormal grain growth.
The original goal of finding a temperature at which grain growth was less do-

minant was given up because of the abnormal grain growth. It was judged that
finding a temperature without abnormal grain growth would be unlikely when at
the same time realistic creep rates should exist. At 550°C (where no huge grains
were seen) the creep would be far too slow for practical purposes.

Alternatives to Cu

Instead of using pure Cu it was found natural to use an alloy of Cu with a small
amount of another metal because one could anticipate a diminishing grain growth
in such an alloy. The following alloys were not useable: Cu-Zn because of dezin-
cification at elevated temperatures, Cu-Au and Cu-Ag because of possible phase
transformations during creep. Among the possible alloys a Cu-Ni alloy was chosen.
The Cu-Ni phase diagram shows full solubillity at all compositions. Addition of
Ni to Cu has been shown to slow down the creep rate, as compared to pure Cu,
ref. [34]. The rate reduction found was e.g. a factor of «3 for 4.2% added Ni. A
Cu-2wt%Ni alloy was chosen and had to be produced.

2.2 Production and description of Cu-2wt%Ni specimens
The production of the Cu-2wt%Ni-alloy is outlined in the following along with
considerations done when controlling its microstructural characteristics.

A batch of Cu-2wt %Ni was produced at the Materials Research Department,
Ris0 National Laboratory. An amount of 689.45 g 99.99% Cu, which had been
etched in 50% HNO3 to remove surface impurities, and 14.04 g 99.999% Ni were
used for casting. The metals were heated in an induction heater and the liquid
was poured into a carbon mould. The casting was performed at a pressure of 10~5

torr. The feedhead was removed and the ingot had its sides milled to remove the
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outer layer. After the milling the ingot was approximately a rectangular slab (6 x
12 cm) with a height varying from 7.6 to 8.0 mm. Several small shrinkage holes
were seen on the surface also after the milling of the sides. The ingot was ready
for rolling which was done without any preliminary heat treatment.

Rolling

The aim of the rolling was to achieve a small grain size (< 100 fim) in a following
annealing. This grain size is found to be the transition grain size from Nabarro-
Herring-creep to dislocation creep at stresses of 2 to 5 MPa for Cu, ref. [33].
Remembering that diffusional creep is a very slow process at large grain sizes
and that the above mentioned transition stress is lowered when increasing the
grain size (see section 1.5) small grain sizes were preferable. In general, the larger
the reduction after rolling the smaller the grain size, ref. [53]. However a large
reduction results in a strong texture which is undesirable, since this would mean a
non-random distribution of grain boundary characteristics, ref. [53]. A reduction
of 60% was chosen as a compromise between small grain sizes and texture, ref.
[52]. The rolling was performed as a cold-rolling process. The 60%-reduction could
not be done in one step because a slab of that size would not pass through the
rolling cylinder. The maximum reduction possible in one step was about 20%.
Furthermore a minimum reduction of about 15% is the limit if heavily bending
of the slab should be avoided. The reduction was performed as five consecutive
rollings resulting in a total reduction of 60%±l%.

After the rolling the slab was nearly perfectly fiat. 12 creep specimens were cut
from the slab. The direction of tension for the specimens was chosen to be along
the transverse direction (TD) of the rolling geometry.

Heat treatment (annealing)

The as-rolled material was examined in the optical microscope, see fig. 13. Two
samples were cut out of the material - one in each end of the rolled ingot. Grains
in the cast structure were still visible as very large domains in the rolled structure.
Of the two areas examined the one near the origin of the feedhead showed highly
elongated domains in the direction of the rolling direction. Both areas showed a
cell-structure with a mesh size of « 20 /im. In order to find a proper heat treatment
resulting in a desired grain size and distribution annealing tests were done. The
two samples were cut in two (4 samples in all). One sample from each end was
annealed 4h 550°C + lOh 850°C and the two other samples were annealed lOh
850°C. Both annealings were done in air. No striking differences were seen among
all four samples. Instead they all showed a similar trend: the grain size distributions
were bi-modal with sizes E(d,2), around 40 fim and 250 fim, approximately. The
12 creep specimens were to be annealed. The data for the produced Cu-2wt%Ni
alloy is shown in table 2.

The annealing procedure was carried out on three or four specimens at a time.
For some reason, the proportion of small grains to large grain in the bimodal
distribution varied from approximately 30%/70% to 80%/20% from specimen to
specimen in the same batch. Also another grain size distribution than the above
mentioned bi-modal resulted after the standard heat treatment for specimens in
a particular whole batch: a batch of 3 specimens showed a grain size E(y/~A), of
«130 fim. The two types of distributions of grain sizes are seen in fig. 14

A representative view of the grain size differences for the "Grain size (I)"-type
can be seen in fig. 15.
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Figure 13. Left: section near feedhead. Right: section near bottom of the cast alloy.
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Figure 14- Distributions of grain size for Cu-2wt%Ni after standard heat treatment.
N is the number of grains measured. Left: distribution mostly found for annealed
specimens (type (I)). N = 100. Right: distribution found for one particular batch
of specimens (type (II)). N = 237.

2.3 Experimental Part II: preparing the surface of the
specimens
This section deals with experimental procedures for obtaining the desired appea-
rance of the creep specimens. The need was a clean surface with well defined grains

Table 2. Cu-2%Ni data

Composition 98wt% Cu, 2wt% Ni
Standard heat treatment 4h 450°C + 4h 800°C
Rolling reduction 60% ±1%
Grain size (I) « 40 /xm/250 fim
Grain size (II) «130 /mi
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Figure 15. Cu-2wt%Ni, grain size type (I). Scanning electron microscope image. COMP-mode.

which would let the structural developements in diffusional creep show and which
was furthermore coated with inert marker lines. The experimental methods used
include polishing, etching, annealing, vapour deposition and the photo resist met-
hod from semiconductor techniques. Besides these topics the contamination from
the creep oven turned out to be a subject necessary to deal with.

2.4 Polishing, etching and annealing
The demands for the surface was to be clean and smooth resembling the ideal
appearance (the equilibrium state) at the temperature the specimen should be
crept at. This implies that the surface should be thermally etched prior to creep.
A thermal etching also develops grain boundary grooving, which was preferable
to have developed before the fiducial grids were applied. Furthermore the grains
should be visible in the SEM (Scanning electron microscope, see sect. 2.7) as
well as the optical microscope for pre-creep examinations. The starting point was
the cut specimen with tracks on the surface from the milling process. From here
the specimen was polished and thereafter annealed at the temperature of the
following creep experiment (normally at 800° C). This was the standard procedure
and would normally result in a thermally etched surface which would be adequate
for the pre-creep examination and inert marker deposition. The specific procedures
on polishing and the use of etch mixtures are described in the following.

As Cu and Cu-2wt%Ni were the materials used for creep specimens, their be-
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haviour towards polishing, etching and annealing will be referred to. It was the
intention to carry out the least possible mechanical grinding to the specimens.
This was in order to preserve the near-flat surface. A polish paper of #500-SiC
was found appropriate for removing milled traces followed by grinding with #1000,
#2400 and #4000-SiC. The final treatment for the mechanical polishing was a po-
lish with 3 and 1 ^m diamond dispersion. Annealing the as-polished specimens
would for Cu result in a useful thermally etched surface. But for Cu-2wt%Ni (being
harder) neither the thermal etch or the grain boundary grooving was so extensive.
This would for Cu-2wt%Ni imply that a consecutive chemical etch followed by a
new anneal should be carried out. Instead of this time consuming double-anneal
procedure another procedure was followed. It implied a combined chemical etch-
polish with 0.04 fim AbCVparticles dispersed in a dilute NEUOH/H^C^-solution.
This was excellent for obtaining a smooth surface together with revealing the
grains for Cu-2wt%Ni and could also replace the diamond-dispersion polish. Twins
were more apparent after a chemical etch-polish than after an anneal, as observed
in the optical microscope. Of other etch mixtures a 30-60% HNO3 solution was
sometimes used for revealing grains in Cu. Only a little mechanical polishing was
needed before the etch was made to give a good result, making it a fast procedure.
It was not useful for Cu-2wt%Ni. HNO3-etching was too deep for specimen surface
preparation but suitable for grain size measurements with the optical microscope,
see fig. 16.

Figure 16. Cu etched in 60% HNO3 « 5 s at 2CP C. This type of etch is suitable for
applications such as grain size measurements with the optical microscope.

2.5 Contamination of the creep specimen surface from
the creep furnace
A layer of contamination appeared on the creep specimen surfaces which was
revealed to come from the furnace interior in the creep tests. The creep furnace is
described in appendix B. The contamination consisted of sub-micrometre particles
scattered over the surface, see fig. 17. In the left micrograph fewer particles are
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seen in a zone near the grain boundary zone indicating that it has not been
exposed as long time as the surroundings. An X-ray analysis was carried out to

Figure 17. Cu specimen coated with •particles (SEM-image). Left: COMP image displaying grain contours.
Right: section near the middle of the left micrograph. TOPO image revealing the sub micrometre features as
particles on the surface.

determine the composition of a particle. A particle examined together with its X-
ray spectra are shown in fig. 18. The spectrum of this representative particle along
with other spectra shows the abundance of Cr, Mn and 0 - none of these being
present in the spectrum taken next to the particle. Along with the observation
of a greenish extensive coating in the furnace interior and with reference to the
furnace material composition it was concluded to be Cr- and Mn-oxides. Cr2O3
is green and is formed by heating Cr in air. The furnace material was INCONEL
600 consisting of «72% Ni, 14-17% Cr, 6-10% Fe and 1% Mn (plus additional
elements). The formation of the oxides on the furnace walls was concluded to
originate from previous use not related to the work done for the present thesis.
The furnace had previously been used at 500-600°C in air. Another aspect of the
results of the X-ray spectra was the absence of oxygen in the spectrum next to the
particle. It indicated that no oxidation of the Cu-specimen was taking place. To
settle things concerning possible presence of oxygen when operating the furnace,
two leak tests were carried out. One at room temperature and one at 800°C. Both
were carried out as He-flow measurements and showed negative results for the
presence of leaks.

To overcome the problem of the polluting furnace, a simple device was found
to be effective to prevent contamination of the specimens. A 12.5 mm Cu-tube
was slid over the specimen to shield against the oxide flow from the furnace sides.
The tube did not interfere with the free-load principle as it was standing around
the specimen on a socket belonging to the free-load. No particles associated with
contamination were ever seen on the surface of the specimens when this device
had been in use.

2.6 Application of inert markers
The ideal properties for the markers needed for the creep experiment were many
and demanding taking the experimental conditions of high-temperature and long-
term operation into consideration. The demand of inertness implied that the ma-
terial should be chemically inactive and non-diffusive. As the markers should be
used for displaying e.g. the deposition of material at a grain boundary it should
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Figure ig. SEI-image showing particle coated Cu creep specimen. The two crosses
indicates where X-ray analysis were carried out. Left spectrum is taken from the
particle. Right spectrum is taken next to the particle in the dark area.

be able to crack under such a stress influence. At the same time the adhesion to
the surface should be strong. Furthermore the heat expansion coefficient for the
marker material should match the specimen material so that the marker would
not crack due to the heating from room temperature to the temperature under
creep conditions (800°C). Different choices for a marker material such as Carbon,
MgO, Cr and ZrO2 was probed. But they were all found not to fulfil the criteria for
a marker material. The process of application itself was tried out in three ways:
vapour deposition, applying scratches and the photo resist method. The photo
resist method was the final choice with A1/A12O3 as the marker material.

Photo resist method The best method to achieve well defined markers with
was the photo resist method. The method made it possible to control the mar-
ker thickness, and periodic patterns could be produced with high precision. The
method is depicted in fig. 19 for the specific case of a lift-off procedure involved
in the method. As a standard method for creating various patterns on surfaces
(typically Si wafers) it is commonly used in the semiconductor industry, ref. [54].
The principle is first to apply a layer of photo resist (emulsion) on the surface,
usually done by spinning the sample at 1000 - 3000 r.p.m. during the course, to
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obtain a uniform thickness. Then, (1. in fig. 19), the emulsion is exposed with a
pattern in the shape wanted. A laser interferometer is used for the creation of the
pattern. When the emulsion has been exposed (2. in fig. 19) it is developed which
removes the exposed resist (3. in fig. 19). At this point a "negative" of the wanted
pattern has been produced, (3. in fig. 19). When afterwards a layer of the wanted
material has been deposited, the material covers both the remaining emulsion and
the surface itself (4- in fig. 19). Removal of the remaining emulsion by dissolving
it in e.g. acetone removes also the material on top of the emulsion, but not the
material on the surface. A pattern of the wanted shape is formed (5. in fig. 19).
The step from 4- to 5. is termed lift-off as this is what happens to the excess
marker material. What can happen during the exposure is that the right distance
between the emulsion and the light source is not achieved. This will result in a
diffraction pattern rather than the wanted pattern, see fig. 20 The variation has
only to be > 10 /tm from the ideal distance before a distinct diffraction pattern
results. Another inconvenience is that the remaining emulsion accidently can be
encapsulated by the deposited material. This happens if the relation between the
emulsion thickness and the thickness of the deposited layer comes out incorrectly,
see fig. 21.

The application of layers with the photo resist method was carried out in colla-
boration with IBSEN Microstructures, Ris0 National Laboratory and The Tech-
nical University of Denmark.

Some physical properties of the creep specimen material (Cu and Cu-2wt%Ni)
are given to be compared with the properties of the probed marker materials, see
table 3.

Table 3. Properties for Cu and marker materials.

Thermal expansion xlO~6 pC"1] Melting temperature [°C]
~Cu 16.8-21.7* (27-827°C) 1083*

MgO 13.6* (25-1000°C) 2947*
Cr2O3 9.1f (550°C) 1990*
ZrO2 12* (0.827°C) 2707*
A12O3 8.0* (0-827°C) polycrystalline 2037*
AI2O3 8.5* (0-827°C) }| c-axis
A12O3 7.7* (0-827° C) X c-axis -
*, CRC Materials Science and Engineering Handbook

t Materials Data Book, McGraw-Hill 1967

Application of ZrO2

ZrO2 was, at first, chosen as a marker material. It had the property of inertness
towards diffusion into the specimen and it had a good match with the heat expan-
sion coefficient for Cu. As a pre-test, a creep experiment was carried out with a
Cu-2wt%Ni specimen, coated with a 120 nm uniform layer of ZrO2 (99.3% pure,
non-stabilized). The coating was made with a sputter technique. After creep the
layer was examined and it consisted of isolated sub-micrometer particles not for-
ming a uniform layer, see fig. 22. A plausible explanation was that grain growth in
the highly disordered ZrO2-layer had occured, ref. [55]. Though the temperature
for the creep (880° C) was rather low for grain growth to occur in the ceramic, it
would nevertheless be adequate to activate grain growth in the disordered layer
made with the sputtering technique. Not all ceramics form a disordered phase
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Figure 19. The photo resist method.
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Figure 20. Two different patterns made with the photo resist method. The patterns were not intended, but
caused by an inappropriate diffraction effect. The pattern should have been a grid with a mesh size of 20 \im
and line width of 2 \im.

Dissolution No dissolution

Figure 21. The situation is drawn when the deposited layer is too thick (to the
right). No dissolution of the photo resist can take place because it is encapsulated.

Figure 22. SEM, COMP image showing the surface of a ZrOi coated Cu-2wt%Ni
specimen after creep in Id 18h at 880° C. The bright particles are supposed to be
ZrO2.
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when sputtered - as e.g. AI2O3. The use of ZrC-2 as a marker material was given
up

Application of AI/AI2O3

AI2O3 was the choice of marker material for Jaeger and Gleiter in their investi-
gation of diffusional creep of Cu at 1075°C, ref. [21], see a description of their
experiment in sect. 1.5. As this experiment resembles the experiments done for
the present thesis, with an exception that Jaeger and Gleiter covered the whole
specimen with AI2O3, it was natural to try AI2O3 as a marker material. The rea-
son for considering another marker material, as e.g. ZrC>2 described above, was the
mismatch in thermal expansion coefficients between AI2O3 and Cu. One could ar-
gue against this since that Jaeger and Gleiter succeeded in their experiment things
were settled: the mismatch in thermal expansion coefficients did not matter. But
the intention was to improve their experiment in finding a material with a better
match, as e.g. ZrO2- This was not fulfilled and AI2O3 was used. With simple calcu-
lations of the thermal expansion coefficient based on values from the literature,
see table 3, the mismatch can be judged. In heating an AI2O3 covered Cu-sample
from room temperature to 800°C the mismatch, represented by the difference in
expansion of Cu and AI2O3, will be «0.9%. The difference in expansion due to the
anisotropic thermal expansion of AI2O3 will be wO.06%. It is difficult to envisage
what the effect of these mismatches on an A^Cvgrid will be since the induced
stress distribution will be complex. In spite of its small magnitude it is nevertheless
necessary to bear in mind that a mismatch is present.

The used method for depositing AI2O3 was different than for the experiment by
Jaeger and Gleiter. Pure Al was applied with the photo resist method, see fig. 19.
The Al was then subsequently allowed to oxidise to form AI2O3 being the inert
marker. This indirect approach of obtaining AI2O3 as a marker was chosen for
practical reasons. There is no reason to believe that the AI2O3, if applied directly
with a sputtering technique, would show the same tendency of grain growth, lea-
ding to disruption of the marker, as was the case found for ZrO2- AI2O3 behaves
quite differently in this sense, ref. [55] and a straightforward application would
in many ways be preferable. But it was found to be a rather resource consuming
procedure of finding the proper parameters for the sputtering of AI2O3 with the
equipment available. The indirect approach of Al-application can be justified to
give the wanted result as will be outlined in the following. First, the Al-binding
to the as-oxidised Cu-2wt%Ni is strong, so no problems arose because of poor
adhesion of Al. The Al exposed to air at room temperature will in a short time
oxidise to form a layer of 2-3 nm. Kirk and Huber measured growth rates at pres-
sures from 10"1 to 10 torr and found a growth rate dependent on the pressure P,
of p0-43 , ref. [56]. This will for P=760 torr result in a layer of thickness 2.9 nm
in 10 min as extrapolated from the data in ref. [56]. The growth is at this stage
logarithmic and a layer of 4 nm Al will be oxidised in «10 days. The growth of
AI2O3 has furthermore the properties of not being dependent on crystallographic
orientation resulting in a layer of uniform thickness. The presence of water during
growth increases the growth rate and is also reported to rearrange the AI2O3
structure from amorphous to 7-AI2O3 , ref. [57]. Boggio and Plumb found that
a layer of 2.1 nm had grown in «11 days at room temperature at P=760 torr in
a dried atmosphere. These properties justifies that a useful AI2O3 marker can be
obtained. What about the influence of any remaining Al? This might be a concern
as it is sandwiched between the specimen and the marker of AI2O3 and melts
at 660°C, which is below the creep temperature (normally 800°C). But after an
oxidation of the Al-marker it is supposed that any non-oxidised Al will diffuse into
the Cu-2wt%Ni in a matter of time much less than the time before the melting
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point of Al is reached in the creep furnace. It might form intermetallic compounds
with Cu which will dissolve into the Cu matrix when the temperature rises. The
interference of the diffusing Al in the Cu-2wt%Ni is negligible - the excess Al
becomes very diluted in the alloy in the period of the creep process (>10 d). To
justify the used method of obtaining AI2O3 by oxidation it is concluded that a
layer of 3-4 nm thickness is observable in SEM and will represent an inert marker
for the creep experiment.

The procedure of the AI2O3 application is described in the following. Pure Al
was sputtered from a target by a laser beam and led by a He-flow to deposition
on the specimen. Layer thicknesses could be measured with «2 nm accuracy by
readings of vibration frequencies in a film thickness monitor. Four creep specimens
were deposited with Al - one and three at a time. The resulting layer was «6 nm
for the sole deposition and «10 nm for the deposition of the three specimens. The
specimens were all prior to the deposition applied with a grid pattern, step 1-3 in
fig. 19. After lift-off, step 4 to 5 in fig. 19, a resulting AI/AI2O3 grid was present on
the specimens, as observed both in an optical microscope and the SEM. The qua-
lity varied considerably from specimen to specimen. The ideal appearance of the
grid was a mesh size of 20 /xm and a line width of 2 (im. Following the deposition,
the specimens were kept at room temperature at the prevailing atmospheric pres-
sure for one week to oxidise the Al. An example of the outcome of the application
can be seen in fig. 20. The unintentional pattern seen is caused by an improper
distance of the light source during exposure. Furthermore two specimens had the
photo resist encapsulated, see fig. 21 which was quite a practical problem. The
grid pattern obtained which was closest to the ideal can seen in fig. 23. Several
micrographs of the specimen in fig. 23 recorded after creep can be seen in sect. 3.

2.7 Experimental Part III: observation of creep speci-
mens
Extensive use of electron microscopes and related techniques has been made for
the present thesis. The observation methods will be described in the following
in the context of their usefulness for creep specimen investigations. Along with
the electron microscopes, optical microscopes were also used. The most used met-
hod for examining the creep specimen surface was scanning electron microscopy
(SEM), while transmission electron microscopy (TEM) was used to look for dislo-
cation walls (see sect. 1.4) in crept material. Another, more extensive, use of TEM
was found for the work carried out on helium implanted copper, see sect. 3.6. The
microscopes used, all situated at Materials Research Department, Ris0 Natio-
nal Laboratory, were: JEOL LV-SEM5310, JEOL SEM840, JEOL TEM2000FX,
JEOL TEM100C and at the 0rsted Laboratory, University of Copenhagen: Phil-
lips TEM CM20.

2.8 Scanning electron microscopy (SEM)
The design and principles of the scanning electron microscope (SEM) will be men-
tioned in the following - mainly to define SEM-parameters for the understanding
of the observations done for the present thesis. An introduction to SEM can be
found in ref. [58]. The image is formed with the detection of scattered electrons
from the surface of the specimen arising from the application of a high energy
electron beam («l-30keV) to the surface. The principle is that a scan generator
controls the scanning of an electron beam across an area of a sample. The scan
motion is synchronized with the detected signal displayed on a cathode ray tube
(TV-screen). A magnetic lens system has the main task of focusing the electron
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Figure 23. COMP-image of a creep specimen which had a very regular and well defined grid. Image recorded
before creep. The creep specimen is termed pt25, see sect. 3.

beam on the sample. The scattered electrons from the sample have a broad energy
distribution which is divided into low-energy electrons with energies lower than
«50eV secondary electrons and backscattered electrons which are the remaining
electrons of the distribution, ranging up to the energy of the incoming electrons.
What is more commonly termed backscattered electrons are those electrons with
energies in the keV range. The inelastic processes leading to the energy distribu-
tion are many and different in nature and well known from solid state physics.
For the secondary electrons (SE's) the process causing the production is mainly
excitation and ejection of the sample conduction band electrons near the sample
surface (at w5-50 nm). A detected backscattered electron (BE) comes from mul-
tiple scattering from deeper laying layers which accidently brings the electron back
with some energy loss in an outward going trajectory. The mean depth of inter-
action depends on the incoming electron energy. Besides resulting from different
interaction events the backscattered electrons and the secondary electrons are de-
tected with different types of detectors. One difference is that the detector for the
secondary electrons are biased positively to "draw" the low-energy electrons to the
detector. Backscattered electrons on the other hand are highly energetic having
nearly straight trajectories. Their detector is biased negatively to "filter" away
the low-energy secondary electrons. One speaks about BE-mode or SEI-mode (or
-imaging) depending on which detector is in use. By influencing both the detection
mode and selecting whether secondary or backscattered electrons should be de-
tected one can choose which features of the sample should be pictured by the
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SEM. Some of the aspects of this manipulation is considered in the following.
• The signal from the two-part BE-detector can be operated in two modes: the

signals from the detector can be added or subtracted. As the detector parts are
separated in distance above the sample, differences in roughness (topography)
of the sample can be suppressed or enhanced. The enhancement is done when
the two signals are subtracted called TOPO (BE-mode). As the backscattering
rnpffiHpnt CHpfinpH ns "umber of backscattered electrons•> ,]„_„„,],, n r l flfnTrM> rmmhprcoemcient (aennea as number of incoming electrons I a e P e n a s o n atomic numDer
Z one can detect compositional differences when detecting backscattered electrons
(BE-mode). Heavy atoms scatter more than light atoms. Compositional effects are
best seen with the suppression of topograhy which means that the signals should
be added. This is called COMP-mode.

When backscattered electrons are scattered from a polycrystal the effect of dif-
ferent lattice directions can be seen as the backscattering coefficient depends on
crystal orientation. This is used to reveal the grains in a polycrystal and is termed
channelling contrast. In fig. 24 the same grain is seen with a slight angle of tilt to
the beam direction as difference. It is seen that the orientation dependence can be
drastic and for the specific example, that care should be taken when concluding
how many twin boundaries in the grains are present. The effect of surface conta-
mination on crystal contrast can be strong. The choice of accelerating voltage can

Figure 24- The same grain seen under conditions with a slightly different orientation to the beam in the two
pictures. Both in COMP-mode. Twins seen in the left image (as narrow "bands" within the grain) are not
revealed in the right image due to an unfavourable orientation.

affect the observation of fiducial features as one can manipulate the penetration
depth of the incoming electrons. The outgoing electrons can therefore be chosen
to reflect the fiducial features to a lesser or stronger degree. In fig. 25 the effect
of changing the acceleration voltage on the visibility of an Al/Al2O3-grid on the
surface of Cu-2wt%Ni polycrystal can be seen.

SEI-mode is the preferred choice over BE-mode when a good resolution is wan-
ted. This is so because in BE-mode the electrons emerge from a bigger volume
of the sample due to a deeper penetration. The characteristic of SEI that the
electrons are emerging from the outer layer of the sample is also used to give
topographic information. There is a depth into the material of a certain magni-
tude where the secondary electrons are formed. The path length changes with the
roughness of the sample due to differences in angle of inclination and this gives
rise to the topographic contrast, as more electrons are produced with larger path
lengths.
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Figure 25. SEM-images of the same region of a creep specimen. Left: the Al/Al^Oz-grid is clearly seen.
Right: the grid is barely visible.

Wide use of SEM was made for the present thesis and several micrographs taken
under different SEM operational modes can be seen in sect. 3.

2.9 Atomic force microscopy (AFM)
The elemental principles of an atomic force microscope (AFM) will be dealt with
now in brief, with reference to, ref. [59]. The AFM is a microscope which like the
SEM uses a scanning principle for imaging. The surface of the sample is scanned
with a sharp tip. The scanning can take place with mechanical contact of the tip,
or with the tip at a distance of a few nm from the sample. Another principle for
the AFM is the feedback system. The detected signal (normally due to mechanical
interaction) is used to control the tip-sample distance by feedback. The adjustment
of height level can be done with piezoceramic actuators to a precision of only 1 pm
and the use of piezoceramic materials is crucial for the design of the AFM. The
delicate motion control accomplished by the piezoceramic is used both to adjust
the scan direction and the height. In fig. 26 the principles of the scanning motion
and feedback accomplishment is illustrated.

The height (vertical) adjustment is done according to the feedback, while the
scanning motion proceeds independently. The "classical" way to use the AFM is
simply to let the tip be in contact with the sample during scan and provide a
constant deflection of the cantilever with the feedback mechanism. This mode of
detection is called contact-mode. The signal used for the imaging is simply the
voltages applied for the height adjustment of the piezoscanner. The magnitude
of the voltages, with an appropriate reference, will be a direct measure of the
topography of the sample. A typical cantilever is 100 — 200 [im long and the
sensibility of the photo-detector allows sub-Angstr0m differences in height to be
detected. A further developement in the use of AFM has taken it into the field
of dynamic modes such as non-contact and tapping mode. In the tapping mode,
which is the one used for recording the micrographs for the present thesis, the
tip taps at the surface of the sample. In the dynamic modes the cantilever is
vibrated at its resonance frequency (several kHz) and modulations in the tip-
sample force is accomplished. These spatial variations can be presented as so
called height- or phase s/a/t-images, which can be understood by the following.
The feedback system in tapping mode is adjusted to a criteria of constant applied
amplitude. The voltage input to the piezoscanner is taken as a measure for height
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Figure 26. The piezoscanner provides the scanning motion along scan lines together
with a height adjustment. A cantilever on which the tip is placed alters thereby its
height position. A laser beam is focused on the reflecting cantilever and the reflected
beam is detected by a split-diode photo-detector. The four seperated fields of the
detector records each a share of the light dependent on the position of the beam.
The relative differences in light intensity is used for the feedback to the tip motion.
Illustration taken from ref. [59].

differences (analogous to the case of contact mode) and a height-image can be
formed. The tapping motion will normally experience a phase shift during scanning
and this phase shift is also collected as a signal for image formation. A full physical
explanation of the occurence of the phase shift does not exist at present, but the
phase shift is thought to reflect the adhesion between the sample and tip, such
that differences in phase shift is due to differences in sample composition. The
height- and phase shift-image are collected simultaneously. Several possibilities
exist for the processing of AFM-images. One type, namely the derivative-\m&ge,
shall be mentioned here. The input for the creation of a derivative-image is a
height-image. The sampled signal for the height-image is available as 512 data-
points in 512 scan lines. The difference between each data point in each line is
taken and this difference is used as input for the derivative-image. The derivative
image thereby reflects the variations in the height-image.

Several AFM-micrographs of a crept specimen can be seen in sect. 3.

2.10 Transmission electron microscopy (TEM)
The transmission electron microscope (TEM), has many analogies to the optical
microscope. There is an emission source which by the means of condenser lenses
focuses the emission on a transparent sample to give an image. This image is
magnified by several lenses to give a highly magnified image to observe. For the
TEM the emission source is an electron gun and the lenses are electromagnetic.
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There is a high voltage (typically 200 kV) applied to the electrons, and these
high-energy electrons are able to be transmitted through conducting materials
such as metals so that these can be observed. The resolution in a TEM is strongly
dependent on the quality of the first magnifying lens - the objective lens. Typically
the theoretical resolution is 0.2 to 0.4 nm limited by spherical aberration and
diffraction effects.

One special feature for the observations of crystalline specimens with the TEM
is the phenomenon of diffraction contrast. It is a major part of the work done with
the TEM to use this feature in many ways, such as forming diffraction patterns,
and to interprate contrast. Especially it has implications when observing dislo-
cations. The following section will concentrate on diffraction in TEM to describe
the formation of a Kikuchi pattern (a variant of a diffraction pattern). Such a
pattern is the fundamental measured parameter for grain boundary characterisa-
tion. The patterns are very informative of crystal orientation with a high precision
and one can use them for determining grain boundary misorientations. For more
information on TEM than this very brief description, see refs. [60] and [61].

Electron diffraction

A beam of electrons entering a crystalline TEM-specimen will give rise to a scatte-
ring phenomenon. The effect will be seen as a specular reflection on certain lattice
planes (Bragg formulation), or equivalently, a constructive interference from in-
dividual scatterers, i.e atoms. (Von Laue formulation). A strong (i.e. in a perfect
infinite crystal total), diffraction can be formulated with the famous Laue con-
dition. It states that the difference in the incoming and diffracted electron wave
vector is one of the reciprocal vectors belonging to the crystal: k — k' = gn. It is
also stated as: constructive interference occurs if the change in wat/e vector is a
reciprocal lattice vector, k and k are wave vectors for the electrons. The difference
vector k — k is often denoted K, and gn is a reciprocal vector with index n to di-
stinguish possible other directions for diffraction. gn is called a diffracting vector,
it is normal to a crystallograhic plane, and its length is equivalent to the reci-
procal of that particular interplanar spacing. It is convenient, in accordance with
conventions used for TEM work, to state the Bragg angle 8B for the diffraction.
The Bragg condition for specular reflection is: 2dsin#i? = A, see fig. 28, left, d is
the interplanar distance and A is the wavelength for the electron. The magnitude
oi0B for TEM work is 6B = sin~1(A/2d) « sin"1 (0.0037 nra/2- 0.181 nm) « 0.5°,
for an incoming electron of energy 100 keV and a (200) diffracting vector for Cu.

The amplitude of the scattered wave can be shown to be:

exp(2?rik • r)
^scattered = amplitude for one scattered spherical wave

r
X F[0) structure factor for unit cell

X ^^ exp(—2«K • Tn) Summation for all unit cells (21)
n

The Bragg condition is re-stated in the last term, "Summation for all unit cells",
in eq. 21.

When dealing with a finite diffracting object as a TEM-sample of 10-300 nm
thickness and 3 mm diameter, the Bragg condition is altered, and is now not
only restricted to be an exact relationship between the incoming and outgoing
beam. There will be diffraction also when there is a deviation of a "small" amount
s from the exact Bragg condition, and the condition is now k - k' = gn + s.
Consider a scattering object with dimensions A, B, C. The small deviation s =
{u,v,w) can be shown to influence on the scattered amplitude as5: \(j>scattered\ c<

5In the third term in eq. 21 one should replace K with gn + s. g • rn = 0, and the resulting
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c h a r a c t e r i s t i c a o f s i n c(x) =

the smaller the scaling factor a, the "broader" the function is centered around
x = 0. So, for a thin film, the thin dimension will give rise to a large range of
w-values of the order \jC (w is the component of s parallel to thin dimension
of the film). These w-values are all associated with constructive interference. For
a foil of thickness 100 nm the range is « 0.01 nm"1. This gives rise to an angle
interval of « 0.1° for which there will be diffraction.

Though there will be constructive interference solely on the basis of predictions
for Bragg scattering, this may not give a diffracted beam. The reason for this,
is that the scattering considered from the unit cell may be zero for symmetry
reasons. The scattering from one unit cell is expressed through the structure factor
F(6) (see eq. 21), which is a sum of contributions from individual atoms at given
positions (e.g. the fee arrangements of atoms). For the fee unit cell the scattering
adds to zero if h, k, I are all even or all odd, ref. [62].

Kikuchi patterns In the diffraction patterns obtained with the TEM, lines (or
bands) like the ones depicted in fig. 27 appear. These are called Kikuchi lines

Figure 27. Left: Kikuchi pattern recorded with TEM. Right: simulation of the left pattern made with "Electron
Diffraction", ref. [63]. The indexing of the lines is shown.

and are caused by inelastically scattered electrons being re-scattered elastically.
Inelastically scattered electrons add to the background intensity of the diffraction
pattern, but will also have the possibility to be re-scattered elastically from ano-
ther scattering centre. Consider a crystal plane F, close to a position at Bragg
scattering (departing with the angle <j> from exactness), see fig. 28, right. Electrons
are coming in from all directions and for the directions DB and AB the condition
for Bragg scattering is present for electrons coming in on the surface of a cone with
the angle 9B to the diffracting plane F. The electrons are emerging in directions
of the surface of the cone and recording of the electrons on a flat surface (film
plane) gives rise to 2 nearly straight lines C and E. The intersections are in fact
hyperbolaes, but the approximation to straight lines is very good because of the

sum over s • r n can be evaluated as an integral with the sine function as solution.
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Figure 28. Left: electron beam causing diffraction. The atomic plane giving rise to
Bragg scattering is at the Bragg angle 9JJ to the electron beam. Right: a diffraction
spot together with Kikuchi lines is depicted. The reflecting atomic plane is near
the Bragg angle. Illustration adapted from, ref. [61].

small magnitude of 9B- The dots depicted on the film plane are for the directly
transmitted beam O and for the diffraction spot G caused by diffraction from the
plane F.

The spatial distribution of the inelastically scattered electrons are peaked in the
forward direction of the electron beam. The direction DB is closer to the electron
beam and therefore more intense in inelastic electrons than AB. Therefore the Ki-
kuchi line through E will be more intense than the line through C. The intensity of
the diffraction spot will decrease with a sinc(x) dependence on tilting the reflecting
plane away from the Bragg orientation. But the Kikuchi pairs will move on the
film screen without noticeable decreasing intensity because inelastically scattered
electrons giving rise to the lines are distributed all over the space. The tilt of the
specimen can be read on the scale on the TEM goniometer stage, but can also be
measured with considerable accuracy (< 0.02°) by measuring the shift in position
of the Kikuchi pattern on the film. In doing so, one is actually measuring linear
distances on the film plane and relating these to angle sizes. The good accuracy
is particularly advantageous in determining misorientations between neighbouring
grains in a polycrystal.

Electron backscattering patterns (EBSP)

The formation of Kikuchi patterns as described with reference to a TEM-sample
can also occur for a sample in a SEM in a slightly different way. The main dif-
ference to a Kikuchi pattern formed in TEM is that in SEM the re-scattered
electrons, forming the pattern, do not have the same orientation distribution as
in TEM. As mentioned in sect. 2.8 the incoming beam in SEM diffracts in a
crystalline material. The magnitude of the backscattered diffracted signal relative
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to the absorbed signal can be enhanced greatly by simply tilting the specimen
in a high angle (normally 70° to horisontal). This is so because the path length
into the crystal is shortened (from «1 fim to « 20 nm). The backscattered signal
displays a pattern similar to the Kikuchi pattern (called pseudo Kikuchi pattern)
and is the basis for the Electron Backscattering technique, EBSP. The same type
of information can be drawn from an EBSP-pattern as a Kikuchi-pattern from
TEM, namely the crystallographic orientation of the crystalline specimen which
can lead to misorientation determinations, ref. [64]. The precision in the deter-
mination of crystallograhic orientation is poorer on the basis of an EBSP-pattern
compared to a Kikuchi-pattern in TEM and the precision in EBSP determina-
tions is approximately ±0.2°. The indexing of patterns is carried out with an
automatic procedure at Materials Research Department, Ris0 National Labora-
tory, described in ref. [65]. The output of such an indexing is the Euler angles of
the crystallographic axes relative to an external coordinate system. For texture
determinations the external system is normally x,y,z = RD, TD and ND, which
is the rolling, transverse and normal direction respectively. For the work done with
EBSP for the present thesis x was chosen as the stress direction, z was the normal
to the specimen plane and y was perpendicular to x and z, see fig. 30. From the
Euler angles a misorientation matrix can be determined for each grain across a
boundary and the misorientation determined as outlined in sect. 2.11.

2.11 Determination of the grain boundary geometry
The misorientation and its role as a parameter to characterise the grain boun-
dary is described in sect. 1.2. This section will deal with the specific misorienta-
tion calculations with the input of crystallographic patterns as a Kikuchi pattern,
described in the previous section, 2.10.

Stating the grain boundary geometry within the misorientation scheme is two-
part: the rotation matrix M, describing the relative rotation between the crystal-
lographic axes for neighbouring grains is one part, and the grain boundary normal
is the other.

The misorientation matrix M The two procedures mentioned below both
depend on investigations where Kikuchi patterns have been recorded in the grains
on each side of the grain boundary. The procedures for the calculation of M is
"The beam direction method" as described in ref. [9] and the procedure described
in ref. [2].

The beam direction method relies basically on the beam directions in the grains
expressed as crystallographic directions. Having knowledge from recorded Kikuchi
patterns of the beam directions in each grain, at two different orientations of the
TEM specimen, one can obtain M. Let xp,yp be the beam directions for grain x
and y in orientation p, and xq, y9the beam directions in orientation q. Consider
the pair of beam directions for orientation p. The rotation axis u lies for symmetry
reasons in a plane midway between xp and yp. The plane which contains u, also
contains the direction xp + yp and orthogonal on this direction xp x yp. Thus,
the plane is defined by the normal vector p = (xp +y p ) x (xp x yp). The same
goes for orientation q: there is a normal vector q = (xq + yq) x (xq x yq) defining
the plane u lies in. Therefore u is the intersection of the two planes:

u = (p X q)/|p X q| (22)

The angle 8 is given by the rotation angle from xp to yp (or xg and y, ) in a
rotation around u:

xyp\) f o r * € [-180°; 180°]. The sign of 8 is given by the sign of

the dot product: u • ([u x xp] x [u x yp])
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The recording of micrographs is done by focusing the beam with a suitable
spot size in each grain close to the grain boundary and recording the diffraction
image. In order to take advantage of the good accuracy in the beam direction
method it is crucial to focus the beam at exactly the same place after tilting the
specimen. There is a considerable variation of the beam direction within a grain in
a thin film. For a soft material like Cu, this can be seen when observing the Kikuchi
pattern while translating the specimen. This is due to bending of the thin film. The
authors of ref. [9] state that they: "...experienced difficulties in obtaining accuracies
better than ±0.2° in determinations of orientation relationships in thin foils of
copper (99.999%Cu)". The size of the tilt between each specimen orientation in
the TEM specimen stage also has an impact on the accuracy of the misorientation
determination.

If one determines a pair of beam directions in a third orientation it can be
incorporated in the determination, and so forth for other specimen orientations.
The problem is "how to average these values so as to give the orientation rela-
tionship to the highest available accuracy from the given set of experimental data",
ref. [9]. The problem has been considered, ref. [67] and states an RMS value for
the axis/angle pair u, 8, based on a least squares method, involving the beam
direction values, for calculating M. This method assumes that several, more than
three, orientations are measured for the statistical significance to be valid. If only
a limited number of beam directions are available another, more "loose" way of
describing the accuracy is proposed: as u is found as the intersection of the planes
defined by p and q their mutual angle can be stated as a measure of the accu-
racy - the larger the angle, the better the accuracy. If three planes, one for each
beam direction pair, are present the three crossings appearing can be considered
to estimate the accuracy, and so forth for more than three crossings.

Another method for obtaining M on the basis of Kikuchi patterns is described
in ref. [2]. The procedure is to calculate an orientation matrix gj in the same
coordinate system for grain 1 and grain 2 (i = 1,2):

s j ^ vS*/ " ^ (23)

Specimen->Crystal Specimen—^-Pattern Pattern-»Crystal

The misorientation matrix is simply calculated as:

M = g 2 " 1 -g 1 (24)

Pj is the pattern given in the crystal coordinate system (100), (010), (001). The
pattern is in this context identifiable features (a pole, a line, e.g.) in the Kikuchi
pattern. Setting up P* is readily done by calculating the direction cosines of the
feature with Miller indices (h, k, I) to crystal axes. The chosen features have to
form an orthogonal set. Calculating Ri requires measurements of the orientation
of the Kikuchi pattern features relative to the specimen. The above outlined sub-
procedure of determining R, and Pj is called the pole and line method. A good
accuracy in measuring angles on the micrograph with the pole and line method
was found to be to hard to achieve and determinations of M were done with the
beam direction method for the present thesis.

The misorientation determination when using the EBSP-patterns from a SEM-
specimen as input is more simple thanks to the automated indexing. The EBSP-
equipment for the JEOL SEM840 is connected to software, which enables a quick
indexing of the observed EBSP-patterns, ref. [65]. The orientation on the basis of
the pattern is expressed in a specimen coordinate system with Euler angles. Two
orientation matrices gi and g2, one for each grain across a boundary can readily be
calculated from the Euler angles and the misorientation calculated with eqn. 24.
Any following calculations such as deviation from nearest CSL and the lowest-angle
solution is done by a slightly altered version of AXANG.BAS, ref. [66]. These last
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calculations are done similarly, regardless of the basis is Kikuchi-patterns from
TEM or EBSP-patterns from SEM and is the final step in the characterisation of
the boundary by its misorientation matrix.

The grain boundary normal N The grain boundary normal N is calculated
in different ways according to which of the two methods, TEM and SEM is used.
First, for the case of TEM, N is calculated by solving the equation system:

N • U = cos <f>

N - Z = sincp

N - T = 0 (25)

N is the grain boundary normal (expressed either with reference to grain 1 or
2), T is the direction of the grain boundary trace, U is perpendicular to T, Z is
the beam direction and 4> is the inclination angle the grain boundary planes make
with the thin foil normal, see fig. 29.

Z Grain boundary plane

u

Kikuchi lines

A

Direct beam spot

Figure 29. Left: relation of the grain boundary plane to a section of the thin foil
TEM-specimen. Right: geometrical relationship of trace directions T and U and
an identified Kikuchi line.

The experimentally determined parameters needed are listed below:

• <j> can be calculated with the knowledge of the TEM-film thickness t and by
measuring the projected width of the grain boundary P on a micrograph.
When these two parameters are known <f> is given by 4> = tan^UyJ. The
method of measuring thickness using convergent beam electron diffraction
(CBED) is mentioned in ref. [2].

• Z, being the beam direction method, is easily found by the indexing method
described in this section made with the Kikuchi pattern simulation program
ELECTRON DIFFRACTION, ref. [63].

• U and T are directions which can be found from TEM micrographs. If a
Kikuchi pattern is recorded where a Kikuchi line pair is exactly symmetrically
around the direct beam the reflecting plane normal is in the film plane. When
a double exposure is made showing the position of the grain boundary trace
T this direction can be found. This is made by calculating the direction as
the outcome of a rotation of the indexed reflecting plane normal around the
beam normal by d, see fig. 29, right. U is found in a similar calculation with
the exception that the rotation angle differs by 90°.
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When these listed parameters are known N, is calculated by solving the equation
system derived from eq. 25 for the three vector components.

The grain boundary normal for grains in a SEM-specimen can be calculated after
EBSP-patterns have been identified for each grain. It also requires that the boun-
dary plane can be identified and this is only possible if the traces the plane makes
is identifiable on two faces of the specimen. Such cases are e.g. when the boundary
extends to the rim of the specimen and is visible on both the major plane of a
slab-shaped specimen and the rim (the minor plane), see fig. 30. By measuring the

Figure 30. Grain boundaries extending to the rim of a specimen. The traces of
the grain boundaries are visible on two mutually perpendicular faces. The coor-
dinate system is used to express the trace directions for a grain boundary normal
determination. Xa is an angle in the major plane and \b is an angle in the minor
plane.

angle between the trace and an axis of the coordinate system the trace directions
can be expressed as vectors in this coordinate system. Let Xa and Xb be the angles
measured from the x-axis in respectively the xy- and ^x-plane. Then the trace
vectors will be vQ = (cosxQ,sinXa>0) and v;, = (cosx&>0, — sin;<;&)• The cross
product va x v& will give the grain boundary normal N expressed in the coor-
dinate system. This can be re-indexed to both grains by using the transformations
from x, y, z to the crystal coordinate system for grain i = 1,2: Nj = g^N. When
applying this transformation it is important that the x, y, ^-system in fig. 30 is
aligned with the x,y, 2-axes of the system for the EBSP-measurements as the Ki-
kuchi patterns are indexed and expressed in the latter system. This can be done
with an accuracy of wl°.
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3 Results and Discussion

The results presented in this section are based on observations of marker displace-
ments on the surface of a crept Cu-2wt%Ni-specimen termed pt25. These results
are the outcome of the main experiment described in sect. 1.6. The presentation
will be given as a characterisation in terms of the creep parameters, see sect. 1.3
followed by a discussion of the creep mechanism. This is done with reference to
the creep parameters, as well as to the appearance of the crept specimen in ge-
neral. The establishment of the nature of the deformation relies on a procedure
for quantifying the deformation. This procedure is based on measurements of grid
displacements and will be described. The central discussion concerning the cor-
relation between grain boundary structure and diffusional creep will then take
place. Finally, results from the work done with helium bubble nucleation in irradi-
ated copper will be presented and the relevance to the thesis and grain boundary
characterisation in particular is given.

Throughout this section micrographs of the crept specimen will be presented.
The numbers on these micrographs denotes the grain boundaries 1 to 131 chara-
cterised by their misorientation and refers to tables 5, 6 and 7. The direction of
the applied stress is up/down, unless otherwise is shown.

3.1 Creep data for specimen pt25
The stress in the creep test for pt25 was 1.14 MPa and the sample was crept for
6.3 d, 800°C + 5.5 d, 830°C + 34.5 d, 800°C, 46.3 d all together. The heating
from 800° C to 830° C lasted « 1 h and the cooling from 830° C to 800° C lasted 2
h. A strain of 2.4% resulted from the creep. The creep curve for pt25 is depicted
in fig. 31. From the two values of the strain rate, one at each temperature, an
estimation of the activation energy could be made. The strain rates were calculated
with a linear regression method on the basis of t, e-data taken immediately before
and immediately after the cooling from 830°C to 800°C. It gave strain rates of
9.0-10~2 %/d and 4.6-10~2 %/d respectively. This estimates the activation energy
to be Ea « 200 kJ/mole. This is in accordance with the activation energy expected
for lattice self-diffusion, see sect 1.4.

The grain size of pt25 was measured after creep both by measuring the mean
linear intercept E{1) and E{\fA), where A is the grain area. See appendix A for
grain measurements. Twin boundaries were ignored in the measurements. E(\/A)
was found to be 127 /j,m.

The mean linear intercept E(l), was measured in two directions: parallel and
perpendicular to the stress direction. 455 and 516 intercepts were measured re-
spectively along lines of different length in the two directions. It gave the results
of 147 fim parallel to the stress direction and 180 /xm perpendicular to the stress
direction. The rolling direction is along the perpendicular direction and the mean
linear intercept is longer in this direction as expected. On the surface of pt25 an
A1/A12O3 grid had been applied with the photo resist method as described in
sect. 2.6.

3.2 Grain growth
In general, the specimen showed grain growth. With reference to the "markers-on-
surface" experiment described in sect. 1.4, a discussion of the possible influence
of grain growth on the experiment is put forward. The grain growth was directly
observable when micrographs taken before and after creep was compared. Fig. 32
is an example of this. The distribution of growth as observed in 30 comparisons
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Figure 31. Creep curve, (x,y):= (t,e), for pt25. At the very end of the creep progress
the curve have been extrapolated due to unreliable strain measurement.

like for fig. 32 was judged to be inhomogenous, and for many grains no growth
had occurred. By comparing the deformation features seen in fig. 32 with the
position of the boundaries using both channeling contrast and change in EBSP,
it was found that there was no boundary present where the deformation was.
By inspecting the surroundings several lines of old positions of the boundary
indicated that the boundary had migrated by grain growth. The essential subject
of correlating deformation with grain boundary structure was not appropriate for
"ghost" boundaries like the ones in fig. 32.

9 preliminary creep tests had all been carried out at 800°C and no grain growth
had occurred as deduced from before and after observations like in fig. 32. 8 tests
were carried out with Grain size (I)-type (bi-modal grain size distribution) speci-
mens and 1 with Grain size (H)-type. As no grain growth occurred, even in the
small grained domains of Grain size (I)-type specimens, the occurrence of grain
growth is supposed to be an effect of the creep in 5.5d at 830°C. The total creep
time was 46.3d so in « 90% of the time the deformation took place at 800°C wit-
hout grain growth. This is also what can be deduced from several micrographs of
boundaries with associated deformation. In these cases ghost boundaries are seen
near the boundary, see for example fig. 33. Much of the deformation is localised
near the present positions, and not at the previous positions, so growth has not
obstructed the correlation of the deformation and the boundary position.

It is assumed that: if large displacements are seen at grain boundaries with
detectable channeling contrast in the respective grains, they are real displacements
(and not ghosts), and a correlation is meaningful. This is justified because of the
relative ease of a reliable differentiation between ghost- and real-boundaries. In
this way the feature of grain growth only affected the experiment to the extent
that the number of useful features for investigation decreased. The observed grain
growth has apparently little influence on the creep curve. A diminishing creep
rate is supposed to occur when the grain size increases expected by the e oc 1/d2-
dependence taken from the classical Nabarro-Herring equation, eqn. 18. A slight

62 Ris0-R-1O47(EN)



1, • • '.• . 1 ', . -'

Figure 32. Top: COMP-image of region before creep. Bottom: COMP-image of
region after creep. The position of the boundaries A,B,C is depicted along with
EBSP sweep trajectories to reveal the grains.

decrease in rate is perhaps present in the 830°C-interval of the creep.
Some evidence of the influence of pure migration could be found from several

examples of twin boundary growth (migration). Such an example is shown in
fig. 34. This migration has not altered the grid and this is taken as an indication
of the grid being inert to migrating boundaries.
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Figure 33. COMP-image. Previous positions of boundaries is seen as vague lines
("ghost boundaries") near the present positions of the boundaries.

3.3 The creep mechanism for specimen pt25
The establishment of the creep mechanism for pt25 relied on many different kinds
of observations carried out such as creep parameters, TEM-observations and grid
deformation observation. The observations will be presented in this subsection
and a conclusion will be drawn about the dominant creep mechanism. The creep
mechanisms diffusional creep and dislocation creep are likely to occur taking the
creep conditions into account. As discussed in sect. 1.4 these mechanisms cannot
be seperated totally, but either of them dominates at certain creep conditions such
as stress and temperature.

One of the parameters for creep characterisation is the transition stress from
diffusional creep to dislocation creep, see sect. 1.5. If the applied stress is lower than
the transition stress the creep mode will be diffusional. The transition stress was
estimated by a creep test of a another specimen. As explained in sect. 2.2, the creep
specimens showed large variations of grain sizes and distribution. To estimate the
transition stress from a test on another specimen care was therefore taken to choose
a specimen similar to pt25. Both specimens were of type Grain size (II), but the
test specimen had a slightly smaller grain size, E(V~A) was 115 fim. A procedure
of applying increasing loads and for each load obtaining a creep curve was carried
out for the test specimen. The specimen was cooled down to room temperature
between each increase in load. A data series of 6 strain rates for 6 stresses was
obtained. The data is plotted in fig 35. The transition stress was estimated from
the crossing of two lines: one fitted to low-stress data and one to high-stress
data points. The lines had slopes equal to n — 1.4 and n = 3.1 respectively.
The stress corresponding to the cross point of the two lines is defined as the
transition stress (see fig. 35) and was found to be 1.8 MPa. This is not far from
the stress applied to pt25 of 1.14 MPa and some local dislocation creep may have
occurred. This would preferentially take place in the larger grains, as explained
in sect. 1.5. The slope of n = 1.4 is not expected by classical Nabarro-Herring
theory which predicts a slope of n — 1. Several factors, such as the occurrence of
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Figure 34- Both micrographs are SEM COMP-images. The "T" denotes an iden-
tifiable triplepoint for comparison. Top: region before creep. Bottom: region after
creep. Two twins have migrated (denoted by arrows). Their movement across the
grid lines have not affected it.

inactive boundaries, can give rise to a higher n-value. It is restated in this context
that a boundary which takes part in the deformation is termed active contrary to
inactive, see sect. 1.6. As emphasised in sect. 1 an establishment of the dominant
creep mechanism should not rely solely on creep rates (and derived n-values) and
microstructural investigations are a more fruitful approach. The deviation found in
n is therefore not taken as an exclusion of diffusional creep being the deformation
mechanism.

The crept specimen pt25 was also investigated with TEM. This was mainly
to observe if dislocation cells had formed indicating dislocation creep. Though
sporadic dislocation tangles were observed in the grains, they were very scarce.
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Figure 35. Stress-creep rate diagram, (x,y):- (a,e). A transition stress from linear
to power-law creep is marked.

Qualitatively, the sample did not look like a dislocation crept specimen.

Observed grid deformation features

From an overall observation of the deformation, as reflected by the grid, it was clear
that the deformation was strictly localised to the vicinity of the boundaries, see for
example fig. 36. This is to be expected by the basal statement that the boundaries
emits and absorbs vacancies in diffusional creep theory. Creep experiments in
the dislocation creep domain have been carried out with fiducial grids and the
deformation is not found to be localised solely to the grain boundaries, ref. [68]. For
a comparison with the observations found in ref. [68] this experiment is outlined
in brief. The creep was performed on several samples of 99.99% Cu at 20 and 30
MPa at 450°C to strains of 0.3% to 9%. The conclusions are stated in the abstract
of ref. [68]: "Local distribution of creep strain inside the grains was found to be
non-uniform. Grain boundary sliding exhibited a wavy behaviour", ref. [68]. This
is certainly not what is found for pt25.

A feature observed when sliding had been taking place was the abillity of the
marker lines to lie on the newly exposed grain surface segment. An example of this
behaviour can be seen in fig. 37. One could, at first, be suspicious that the original
specimen surface (before creep) had topography due to the chemical/thermal et-
ching, and that the following application of the grid simply was made on a surface
with a large topography. This is not so taking the large height difference between
the two grain surfaces into account («7/im). Furthermore, an example of the si-
tuation before and after creep shows that such height differences were caused by
the creep, see fig. 38. This example is not outstanding - many such examples of
extensive movement outwards from the surface are found by comparing the situ-
ation before and after creep. The feature of marker lines on slid grain segments
is seen commonly in the crept specimen. It may at first seem surprising that the
grid is present on the emerged segments which are a result of the deformation.
Pure sliding and pure deposition would certainly give rise to "fresh" material be-
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Figure 36. The grid is clearly seen on the deformed specimen. It is seen that the deformation has taken place
at the boundaries. No measurable deformation was found in the middle regions of the grain surface.

0 5 5 5 15KW X I , 9

Figure 37. COMP-images. The "x" in the left image corresponds to the same position as the "X" in the
right image. Left: SEI-image taken an in inclined position of 70.0° to the specimen surface. This shows the
presence of the grid on the exposed boundary segment emerged during creep.
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Figure 38. Left: COMP-image. Middle: TOPO-image. Right: COMP-image taken before creep.

ing exposed on the surface where the grid could not be present. But acccording to
the theory of the deformation, migration is also active - it is in fact a consequence
of grain boundary sliding. One can imagine that the combination of the three pro-
cesses (migration, material transport, glide) would allow the grid material to be
situated on the newly formed segments. Furthermore, not all deformation features
have the occurrence of the grid across them, and some have led to an opening
in the grid as anticipated in the discussion in sect. 1.6. An example of marker
cracking is seen in fig. 39.

I ,

Figure 39. Left: COMP-image. Stress direction indicated by arrow. The grid has been displaced between "2-3"
and "6-7-4". The rod-shaped feature lying from "6" and downwards is contamination. Right: TOPO-image
of the same area of the specimen.

Quantifying the deformation

A very convincing indication of the occurrence of diffusional creep arose from the
measurements carried out on the deformed grid. The appearance of the grid is
further discussed in sect. 3.4, but for now it is just stated that it showed up to be
very useful for deformation measurements, being regular and well-defined. These
measurements led to the conclusion that deposition of material had taken place at
boundaries in tension, which is one of the crucial predictions of diffusional creep
theory. Before the detailed outlining of this result, the methods for measuring is
described.
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The Deformation zone The measurements of the deformation are referred to
the specimen coordinate system. It's orientation relative to the fiducial grid is seen
in fig. 40. When taking the specimen side as the definition of the x-axis (the stress
direction) the grid lines are at angle of ±45° to the rc-axis with a deviation of less
than 0.2°.

Stress
direction

Figure 40. Definition of the specimen coordinate system (xyz) relative to the spe-
cimen and the marker grid.

The deformation zone as it is seen in pt25 is now described. If a grain slides in
a direction normal to the specimen surface (along z) a new grain surface segment
is exposed, see fig. 41, left. Besides sliding, the predicted deposition/removal will
also lead to a deformation in the z-direction if the boundary plane is inclined to
z. According to diffusional creep theory (sect. 1.4) sliding and material transport
should be intertwined (along with migration), and one can think of the schema-
tic examples in fig. 41 as examples of nearly pure sliding (left) and deposition
(right). The deformation zone is defined as the newly formed segment caused by
sliding, material transport and migration. The observation of denuded zones in a
particle-containing material has some resemblance to the observation of fiducial
grid displacements at the deformation zone. When deformations are to be obser-
ved the focus is on denuded zones in a particle containing material and on the
deformation zone in a material with a fiducial grid as pt25. In a particle containing
material a denudation can be caused by the migration of a sliding boundary. This
is so because the particle must migrate with the boundary to preserve their inter-
facial structure, ref. [45] and in this way the denuded zone and the deformation
zone are similar. An important difference to denuded zone observations mostly
made is that for these the 3D-information of the deformation is lost because the
surface has been polished. With the markers-on-surface experiment the full 3D
deformation is retained and visible.

The Deformation vector D For a full 3D-description of the deformation at a
boundary it is necessary to know both the 3D-deformation and the grain boundary
normal, N. The deformation was expressed as a vector D (the deformation vector)
in the specimen coordinate system sketched in fig. 40. The x, ̂ -components were
measured with the use of the grid. This sort of determination can be illustrated by
inspection of fig. 42. A set of grid segments nearby the boundary, one on each side
is chosen. The vector B between the two points are sketched and is decomposed
into the x, ̂ -components. This is readily done with the SEMAFORE software
when using the SEM, as the superimposition of B on the SEM-image gives the
B-coordinates in a image-reference system. A similar set of grid segments, but not
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Figure Jil. Simple schematic illustrations of cases of pure sliding left and pure
deposition right.

divided by a grain boundary is thereafter measured in the same way and a vector
A is formed. The difference C between the measurement across the grain boundary
B and the measurement where no deformation has occurred A, is the projection
of D on the measuring plane (the xy-p\a,ne). Though the grid line width is several
fim a much better definition of position could be achieved by simply using the
well-defined grid line sides. This is illustrated in fig. 42 where they are marked
with thin black lines. The x,i/-composant could for some boundaries be measured
at several pairs of grid points if the boundary trace was long. When making such
parallel measurements it was sometimes found that there were small differences
in the result. This fact does not impose a theoretical problem as e.g. a curved
boundary is expected to behave differently with respect to activity at different
positions of the boundary. Both for reasons of differences in stress magnitude and
in boundary structure. The consequence of such inhomogenous activity is that
there will be a slight grain rotdtion with respect to the initial position of the grid.
This phenomena was sometimes observed and the magnitude of the rotation was
less than 1° in the cases of the largest rotations found. Though it does not seem as
much it has a large impact on a rnisorientation determination that the grains have
rotated from their original misorientation. It is relatively easy to detect rotation
when measuring with the grid. If for instance there is a rotation of 0.5° between two
grains, then when measuring at two sets of grid points, at each end of the boundary
(typically 100 (im apart), the difference amounts to sin(0.5°) • 100 //m= 0.9 [im.
This deviation is easily recognised because the measurement uncertainties of D
are « 0.2 /im at 1500x magnification. In conclusion to the measurements carried
out with the grid it is stated that if grain rotation is occuring it will be identifiable.
If not, it is of such magnitude that it adds a comparable contribution (0.2° arising
from EBSP-measuring) to the uncertainty for the misorientation.

The third component of the deformation along the z-axis could be calculated by
observation of the level difference when the boundary was highly tilted in the SEM
or it could be directly observed in the zz-plane. An example of the appearance
of the zz-plane can be seen in fig. 43. As the traces from the machining of the
specimen were still present after creep in the zx-plane they were also used as "mar-
kers" to measure the z-component. When measuring on recorded micrographs a
typical magnification used was 1500x. One pixel is 0.075 fim at this magnification.
The uncertainties in the measurements at this typical magnification are therefore
judged to be ss 0.2/xm.

The grain boundary normal N At first sight the second parameter consti-
tuting a valid 3D deformation determination, namely the grain boundary normal
N, seemed to be recognised by inspection of the slope of the revealed boundary
segment (the deformation zone). Consider for example fig. 37. The slope of the
deformation zone is well defined and seems to anticipate the real slope of the boun-
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Figure 42- Description of the measurement of the deformation at a boundary. Vector A represents the
undeformed grid. Vector B represent similar grid points, measured across the boundary. Their difference
C is the deformation in xy-plane. The terminal points for A and B have been retouched with black or
white to enhance them.

dary plane into the bulk. But observations made for boundaries extending to the
rim of the specimen showed that a conclusion based on that was false, see fig. 44.
Boundaries situated like the boundary in fig. 43 reveals the full (3D) situation of
the boundary plane. Only a limited number of the total boundaries extended to
the rim for a full deformation determination to be possible. By grinding and po-
lishing, any boundary could however be revealed with it's full situation. Of course
this would be a destructive kind of measurement. The calculation for N is outlined
in sect. 2.11. For the other boundaries observed in the xy-plane in general, only
a qualitative distinction of whether deformation had taken place or not could be
made.

Decomposition of D into D^ and Dg The way to determine the nature of
the deformation in the case of a full, quantitative description was carried out as
follows. Once N and D was found the projection of D onto the boundary plane
was calculated. In this way D could be decomposed into two components: one
in the grain boundary plane and one perpendicular to the plane, see fig. 45. The
component in the boundary plane was termed D9 where g refers to glide. It is
a straightforward designation as the glide movement takes place in the boun-
dary plane. The component perpendicular to the plane was termed Dj with d
for deposition. This component vector describes the material transport to or from
the boundary. D^ also describes material removal as this can be understood as
"negative" deposition relative to the geometry of D and N.

The occurrence of material deposition The full 3D determination procedure
applied in the present work show that deposition does occur as presented in "An
experimental corroboration of diffusional creep: deposition of material at grain
boundaries in tension", ref. [69]. Being one of the fundamental consequences of
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Figure 43. The boundaries 116 and 75 are seen in this COMP micrograph. The
traces in the zx-plane is from the original manufacturing of the specimen.

the diffusional creep mechanism, material deposition is a strong indication that
diffusional creep is occuring in pt25. The example of deposition presented in ref.
[69] is the data for boundary 64. Apart from showing a deposition of |Dd| =
4.8fim material it shows the phenomenon of negative glide, see fig. 11. Consider
the situation of the boundary plane in 3D relative to the stress axis, fig. 46,
bottom, right. What could in a first-hand observation be taken as pure negative
glide has actually resulted in an elongation as measured when using the grid.
It is emphasised that negative glide would, considered in isolation, result in a
contraction. So material must have plated out at the boundary to give the total
elongation observed. Such a deduction as the above could not have been made
without relying on the regular grid designed for the experiment. The glide was
measured to be |Dff| = 0.4/mi, negatively. Several other boundaries show material
deposition and these are listed in table 7.

To conclude the discussion on the creep mechanism in pt25 it is stated that
diffusional creep has taken place as the dominant creep mechanism. This is mainly
deduced from the observation of deposition at boundaries. Some dislocation creep
might have been present also, due to a relatively close value of the applied stress to
the transition stress. The general trend is though, as reflected by the overall grid
deformation, that the deformation is diffusional creep. The activation energy for
the creep of pt25 is in accordance with lattice self diffusion indicating Nabarro-
Herring creep. Furthermore, creep experiments carried out on Cu-Ni-alloys by
Burton and Bastow, ref. [34] under similar conditions were concluded to be in the
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Figure 44- Grain boundary trace from the same boundary in both the xy- and yz-
plane. The yz-plane has been polished. Top, left: COMP-image of the boundary in
the yz-plane. Top, right: COMP-image of the boundary in the xy-plane. Bottom:
COMP-image (left), and SEI-image (right) of the boundary seen from the edge.
The yz-plane is to the left of the edge, the xy-plane is to the right, both with
an angle of 45° C to the film plane. (The two-step exposure was necessary due to
contrast differences).
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Figure 45- The deformation vector D and it's two components T>d, D 9 . Dxy is
measured as described with fig. 42, and Dz is here taken as the height difference.

diffusional creep regime.

3.4 The sub-microstructure of the deformation zone
Peculiar patterns were observed at several active boundaries. They looked like
terraces in the deposition zone, see fig. 47. This observation was made almost
for every boundary to a lesser or greater extent irrespective of the orientation
to the stress axis. From the SEM-micrographs it was difficult to decide whether
the features were due to topography or not. Recording of TOPO-images did not
answer this question as the contrast in the recording was too weak. It seemed
unexpected if terraces in the deposition zone could be formed and this aspect of the
deformation was investigated with the use of AFM (Atomic Force Microscopy) in
conjunction to the SEM-observations. The boundary 64 had shown line structures
and this was partly observed in AFM-micrographs as well. Several observations
led to the conclusion that a thin film covered the whole specimen to a greater
or lesser extent and that this may have resulted in the line structures. First, a
direct observation shows that a film covering the surface near boundary 68 had
been scratched, see fig. 48, bottom, left. The plateau in the scratch was very flat
indicating that whatever mechanical scratching had taken place the film was much
softer than Cu-2%Ni. This indicates that the thin film was e.g. a polymer. The thin
film was from this micrograph found to be wlO nm thick. Secondly, observations of
contamination due to the presence of the electron beam during SEM indicated that
a carbon rich thin film (e.g. a polymer) was present. These observations were done
during SEM before and after creep. A third indication of the presence of a thin film
is that normally in AFM phase shift images, the differences between an oxide and
a metal give rise to much bigger contrasts than for this case, while the presence
of a thin film could obstruct this. So, how can the presence of a thin film result in
the various line patterns seen? The broad black and white lines following the zone
(which was equal to the "terraces" seen in SEM) could be a result of the action
of the deformation. But it was not likely to be terraces as they only resulted in
vague topography. They could also be a result of a segregation process during the
cooling from the creep temperature to room temperature. Besides the broad lines
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Figure 46- Boundary 64. Top, left: schematic illustration of the position of the the grain boundary (thick
line). Top, right: SEI-image. An image revealing both the xy- and the yz-plane (same perspective as in
fig. 44)- Bottom, left: the grid covered surface (the xy-plane) with grid segments re-drawn for clarity.
Bottom, right: the zx-plane with the traces left from the machining indicating that negative glide has ta-
ken place. Illustrations taken from ref. [69].

a much finer stucture not visible in the SEM-micrographs was present, see fig 49.
This structure could have got its cellular appearance due to the deformation, but
also as a result of the cooling process. The thin film actually makes it hard to
observe the deformation structure in the grid across the deposition zones. If the
thin film could be removed with a non-mechanical method it would be of little
value to observe it thereafter as oxidation would destroy the original appearance.
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Figure \1. SEI-image of the deposition zone for grain boundary no. 64. A linear
structure is present.

But one can state that there is large difference in the fine structure for the thin
film on the grid and on the Cu-2%Ni. Perhaps more could be learned about this
fine structure in a future experiment. The grid lines though, still showed a very
regular structure from which a measurement of the deformation could be carried
out.

3.5 Correlation between grain boundary structure and
diffusional creep
Comments to the presentation of the results

A total of 131 boundaries listed in tables 5 and 6 were characterised with EBSP to
calculate their misorientations. All boundaries were recognisable in micrographs
though some were more useful than others when making a correlation of misori-
entation and deformation. As mentioned in sect. 3.3 a full determination, with a
decomposition into D<j and D s , was only possible for boundaries at a rim of the
specimen because the boundary plane should be fully visible as in fig 40. These
boundaries amounted to a number of 17. For some of these the deformation could
not be quantified for reasons of strong curvature of boundary, partly missing grid,
or poor accuracy in misorientation determination. Among the non-quantifiable
boundaries only those at a rim which were manufactured by grinding/polishing
suffered from the two latter shortcomings. All in all 11 boundaries were quan-
tifiable with respect to a decomposition of D and they are listed in table 7. A
second limitation, no matter the orientation of a boundary, was for some the size
compared with the mesh size of the grid. For a size below w 20 fim for the bo-
undary trace, the x,i/-component of D could not be measured by means of the
grid. Such boundaries are denoted segments in the text with reference to their
size. An example of a segment is seen in fig. 51. The 120 boundaries other than
the 11 quantifiable bears, though they cannot be observed fully, information as it
is straightforward to distinguish whether deformation has taken place or not. A
boundary which takes part in the deformation is termed active contrary to ina-

76 Ris0-R-1O47(EN)



• . \ !

Data type
Z range

Height
50.0 nM

1 0 . 0 }SM 0
Data type
2 range

Phase
18.6 de

1 0 . 0 jJM

Figure 48. Top, left: COMP-image of boundary 64. Top, right: SEI-image of the section in the COMP-image.
The grid is barely seen. A cross of grid lines is lying on the deposition zone. Bottom, left: height-image, .
The height scaling has enhanced the features on the surface of the lower grain, while the zone has "drowned"
with this scaling. Several scrates is seen below the grid line. Bottom, right: phase-image. Broad black and
white lines are seen following the zone direction as for boundary 64.

ctive. The inactive boundaries are shown in table 5 and the active in table 6. In
the tables a characterisation of each boundary is given according to whether it
is special, general or low-angle as defined in sect. 1.2. For the special boundaries
the E-value along with the calculated Brandon criterion fraction is stated, see
sect. 1.2. For the general boundaries (defined as Brandon criterion fraction > 1)
the nearest special boundary is stated along with S and the Brandon criterion
fraction < 2. There is no physical background to the value of 2. It is only to in-
clude those boundaries with the Brandon criterion fraction just above 1 which for

Ris0-R-1O47(EN) 77



i
; v > '. ;•• : V

Figure 49. Left: derivative-image, 10 x 10 \im. Right Height-image, 5 x 5 /tm. A fine cellular structure is

seen which is discontinous across the grid.

Figure 50. The deformation zone of boundary 68 recorded with AFM (topographic

image).
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Figure 51. Micrograph showing a segment (boundary 57) not adequate for a defor-
mation measurement with the aid of the grid. Nevertheless it is possible to observe
that it was active in the deformation process.

reasons of measurement inaccuracies are uncertain to classify with the demanded
precision. The numbering in the tables 5 and 6 is used in the micrographs and
throughout the text. The numbering in table 7 is the same as in tables 5 and 6.

Limitations in correlating grain boundaries and deformation

The ultimate correlation to make is between grain boundary dislocation content
and deformation D and stress direction. This would give an experimental feedback
to the theories of diffusional creep considering the grain boundary structure in ref.
[36], [41], [69]. These theories are stated in sect. 1.4 and one can think of a case
to study on the background of experimental results as e.g. the configurations in
fig. 11. It is unfortunately not possible to achieve, in a creep experiment like the
present. The grain boundary dislocations should be found from a TEM-specimen
observation of the boundary followed by a procedure described in e.g. ref. [9]. Such
a procedure was not followed. This is because of the practical difficulty in preparing
a TEM-specimen specific for a boundary for which D has been measured. Also,
there are no candidates among the 11 boundaries found for which the secondary
grain boundary dislocations would be observable. They would be too closely spaced
as predicted with reference to their large deviations from exact CSL-orientations.
Many of the correlations to D will be made between grain boundary character in
terms of broader considerations such as "special" or "general" in the following.
This approach is the second-best thing to do and valuable information can be
extracted.

The valuable information of activity or inactivity is a starting point for a cor-
relation between grain boundary character and deformation. For this reason the
boundaries are divided according to their activity into the two tables. The crite-
rion of activity is also, for many reasons, as far as one can get with this experiment
when trying to correlate the deformation-magnitudes to the boundary structure.
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This is so firstly because the stress tensor for two, in every respect structural iden-
tical boundaries, is different when they are situated differently to the stress axis.
They are therefore expected to deform differently athough that they are identical.
The determination of N was only limited to a number of 11 boundaries which is a
statistically small data set. As variations in stress exist it is hard to justify corre-
lations between deformation magnitude and boundary structure. For this reason
also, an achievement of a specific result such as a combined " S-value/Brandon
criterion fraction-value" dividing the active from the inactive boundaries is also
troublesome. A comparison could be done if a larger data set with better statistical
significance was available. This is done exclusively for the set of 39 twin bounda-
ries measured and some general trends could be drawn, see later in this section.
Secondly, differences in grain sizes exist in the polycrystalline material. This has
an impact on diffusion distances to and from two otherwise identical boundaries
which affects their flux of vacancies/atoms. That this must be considered is qua-
litatively seen for pt25: there is a tendency for the smaller grains to have their
surrounding boundaries associated with a large magnitude of the deformation zone
than have the larger grains, see fig. 52. This feature can besides the inconvenience
it represents, be taken as evidence that the diffusion path between boundaries has
a role in the deformation, thus supporting the dominance of diffusional creep as a
mechanism for the pt25.

Figure 52. Grains seen on the xy-plane tilted 45° to the paper plane. Qualitatively,
the small grain have larger deformation zones.

The different modes of deformation (sliding, material transport) and
migration

The design of the main experiment gives an, until now, unseen opportunity of
dividing the deformation in diffusional creep into the components of grain boun-
dary sliding and material transport. The motivation for the decomposition has
its background in the early models for diffusional creep, refs. [29] and [30], but
also in recent models, ref. [36]. Two central topics in present days discussion of
diffusional creep is affected by the results presented in this thesis: the proposed
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rebuttal of "evidence" for diffusional creep, refs. [38], [39] and [40] and the obser-
vation of denuded zones formed during diffusional creep. This subsection adds to
the discussion of these topics.

The focus will be on the boundaries for which a full determination of the defor-
mation could be made, see table 7, resulting in a decomposition of the deformation
D into glide, D9 and deposition, D^ (see sect. 3.3). This part of the full data set
of 131 boundaries represents valuable information when determining which mode
of deformation has taken place at a boundary - e.g. glide, deposition of atoms or
both. By observing the deformation zones of the full data set it is qualitatively
clear that the deformation is a combination of the different modes with boundary
migration intertwined. This relies on observations of boundaries with grid seg-
ments on the zone and some without, indicating that the proportion of the modes
varies, see e.g. figs. 37 and 39. It is indeed also what is measured in a full deter-
mination of 11 boundaries presented in table 7 and these measurements will be
summarised in the following. 5 boundaries terminated on the original zx-p\a,ne and
had all been in tension, while 6 boundaries were made visible in the yz-plane by
grinding/polishing and were all, except two, in a neutral stress state, being nearly
aligned to the applied stress direction. The remaining two boundaries, 91 and 34,
were in an intermediate stress situation. The 5 boundaries in tension all showed
deposition of material which is one of the theoretical fundamental predictions of
the diffusional creep theory thereby constituting a corroboration contrary to the
rebuttal, refs. [38], [39] and [40] proposed by Ruano and co-workers. Of the 4 bo-
undaries nearly aligned to the applied stress direction 1, namely 26 was inactive.
The 3 boundaries left which had a measurable D-vector are the boundaries 105,
122 and 40. Surprisingly both 105 and 122 showed deposition. It is probably a
freak accident that not all three boundaries show removal of material as expected
by theory. It is certainly a matter of future work to examine the frequency for this
feature of boundaries nearly aligned to the applied stress direction. At present it
does not seem valid to discuss the result on the background of the limited amount
of data. Left is there to say that one boundary was found where material removal
had taken place, namely 1.8 [im for 122.

The rigid partition of boundaries into actives and inactives hides a feature of
the deformation which clearly shows that differences among boundaries exists
concerning deformation mode. Consider fig. 53. The segment 117 has a markedly
different way of deforming from that of the adjacent boundary 42. As a twin is
visible and associated with the termination of 117 the orientation of the boundary
plane of both 42 and 117 is taken as identical with respect to the stress axis, i.e.
they have the same stress tensor associated with them. Therefore the qualitatively
observable deformation difference is taken as one associated with the boundary
structure. In this way it is a very direct observation that there is an influence of the
grain boundary structure (though it is not known) on the mode of deformation:
the boundaries 42 and 117 have apparently deformed with different proportions
of sliding, material transport and migration. Several other examples of segments
associated with a twin, adjoined by a different boundary, were found. For 42 and
117 it is interesting that both are characterised as general boundaries, indicating
that they have an intrinsic structure which causes a difference in deformation
mode. From the tables, the pairs: 96/45 and 79/107 are examples analogous to
the case for 42 and 117.

There are indications that the boundaries migrate during material transport and
sliding. This is reflected in the observation of non-broken grid on some deformation
zones where deposition has taken place. This has consequences for the observation
of denuded zones in particle containing materials. As is stated by Horsewell, ref.
[45], that to preserve the particle/matrix interface the particle must migrate with
the boundary. This means that for sliding, with migration as a consequence, the
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particle will follow the boundary and thereby create a denuded zone. Denuded
zones are taken solely as an indication of material deposition in much of the
literature on diffusional creep, but this leads to erroneous conclusions.

Figure 53. Top: region where a segment 117 associated with a twin has defor-
med differently than the adjacent boundary 42. Bottom: the segment in a larger
magnification.
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Activity of twin boundaries

It was found that £3 boundaries below a certain limit of the Brandon criterion
fraction were inactive. The activity is complex and depends on many parameters.
One of them is predicted to be related to the grain boundary structure through
the action of grain boundary dislocations acting as sinks and sources, see sect. 1.2.
From this description a boundary close to a special (low-energy configuration) has
few dislocations and will be nearly inactive. Another aspect of boundaries having
a dislocation structure is the prediction of a threshold stress described in sect. 1.5
with reference to the work done by King and Smith, ref. [22]. The observation
of the non-active/active transition for the set of the 39 twin boundaries will now
be described and discussed with reference to the two aspects of a grain boundary
dislocations mentioned above.

39 twins were observed and are listed in tables 5 and 6. 28 were inactive and
11 were active. The interval for which the transition from inactivity to activity
occurs is given by the Brandon criterion fraction. This is 0.10 — 0.15 taken as
the lowest value among the active boundaries and the highest among the inactive
boundaries and 7 twins were in this interval. As stated in the beginning of this
subsection the activity (and the deformation) is dependent on e.g. the magnitude
of the resolved stress acting on the boundary. The variation of resolved stress could
not quantitatively be taken into account for the boundaries. It is not possible to
determine the resolved stress, as the plane position is not available, except for
two boundaries both in the transition interval for activity: 26 (Brandon criterion
fraction 0.10) which is inactive and almost fully aligned with the stress direction
and 34 (Brandon criterion fraction 0.14) which is in an intermediate stress state
and active. These two observations led to the suspicion that deviation in structure
has a great influence on activity irresi ective of the stress state. Another argument
focusing on the effect of boundary structure is the observation of the relatively
small interval of misorientations which represents the transition interval among
the 7 boundaries. The interval is actually comparable with the interval expected
due to measurement uncertainties of misorientations. The uncertainty in the mis-
orientation measurement of ±0.2° amounts to a uncertainty in Brandon criterion
fraction for E3 of ±0.023.

Another special boundary namely the £9 grain boundary showed a transition,
though the data for £9 were more sparse: two were found to be inactive with
Brandon criterion fractions of 0.13 and 0.15 and two were active with 0.31 and
0.73. The relevant parameter to extract from the measured values of the deviation
from the exact CSL for both £9 and £3 is the corresponding dislocation spacing d.
This can be used in a comparison of predictions of threshold stress and sink/source
efficiency from theory. The dislocation distance was calculated as d = |b|/0, where
b is the Burgers vector and <fr is the angle of deviation from the exact CSL. This
is the case for d between screw dislocations. The calculations are seen in table 4.

Taking the mean of the Brandon criterion fraction for the 7 S3 boundaries in
the transition interval gives 0.12 resulting in a transition dislocation spacing of
ss 10 nm. The results for the E9-boundaries is only used as a guide and gives a
transition dislocation spacing of more than ss 4 nm and probably around 8 nm.
The result is now discussed in the context of the proposed threshold stress related
to the dislocation spacing, ref. [22].

King and Smith find that a threshold stress will occur for an array of equispaced
dislocations with distance d. They also find that the threshold stress is nearly
independent of the Burgers vector. From their calculations one can anticipate
the critical value of d for which below d the stress is higher than the maximum
(applied) stress. It is « 10 nm. For a selected non-equispaced array they find
a value of approximately half of the above. The value found on the basis of the
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Table 4- Calculated dislocation distances d, for selected boundaries. For each Brandon criterion fraction a
calculation is carried out for each possible DSC-basal vector. The DSC-basal vectors are taken from ref. [9]
a is taken as 0.3615 nm.

CSL
S3 0.10 d= |f < 111 > |/0.87o = 13.7(11.1 - 18.4) nm d = |f < 211 > |/0.87° = 9.8(7.9 - 12.7) nm

0.12 d = |f < 111 > |/1.04o = 11.6(9.8 - 14.1) nm d = jf < 211 > j/1.04° = 8.1(6.8 - 10.0) nm
0.15 d = | | < 111 > |/1.30o = 9.2(7.9- 10.9) nm d = |f < 211 > |/1.30° =6.5(5.7-7.6) nm

S9 0.15 d= \f- < 721 > |/0.75o = 11.3(8.9-15.6) nm d = |f < 221 > |/0.75° = 9.2(7.2 - 12.6) nm
d = |f| < 411 > |/0.75° = 6.5(5.1 - 8.9) nm

0.31 d = | ^ < 721 > |/1.55O = 5.5(4.9 - 6.4) nm d = |f < 221 > j/1.550 = 4.4(3.8 - 5.1) nm
d = \f- < 411 > |/0.75° = 3.1(2.4 - 4.2) nm

experimental data for the twins for the present thesis is « 10 nm. But this is a value
for which above no activity occurs. The effect of the mutual interactions among the
dislocations in the array calculated by King and Smith giving the threshold finds
no evidence with the data presented here. One can with loose arguments contest
the notion af a grain boundary as an array of dislocations when the focus is on
their elastic fields. The individuality of the fields from isolated dislocations tends
perhaps to cease at distances much shorter in a real grain boundary compared
to the array put forward in ref. [22]. One can question if short-range stress-fields
from a grain boundary dislocation is well described by the stress-fields from bulk
elasticity theory.

Structural correlations

In a search for an explanation of the role grain boundary dislocations play in
diffusional creep the theories from, ref. [36] described in sect. 1.4 are used as a
reference. The outcome of the experimental part of the present work is a test to
the predictions by these theories. The focus will be on the composite deforma-
tion quantified as measurable D^ and D9 vectors and a comparison to theory.
As mentioned in sect. 1.4 the grain boundary dislocations are thought to bring
about the deformation by movement in the boundary. The displacement of the
two grains to each other (the deformation) caused by this movement is X^injkj,
where n* is the number of the moving dislocations. The sum can be decomposed
into Ylinibi,g and £\rijb;)C which on theoretical grounds are to be calculated
and compared to D9 and Dc . £ \ mhitg is the sum over active dislocations leading
to glide (movement in the plane), and Ylinibi,c 1S the sum for active dislocations
leading to climb (movement perpendicular to the plane). The individual grain bo-
undary dislocations are as mentioned unknown. Nevertheless a certain amount of
insight can be gained when using Frank's equation 10, to determine the total Bur-
gers vector B for a specific misorientation. Such a calculation can be carried out
on a theoretical sound basis for boundaries within the Brandon criterion fraction
limit (CSL-boundaries) for the secondary grain boundary dislocation network.
There are several candidates for this type of calculation among the 11 boundaries
measured. An outlining of a calculation will now be described for boundary 35.
This boundary is close to being the asymmetrical tilt grain boundary:

6,u : 60° < 111 > Ni : {100} N2 : {221} or eqivalently: (26)

6,u: 131.8°[T02] Ni : (0T0) N2 : (22l) (27)

The actual boundary 35 is:

<9,u: 128.8° [0.9758,0.0320,2.0116] (28)
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Ni : (0.0482,0.9977,0.0477) N2 : (1.995,2.024,0.9606)

This boundary will in the following be given a treatment following each of two
routes based on different main assumptions. These two assumptions gives rise to a
different approach for the calculation. The first assumption is that the whole net-
work moves collectively during diffusional creep (i.e. all secondary grain boundary
dislocations are active). The second assumption is that only part of the network
moves.

Case 1: collective movement of the secondary grain boundary disloca-
tions

This idea has some physical relevance, as the boundary structure supposedly does
not change during deformation. It is straightforward to make the calculation as
no knowledge is required of which of the specific dislocations in the boundary are
active. Frank's equation shall be used on the secondary grain boundary dislocation
network. That implies that it is the part-misorientation q, cf> that accounts for the
closure failure with reference to the DSC-lattice. For Frank's equation:

B = 2sin(</>/2)(xxq) (29)

the following parameters were found for 35, all expressed with reference to grain
2:

0,q: 3.6°[0.1755,0.4427,0.8793], (q 4° from [135]) (30)

The valid vector x, ref. [70], to use in Frank's equation was a vector in the plane
perpendicular to both q and N2. This was found to be:

x = q x N2 = [0.1627,0.9826,0.0893] (31)

When using Frank's equation in this way one must take into account that the
dislocation content is not uniquely determined. It can be imagined that the boun-
dary consists of a pure tilt and pure twist part (as does any grain boundary). The
direction of the twist part is not determined, only its magnitude. This can be fo-
und by projection of B onto the boundary plane and is termed |B|||. Similarly the
magnitude of the tilt part |Bj_| can be found by projection onto N2. The relevant
parameter to draw from the calculation is therefore the fraction: |B|||/|Bx|. This
is to be compared with |DS|/|D</|. The result from using Frank's equation was:

B = x x q = [0.8295,0.1852,0.5270] expressed in x,y,z (32)

The comparison with the deposition vector gives the result:

|B|||/|Bj.| = 0.1579/0.9875 = 0.16 |D s | / |Dd | = 5.02/1.76 = 2.85 (33)

It certainly does not seem to be the case that the dislocation network has moved

collectively for the present boundary.

Case 2: individual movement of the secondary grain boundary disloca-
tions

Another assumption made about the dynamics of the grain boundary dislocations
is that not all dislocations are active in the deformation and are relevant for the
observed D. With this assumption some knowledge about the individual disloca-
tions is required. It is as mentioned not possible from this specimen to determine
the individual dislocations. It is however relatively easy to try out a few calcu-
lations made with the basal DSC-vectors. These are given with reference to the
misorientation and can be found from the misorientation matrix as explained in
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ref. [9]. For the specific case of a S3 boundary the calculation for the DSC basal
vectors is provided in ref. [9] with the result:

bx = |[111] b2 = g[2TT] b3 = [T2T] (34)

The indexing is given with reference to grain 2. This solution set does not fulfill
the requirement of nodal balance of bj = bj + b/t but is used in the calculation
from the point of view that one of the DSC-vectors could give a meaningful result
anyway. E.g. for the case of a coherent twin two of the actual Burgers vectors were
found to be two of the above basal vectors, ref. [9]. It is anyway not possible with
any argumentation to create a set for which nodal balance is fulfilled so one has
to rely on that at least one of the bj's in eqn. 34 is not the appropriate. For the
equivalent description associated with the indexing in eqn. 34 the misorientation
is close to 60° [TTT] Ni = [0T0] N2 = [221] giving the misorientation matrix M'.
The transformation from the original misorientation in eqn 28 is:

M' = U2" 'MUi : (35)

(36)
1
2
2

2
2
1

2 AI
2 /

/ °0
V i

0
T
0

1
0
0

The deformation vector D expressed with reference to grain 2 is 9° from [021] in
the description of eqn. 28. This does not resemble any of the 3 basal vectors. This
implies that D does not correlate to any isolated bj. To estimate the forces from
the applied stress on the three basal vectors the parameter a-bj is calculated. The
relative forces can be judged from this parameter as Fj = <7-N2°jo-|

? is the force on
a dislocation with Burgers vector bj. It gives the result that Fi : F2 : F 3 » 0.42 :
0.19 : 0.07. This gives the idea that bi and b2 are active, but they do not sum up to
D. To conclude: none of the suggested DSC-vectors results in a value comparable
to D. There is of course still the possibility that the real DSC-vectors for the
boundary are completely different from the suggested and the above correlation
does therefore not make sense. Another possibillity comes with the suggestion
that run-in dislocations (extrinsic) are disturbing the geometrical necessary grain
boundary dislocations accommodating the misorientation and results in a non-
native arrangement for the boundary. As stated by King and Smith, with reference
to the case of threshold stress, in ref. [22]: "...dislocations which run into grain
boundaries during transient creep at the beginning of a creep test may play an
important role in determining the threshold stress which applies for diffusional
creep thereafter."

3.6 Grain boundaries and helium bubble formation
In this subsection the results of grain boundary characterisations in helium im-
planted copper is outlined. This work is to be published, ref. [20]. The corre-
spondance of this work to the present thesis is within such phenomena as grain
boundary characterisation, and especially the differencies among boundaries con-
cerning source/sink behaviour. These topics will be described in the case for helium
implanted copper.

When irradiating a copper sample with an oparticle beam (of 104 MeV in
this case), helium is formed in the bulk. The helium diffuses and nucleates to form
bubbles as helium is insoluble in copper. Singh, Eldrup and Moslang had observed
that bubble denuded zones were formed during irradiation and that bubble sizes
and density varied from boundary to boundary, ref. [71]. In terms of sink/source
efficiency it means that the presence of denuded zone is associated with the bo-
undary acting as an effective sink for helium during the vacancy-assisted helium
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Figure 54- TEM-migrograph of pt25. Grain boundary dislocations seem to have
bowed out under the influence of the applied stress

diffusion. A micrograph showing bubble denudation at a boundary is seen in fig. 55,
left. The observed differences were suggested to be related to the structure of the
grain boundaries. The magnitude of the He flux reaching the grain boundaries
did not vary much from boundary to boundary, ref. [72]. On the other hand,
some boundaries were also observed with no bubbles present and not associated
with a denuded zone, see fig 55. A characterisation of 52 boundaries were carried
out in terms of misorientation, bubble size and bubble denuded zone width. The
misorientations were determined with the method described in sect. 2.11.

When making correlations to the grain boundary structure the discussion is fo-
cused seperately on bubble size in the boundary and the phenomenon of denuded
zones. This is a natural consequence of the two phenomena reflecting two different
physical explanations: the bubble size (and distribution) differences from boun-
dary to boundary is associated with differences in grain boundary diffusion rates.
The denuded zone differences is associated with differences in sink/source abillity.
The topic of sink/source abillity is focused upon in this outlining of the results
as it is relevant for the boundaries behaviour during Nabarro-Herring creep. The
boundaries were described with the CSL-theory. A differentiation into 2 classes
could be made refering to their denuded zone width. One class showed no denuda-
tion, which were the twin boundaries with a Brandon fraction criterion less than
RS 0.22, (a total of 19). The other class were twins with a Brandon fraction criterion
larger than « 0.62 and all other near-CSL-boundaries (a total of 12) and the ge-
neral boundaries (a total of 21). There was a tendency of a smaller denuded zone
widths for near-CSL orientations compared to the general orientations. Among
the general boundaries there was a large spread in denuded zone widths, some
with quite small widths. It can be taken as reflecting differences with respect to
sink-efficiency, and therefore also structural differencies. Is is obvious to compare
the conclusions from the work with helium implanted copper to the results from
the crept material. This comparison can be made of the activity of the boundaries
during creep with denuded zone formation, with reference to the structure. As
mentioned above the direct comparison of activity to grain boundary structure is
obstructed by e.g. the variation in resolved stress. For the case of denudation in
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Figure 55. TEM-micrograph of helium implanted copper showing helium bubble
formation. Bubble denuded zones are seen at the £3 (0.84) and the general grain
boundary, but not at the E3 (0.09).

the helium implanted copper it is thought to be more directly related to structure,
though some variation may be present depending on grain orientation, ref. [73].
But for the case of denuded zone measurements the uncertainties are relatively
high: Qualitatively, it is easier to determine if a grain boundary is active in diffu-
sional creep than to determine if a denuded zone is present in the helium implanted
copper. In an broad description of the comparison the two results are similar: both
show that twins below a certain limit of deviation from the exact £3-orientation
are passive. Also, both experiments show that large differences among the class of
general grain boundaries exists. There is though a descrepancy in the limit found
for the twins seperating passives and actives which is quite large. The limit found
for activity is more permissive during diffusional creep than for the sink efficiency
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for helium. When comparing the creep experiment results with the results from ir-
radiation of copper, one must bear in mind that they are not directly comparable.
In the crept material it the diffusion of vacancies to boundaries which is relevant,
and for irradiated copper it is the vacancy-assisted diffusion of helium. Some pos-
sible explanations could nevertheless be relevant and are stated below. A possible
explanation could be an interference on the boundary from extrinsic dislocations
during creep - a feature which is not present during helium implantation in the
well-annealed copper. Another feature is that the twin boundaries lacking a de-
nuded zone actually has some activity as a few bubbles have nucleated at steps
seen in TEM-micrographs. The activity along such a boundary is thus not totally
homogenous and some part-denudation local to steps have also been observed.
If this feature is transferred to the case of diffusional creep it could implement
some deformation. A third explanation is that the presence of nickel in the crept
specimen is perturbing the boundary structure as compared to the case of pure
copper. In fact, any impurity could do this and the copper-nickel creep specimen
is probably not as pure as the copper specimen used in the helium implantation.

3.7 Suggestions for further research
Listed below are topics to consider when examing the creep specimen pt25 further
and also suggestions for other creep experiments.

• The grain boundaries which are in the transition interval between being active
and inactive are interesting to study. An experiment which could make it
possible to apply different stresses on the specimen and observe the activity
as a function of stress would be valuable concerning threshold stresses for
activity.

• The preparation of a TEM-sample of a crept specimen could provide the ne-
cessary information of which grain boundary dislocations were present in a
specific boundary. If it also was possible to measure the deformation vector
D for this boundary a correlation could be made between structure and de-
formation.

• Observations of the sub-microstructure of the deposition zone could perhaps
give more insight into the relation between glide, material transport and mi-
gration.

• The deposition of material at grain boundaries with an orientation nearly
parallel to the stress direction has been observed, and this is not fully under-
stood. More observations of the deformation for these grain boundaries would
therefore be valuable.

Ris0-R-1O47(EN) 89



Brandon criterion fraction. \xa\ is the angle between
i the x-axis, see fig 30. N is given

No.

1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21 .
22.
23.
24.
25.
26.

27.
28.
29.
30.
31 .

Misorientation
9n
59.8 0.584 0.577 0.571
59.5 0.581 0.577 0.574
59.9 0.583 0.580 0.569
59.7 0.584 0.575 0.573
59.5 0.582 0.575 0.575
59.9 0.583 0.578 0.570
59.8 0.580 0.578 0.574
59.7 0.579 0.577 0.576
59.8 0.583 0.578 0.571
59.7 0.583 0.582 0.567
59.8 0.579 0.579 0.574
59.7 0.578 0.577 0.577
59.4 0.583 0 579 0.570
59.8 0.586 0.579 0.567
59.2 0.582 0.577 0.574
59.2 0.584 0.576 0.572
59.5 0.585 0.580 0.567
59.3 0.587 0.579 0.566
59.4 0.585 0.581 0.566
59.1 0.581 0.580 0.572
59.2 0.582 0.581 0.569
59.4 0.586 0.580 0.566
59.1 0.586 0.576 0.569
59.9 0.590 0.578 0.564
59.3 0.592 0.571 0.569
59.9 0.594 0.571 0.567
TV - 1 1 ° fT i 1 \ "M • 1 1 ° (1 1 T>

IN i. i i ^ 111 j IN2• i i (.in,

59.7 0.595 0.574 0.562
58.5 0.601 0.569 0.561
38.9 0.719 0.695 0.003
39.3 0.708 0.706 0.010
38.7 0.711 0.703 0.019

in {xyz)

Characterisation

3, 0.02
3, 0.02
3, 0.03
3, 0.03
3, 0.03
3, 0.03
3, 0.03
3, 0.03
3, 0.03
3, 0.04
3, 0.04
3, 0.04
3, 0.05
3, 0.06
3, 0.06
3, 0.07
3, 0.07
3, 0.08
3, 0.08
3, 0.08
3, 0.08
3, 0.08
3, 0.09
3, 0.09
3, 0.10
3, 0.10

1
I

3, 0.12
3, 0.15
9,0.13
9, 0.13
9, 0.15

the grain boundary tr

\Xa\ or N

49
50
10
34
40
42
89
38

24
72
35
68

1
68
71
18
10
85
4

80
50

5
73
6

(0.09, 0.99,-0.09)

83
9

83
5
8
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Table 6. Active boundaries. The "Characterisation" is stated as: (1) the H-value
and the Brandon criterion fraction for special boundaries or (2) "Low-angle" or
(3) "General" and the nearest T,-value and the Brandon criterion fraction . \xa\ is
the angle between the grain boundary trace and the x-axis, see fig. 30. N is given
in {xyz)

No.

32.
33.
34.

35.

36.
37.
38.
39.
40.

Misorientation
6VL

59.2 0.587 0.582 0.562
59.1 0.589 0.585 0.558
58.9 0.590 0.586 0.555
Ni: 12°(TlT) N2: 3°(TTT)
56.9 0.604 0.565 0.562
Nj: 4°(010) N2: 1°(221)
57.1 0.625 0.568 0.536
53.1 0.625 0.582 0.520
54.6 0.681 0.551 0.483
60.0 0.680 0.588 0.437
55.3 0.656 0.615 0.438

Characterisation

3, 0.10
3, 0.14
3, 0.14

3, 0.31

3, 0.42
3, 0.74
3, 0.88
3, 0.93
3, 0.94

\Xa\ or N

1
70

(.54, .45.-.71)

(-.89, .18, .41)

44
70
73
59

(-.43,-.90,-.03)
Nj: 2°(533) N2: 2°(254)

41. 57.1 0.673 0.603 0.427
Ni: 3°(755) N2: 4°(04T)

42. 54.6 0.675 0.587 0.446
43. 32.7 0.996 0.092 0.002
44. 39.1 0.979 0.155 0.129
45. 40.7 0.995 0.102 0.020
46. 33.4 0.619 0.584 0.525
47. 38.1 0.710 0.703 0.045
48. 35.4 0.718 0.692 0.076
49. 51.2 0.733 0.678 0.050
50. 30.6 0.661 0.591 0.463
51. 46.5 0.872 0.488 0.049
52. 47.4 0.589 0.588 0.554

N i : 3°(432) N2: 4° (243)
53. 47.5 0.690 0.657 0.303
54. 45.1 0.680 0.632 0.371
55. 41.9 0.932 0.363 0.002
56. 40.4 0.902 0.431 0.012
57. 52.6 0.667 0.647 0.370
58. 50.8 0.668 0.654 0.356
59. 54.5 0.676 0.638 0.369
60. 50.7 0.653 0.624 0.429
61. 57.3 0.706 0.693 0.146

Ni: 6°(130) N2: 7° (132)
62. 43.4 0.645 0.640 0.419
63. 43.8 0.655 0.633 0.413
64. 45.3 0.783 0.582 0.220

N i : 6°(22T) N2: 3°(22T)
65. 9.5 0.780 0.543 0.311
66. 9.6 0.763 0.614 0.203
67. 2.0 0.872 0.459 0.172

3, 0.98 3, .23)

3, 0.99
5, 0.62
5, 0.91
5..0.66
7, 0.76
9, 0.31
9, 0.73

11, 0.54
13b, 0.92

15, 0.72
19b, 0.34

29b, 0.55
29b, 0.77
37b, 0.78
41b, 0.29
45c, 0.81
45c, 0.95
45c, 0.95
49c, 0.70
55c, 0.20

83c, 0.34
83c, 0.63
85e, 0.66

Low-angle
Low-angle
Low-angle

45
60
18
87
62

78,62
82
44
47
47

(-.11.-.93, .34)

10
24
58
29

33 (curved)
39
46

(-.44,-.90,-.03)

32
28 (curved)

(-.92, .10,-.37)

19
86
49
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Table 6. Active boundaries., continued

No.

68.
69.
70.
71.
72.
73.
74.
75.

76.
77.
78.
79.
80.
81 .
82.
83.
84.
85.
86.
87.
88.
89.
90.
91 .

92.
93.
94.
95.
96.
97.
98.
99.

100.
101.
102.
103.
104.
105.

106.
107.
108.

Misorientation
<9u
55.9
55.0
54.5
60.3
55.3
49.5
49.0
47.1
N i :

48.1
52.3
54.4
44.3
40.3
41.6
39.7
38.3
33.1
38.0
38.2
53.8
49.8
54.9
56.0
53.6
N i :

28.9
19.9
21.3
46.5
45.3
48.0
56.7
58.2
27.7
20.8
23.2
42.2
48.8
42.2
N, :
43.0
42.9
16.2

0.678
0.732
0.734
0.711
0.677
0.691
0.711
0.682

0.612
0.488
0.487
0.573
0.625
0.551
0.510
0.519

3° (162) N 2 :
0.723
0.748
0.797
0.649
0.676
0.652
0.812
0.822
0.797
0.785
0.733
0.758
0.776
0.712
0.751
0.792

0.527
0.555
0.502
0.591
0.616
0.647
0.582
0.566
0.581
0.558
0.656
0.646
0.623
0.690
0.646
0.590

14° (141) N2

0.791
0.928
0.918
0.870
0.881
0.922
0.736
0.690
0.780
0.690
0.795
0.800
0.793
0.817

0.529
0.372
0.333
0.485
0.461
0.372
0.619
0.678
0.604
0.652
0.446
0.487
0.478
0.511

3°(432) N 2 :
0.741
0.866
0.931

0.475
0.429
0.300

0.407
0.475
0.474
0.407
0.390
0.469
0.483
0.515
2°(54T)
0.447
0.364
0.336
0.478
0.405
0.395
0.054
0.063
0.167
0.268
0.179
0.093
0.098
0.130
0.139
0.160
,: 12° (043)
0.307
0.036
0.214
0.088
0.106
0.108
0.275
0.253
0.161
0.315
0.411
0.351
0.377
0.267
4°(130)
0.474
0.257
0.209

Characterisation

General 3, 1.10
General 3, 1.12
General 3, 1.14
General 3, 1.16
General 3, 1.19
General 3, 1.20
General 3, 1.31
General 3, 1.34

General 3, 1.46
General 3, 1.54
General 3, 1.80
General 7, 1.06
General 7, 1.14
General 7,.1.26
General 9, 1.09
General 9, 1.19
General 9, 1.60
General 9, 1.80
General 9,. 1.04

General 11, 1.21
General 11, 1.22
General 11, 1.42
General 11, 1.72
General 11,1.90

General 13b, 1.90
General 13a, 1.60
General 13a, 1.68
General 15, 1.02
General 15, 1.18
General 15, 1.18

General 17b, 1.60
General 17b, 1.54
General 19a, 1.30
General 21a, 1.50
General 21a, 1.68
General 21b,1.12

General 21b, 1.40
General 21b, 1.68

General 21b, 1.70
General 23, 1.58

General 25a, 1.58

1

17-39

55

(-.61,
(.98,

25/22

(-.42,

5

86

(-11,-

Xol or N

(curved)
78

(curved)
27
82

46/76
-.79.-.06)
-.11,-.17)

62
66
15
59

(curved)
23
79
3
3

59
0/30

87
32

7
1

.79, .40)

(curved)
10
11

(curved)
88
10
10
67
77
5

56
80
63

-.93, .34)

15
63

7
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Table 6. Active boundaries., continued

No.

109.

110.
111.
112.
113.
114.
115.
116.

117.
118.
119.
120.

121.
122.

123.
124.
125.
126.
127.
128.
129.
130.
131.

Misorientation
<9u
48.8
N i :
43.3
16.6
58.4
19.5
35.3
30.1
44.4
N i :
40.7
46.4
12.4
27.4
N, :
28.6
25.6
N i :

24.8
39.2
37.2
49.5
17.2
49.7
18.5
19.6
18.3

0.714 0.676
3° (764) N2 :
0.745 0.593
0.665 0.664
0.706 0.705
0.815 0.534
0.759 0.507
0.831 0.457
0.748 0.636
5° (314) N2 :
0.747 0.614
0.792 0.563
0.767 0.521
0.929 0.325
ll°(TlT) N2

0.931 0.335
0.844 0.447
5°(412) N 2 :
0.830 0.402
0.688 0.636
0.723 0.627
0.680 0.592
0.779 0.608
0.818 0.553
0.933 0.273
0.858 0.473
0.846 0.471

0.184
2°(610)
0.306
0.342
0.063
0.226
0.409
0.317
0.187
8°(02T)
0.255
0.239
0.374
0.179
.: 7°(TlT)
0.147
0.295
6° (301)
0.386
0.350
0.289
0.432
0.155
0.159
0.235
0.203
0.250

Characterisation

General

General
General
General
General
General
General
General

General
General
General
General

General
General

General
General
General
General
General

General

25b,

29b,
31a,
33c,
33a,
35a,
35a,
35b,

35b,
39b,
43a,
45a,

45a,
45a,

45a,
45b,
45b,
49a,

1.03

1.46
1.31
1.14
1.84
1.20
1.57
1.25

1.41
1.39
1.68
1.18

1.50
1.81

1.97
1.02
1.08
1.15

51a,1.72
51c, 1.06
General
General
General

\Xa\ orN

(.04, .93, -.35)

128/143
71
51
34
45
42

(-.92,.30,.25)

45
(.98.-.11.-.17)

37
(-.02, .96,-.27)

2
(.08, .88, .46)

4
82
49
39
74

10/44
87
11
14
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Table 7. Boundaries with a full determination of misorientation and deformation.
The "Characterisation" is stated as: (1) the H-value and the Brandon criterion
fraction for special boundaries or (2) "General" and the nearest T,-value and the
Brandon criterion fraction. The plane normals are not given with the same crystal-
lographic description as (0,u). Deformation vectors are given in fim.

No. Misorientation

Characterisation

N ±|Dd | Bd

26.

34.

35.

40.

41.

64.

75.

91.

105.

116.

122.

59.9 0.594 0.571 0.567
Ni: ll°(Tll) N2: ll°(llT)
3,0.10
58.9 0.590 0.586 0.555
N i : 12°(TlT) N 2 : 3°(TTT)
3, 0.14
56.9 0.604 0.565 0.562
N i : 4°(010) N2: 1°(221)
3, 0.31
55.3 0.656 0.615 0.438
N,: 2°(533)N2: 2°(254)
3, 0.94
57.1 0.673 0.603 0.427
N,:3°(755) N2: 4°(041)
3, 0.98
45.3 0.783 0.582 0.220
N i : 6°(22T) N2: 3°(22T)
85e, 0.66
47.1 0.682 0.519 0.515
Nj: 3°(T62) N2: 2°(54T)
General 3, 1.34
53.6 0.792 0.590 0.160
N,: 14°(141) N2: 12°(043)
General 11,1.90
42.2 0.817 0.511 0.267
Ni: 3°(432) N2: 4°(130)
General 21b, 1.68
44.4 0.748 0.636 0.187
Nx: 5°(314) N2: 8°(02T)
General 35b, 1.25
25.6 0.844 0.447 0.295
Ni: 5°(412) N2: 6°(301)
General 45a, 1.81

(+0.09,+0.99,-0.09)

(+0.54,+0.45,-0.71)

(+0.89,-0.18,-0.41)

(+0.43,+0.90,+0.03)

(-0.96,-0.13,+0.23)

(+0.92,-0.10,+0.37)

(+0.98,-0.11,-0.17)

(-0.42,+0.79,+0.40)

(+0.11,+0.93,-0.34)

(-0.92,+0.30,+0.25)

(+0.08, +0.88, +0.46)

Inactive
-

Not measurable

+1.8(+1.6,-0.32,-0.72)
5.0(+2.2,+2.5,+3.7)

-1.8(-0.78,-1.6,-0.06)
2.4(-0.23,+0.18,-2.4)

+2.0(-1.9,-0.26,+0.46)
0.8(0.5,-0.34,+2.0)

+4.8(+4.1,-0.43,+1.7)
1.8(-0.40, -0.42, +1.7)

+6.8(+6.7,-0.76,-1.1)
7.7(-1.5,-2.9,-6.9)

+3.0(-1.2,+2.3,+1.2)
6.7(-0.46,-3.2,+5.8)

+3.6(+0.39,+3.3,-1.2)
7.5(+0.08,-2.5,-7.0)

+2.46(-2.3,+0.74,+0.62)
5.5(-1.4,+0.09,-5.3)

+0.8(+0.06,+0.67,+0.35)
4.5(+2.6,-1.9,+3.1)
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4 Conclusions

The main experiment of creeping a polycrystalline metal with an applied grid
on the surface was accomplished. The results from the experiment which was
correlated to a grain boundary charaterisation in terms of misorientation for 131
boundaries, has elucidated the role of the grain boundaries in diffusional creep.
Below are the main conclusions drawn from the results summarised in the most
important headlines.

• Experimental corroboration of the diffusional creep mechanism. A
characterisation of the crept Cu-2%Ni alloy resulted in an overwhelming list
of indications of diffusional creep which are listed here: The deformation,
displayed by the grid is entirely localised to regions near boundaries. The
creep rate is comparable to what is found from a calculation using the classical
Nabarro-Herring equation. The applied stress was below the transition stress
for dislocation creep. Only sporadic tangling of the dislocations in the interior
of the grains were seen in TEM-micrographs.

• Deposition of material at grain boundaries. This fact, strongly indi-
cating the experimental corroboration of diffusional creep, calls for a special
attention. Material deposition on grain boundaries in tension was, by the mea-
suring of the fiducial grid, indisputably found to have taken place. As material
deposition is one of the fundamental and peculiar characteristics predicted by
diffusional creep theory, its occurrence establishes diffusional creep as a creep
mechanism. Furthermore material removal was seen on a boundary nearly
parallel to the stress direction.

• Non-active boundaries vs. active boundaries. Twin boundaries were
found to be inactive with respect to adding to the total deformation, when the
deviation from the exact twin boundary misorientation was below a certain
limit. E9-boundaries were similarly found to be active below a certain limit of
deviation. The deviation can be interpreted according to the CSL-theory in
terms of secondary grain boundary dislocations. This gives the result that the
secondary grain boundary dislocation network for inactive twin boundaries
has an inter-dislocation spacing ^10 nm. The result is not in accordance with
previous calculations for threshold stresses for grain boundaries.

• Differences prevails among general grain boundaries All grain boun-
daries charaterised as general were active in the deformation process. Large
qualitative differences were seen in the way general grain boundaries adds to
the total deformation. Negative grain boundary sliding were seen for a gene-
ral grain boundary indicating structure that can impose a limitation on the
movement.
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A Measurements of grain sizes

Grain size parameters The grain size of a polycrystalline sample is most
commonly characterised by one or more of the three following parameters: E(V),
E(A), and E(l) which is the mean grain volume, mean grain area and mean
linear intercept of the grains, respectively. The standard procedures for measuring
intercept lengths /, and grain areas A, rely on observations of the grains at the
flat surface of a sample. In this way it is a 2-dimensional intercept of the grains
from which E{A) and E{1) relies on. The consequence of this is that a detection
of a large grain is favoured as the possibilty of intercepting a large grain is bigger
than for a small grain. The value of the three parameters also depends on the
distribution of size and shape, so the same value of e.g. E(l) for two specimens
can be a result of two totally different size distributions. As a consequence, there
are no simple relationships between the three parameters and a choice has to be
made of which parameter is the most appropriate. Further information about a
characterisation of the microstructure from grain size measurements can be found
in refs. ref. [75] and [74].

The choice of which of the three parameters E(V), E(A), and E{1) to use relies
on the kind of physical phenomenon to be described where grain size is involved.
For the case of Nabarro-Herring creep the distance between the boundaries in the
sample is best described by the mean linear intercept length.

Procedures for measuring grain size parameters The parameters measu-
red during the work for the present thesis was the mean linear intercept E(l), and
grain areas A. As a starting point the grains were made visible with the techniques
for grinding, polishing and etching described in sect. 2.4. The mean linear inter-
cept E(l), was measured with a system of parallel test lines superimposed on a
SEM, COMP-image of the sample surface. The superimposition was done by the
SEMAFORE software which also allows control of the distance between the lines.
The number TV, of intercepts between the lines and the visible boundaries was
counted and E(l) calculated as E(l) = IT/N, where IT was the total line length.

The grain area A was measured with an optical microscope. The contours of the
intersected grains were drawn manually with the aid of a mouse and when using
the AXIODOC software the areas of the enclosed contours were calculated auto-
matically. E(y/A) was derived from the grain areas A. The measuring procedure
made it possible to make a distribution of y/A as A was measured individually.
Though the procedure for measurement of E(l) could have resulted in a distribu-
tion too this was not calculated and the distributions calculated for the present
thesis is only for ^-measurements.
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B The creep machine

The creep specimens had the dimensions as seen in fig. 56, left. The two heads
in each end were manufactured with sides inclined to vertical. In this way, when
laid in a slot of same dimensions, the specimen would be held in the slot in an
up/down position. The assembling of the specimen holder is seen in fig. 56, right.
Care had to be taken when the specimen mounted in the holder was placed in the
creep furnace. This was to avoid any deflection of the specimen and damage of
the fiducial grid. After creep the specimen was taken out of the holder, again with
care. Troubles arose many times because of the strong attachment the heads of the
specimen had developed to the holder during the high-temperature creep. It was
found most practical to simply saw the heads off by hand with a very thin blade.
The specimen was crept by the free-load method which means that the weight of
a load by the influence of gravity applied the stress. The load was attached with
the use of a holder similar to the specimen holder below the Cu-protection-tube.

An LVDT-transducer measured the strain in 5 min. intervals and the reading
was recorded and saved digitally. The temperature was controlled with a precision
of ±2°C. The use of a single turbo vacuum pump gave a pressure of « 10~6 torr
during creep. No leaks in the vacuum chamber of the creep machine were detected
as mentioned in sect. 2.5.

\

Creep specimen Stress direction

Cu protection tube

Figure 56. Left: Creep specimen. Dimensions are given in mm. The thickness of
a specimen was K0.5 mm. Right: The assembling of the specimen holder.
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Abstract
Grain boundaries in copper implanted with helium at elevated temperature have been examined
by transmission electron microscopy. Helium bubbles are formed at the boundaries while
denuded zones are formed along some of the boundaries. The character of a number of
boundaries were determined and related to the size of the bubbles in the boundary and to the
width of the denuded zones. The results are discussed in terms of the efficiency of the boundaries
as sinks and diffusion paths for helium.

Introduction
Grain boundaries can have a significant influence on high temperature and/or irradiation
properties through their role as sinks (or sources) for vacancies. On theoretical grounds it is
generally agreed that non-special (random) boundaries are efficient sinks or sources for vacancies
whereas special (coincident site lattice) boundaries are less efficient [1]. This view is also
supported by the few experiments in which zone width along boundaries has been related to the
boundary structure. A recent review [1] quotes four experiments: two on vacancy precipitate-
denuded zones in Au [2] and Al [3], one on bubble precipitation in Cu irradiated with cc-particles
[4], and one on material deposition on boundaries during diffusional creep in Cu [5].

Grain boundaries can also act as sinks for impurity atoms. It is well known, for example, that
during helium implantation at elevated temperatures helium bubbles are formed at the grain
boundaries while denuded zones are formed along some of the boundaries. Helium implantation
experiments on copper have shown that bubble density and size in the boundary varies from
boundary to boundary [6]. The variation was rather drastic. In the present work we have
determined the character of a number of boundaries in helium-implanted copper in order to
correlate the character with the denuded zone width and the size of bubbles in the boundary.

Experiments
The material used in the present investigation was thin (0.1 mm) sheet of oxygen-free high-
conductivity copper containing 10,3, <1, and <1 appm, respectively, of Ag, Si, Fe and Mg. The
oxygen content of this copper was 34 appm. Prior to implantation the specimens were annealed
at 823 K for 2 hours in a vacuum of <10'5 Torr (<1.33-10'3 Pa). The resulting grain size was about
20 pm. Helium implantation was carried out at Forschungszentrum Karlsruhe. An energy-
degraded 104 MeV a-particle beam was used to achieve a homogeneous deposition of helium
throughout the thickness of the foil. About 270 appm of helium was deposited in 4 hours and 15
min. The implantation temperature was maintained at about 680 K.
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446 Intergranular and Interphase Boundaries in Materials

Foils prepared from the implanted Cu samples were examined by transmission electron
microscopy in a JEOL 2000FX or a Philips CM20. The electron beam direction was determined
on both sides of the grain boundaries for two or three different orientations of the specimen. The
misorientation across a boundary can be calculated from beam directions in two orientations in
the way described in [7]. With three orientations a triple determination is obtained. The width
of the denuded zone at a given boundary was determined by plotting the accumulated number
of bubbles vs. the distance from the boundary. The denuded zone width was defined as the
intersection between the abcissa axis and the line determined by a standard linear regression
applied to the linear part of the accumulated curve (corresponding to the constant density in the
grain interior). The reason for this choice of definition is that it corresponds to changing the
transition zone to a sharp cut-off with the total number of bubbles maintained.

Results and discussion
The results are summarized in Table 1. The angular deviation from the exact CSL orientation is
shown as v/vm, where vm is given by the "Brandon criterion" [8] vm = v0S"1/2. The constant v0

is equal to the angular limit for a low angle grain boundary, i.e. 15°. The minus in the column
"bubble denuded zone" indicates that a denuded zone was missing or very small (less than 40
nm); a plus in the column indicates that the denuded zone was measured to be in the range of
110-170 nm.

Examples of different boundaries are shown in Fig. 1. The boundary in (A) is a 2=3 boundary
with v/vm = 0.13. It is seen that the bubbles in the boundary are of the same size as those found
in the grain, i.e. 4-5 nm, and that there are no denuded zones. The boundary in (B) is a 2=9
boundary with v/vm = 0.25. The bubbles in the boundary are in the size range 10-20 nm, and a
denuded zone is seen next to the bondary. The boundary in (C) is random. The bubbles in the
boundary are in the size range 20-30 nm, and this boundary also exhibits a denuded zone.

Some general conclusions can be extracted from Table 1. Two low angle boundaries with
misorientations larger than v/vm = 0.25 were found to act as efficient sinks. All the six coherent
twin boundaries examined (v/vm < 0.15) exhibited a lack of denuded zones showing that they are
inefficient sinks. Two 2 = 3 boundaries with v/vm > 0.60 were found to have denuded zones in
the normal range. Five other special boundaries, but with v/vm > 0.22 all acted as efficient sinks.
Twelve boundaries were classified as random boundaries and they all exhibited denuded zones.
The result that only 2 = 3 boundaries with small deviations from an exact CSL orientation
exhibit denuded zones is in agreement with the findings of refs. [2-4].

Table 1. Summary of results

No. of
boundaries

2
6
2
2
2
1
12

2 =

1
3
3
9
11
23

random

v/vm Bubble Size of bubbles in
denuded zone the boundary (nm)

>0.25 + 10-20
<0.15 - 4-5
>0.60 + 10-20
>0.22 + 10-20
>0.79 + 10-20
>0.74 + 10-20

+ >20; a few 10-20
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Fig. 1. Examples of three different kinds of boundaries. (A) is a 2=3 with v/vm = 0.13. The size
of the bubbles in the boundary is 4-5 nm and no denuded zones are seen. (B) is a 2=9 with v/vm

= 0.25. The size of the bubbles in the boundary is 10-20 nm. (C) is a random boundary. The size
of the bubbles in the boundary is 20-30 nm. Boundaries (B) and (C) exhibit denuded zones.
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As mentioned above the width of the denuded zone at other booundaries than coherent twin
boundaries varies between 110 and 170 nm. This is a rather small variation. Contrary to this,
there is a drastic variation in the bubble density and size for the bubbles found in the boundary.
There is a general trend that the bubble size decreases with increasing bubble density. The
relationship is such that the helium content in the boundaries is approximately the same for all
boundaries. The relationship between bubble size and boundary structure can be summarized as
follows:

(1) At all boundaries without denuded zones the bubble size is of the same magnitude as that
found in the interior of the grains, i.e. 4-5 nm.
(2) All 2-boundaries (including the low-angle boundaries) with denuded zones and a few of the
random boundaries with denuded zones had bubbles with a size in the range 10-20 nm.
(3) All boundaries with bubbles larger than 20 nm were characterized as random.

A similar correlation between bubble size and grain boundary energy was recently found for
symmetric [011] tilt boundaries in argon-implanted copper [9].

The present results indicate that the nucleation and growth behaviour of the bubbles at the
boundaries is strongly influenced by the structure of the boundary. It is interesting to note that
the bubble size and density seem to be more sensitive indicators of the boundary structure than
the width of the denuded zone. The results suggest that the grain boundary diffusion of He is
dependent on the grain boundary structure. It implies that a similar correlation may exist between
vacancy diffusion in the boundary and its structure.

Conclusions
Grain boundaries with only small deviations from an exact 2=3 CSL orientation exhibit no
bubble denuded zones ; all other 23 boundaries and random boundaries examined had zones
denuded of bubbles. The bubble size and density in the boundary were shown to depend on the
boundary character. Boundaries very close to 2=3 had bubbles with a size in the range of 4 to
5 nm; all other 2 boundaries and a few random boundaries had bubbles in the size range 10-20
nm. All boundaries with bubbles larger than 20 nm were random. The results suggest that the
diffusion of helium in the grain boundary is dependent on the grain boundary structure.
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AN EXPERIMENTAL CORROBORATION OF
DIFFUSIONAL CREEP: DEPOSITION OF MATERIAL

AT GRAIN BOUNDARIES IN TENSION
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Abstract

We propose that the deposition of material at grain boundaries in tension
may be taken as a critical test for diffusional creep. According to the
contemporary understanding of grain boundary structures, material is deposited
at grain boundaries by climb of grain boundary dislocations. In the general case,
climb and glide are coupled processes and since grain boundary dislocations are
associated with a step in the boundary, the movement of a grain boundary
dislocation by climb and glide will result in concurrent grain boundary migration.
We describe an experiment that unambiguously separates the components of
deposition, grain boundary sliding and migration. The experiment has been
applied to a sample of Cu-2 wt%Ni which was crept to an elongation of 2.4 %
under a stress of 1.14 MPa at 1073 and 1103 K. It was demonstrated that
material had been deposited at some of the grain boundaries in tension during
the creep deformation.

1. Introduction

For almost a decade now it has been discussed whether metals can deform
by diffusional creep or not. The fact that this discussion has continued for so long
would suggest that no experiment published as yet provides indisputable
evidence for diffusional creep. There is therefore a need to design an experiment
that can be used to determine unambigously whether the deformation
mechanism in a given experiment is diffusional creep.

The discussion was raised by Ruano and coworkers who in a number of
publications [1-5] have advocated the view that diffusional creep does not occur in
metals. Wilshire [6] did not exclude the possibility of diffusional creep but stated
that "...the available experimental evidence does not justify the almost universal
assumption that, at high temperatures, creep normally occurs at low stresses by
stress-directed vacancy flow without dislocation movement". Arguments in favour
of diffusional creep have been given in papers by Bilde-S0rensen and Smith [7],
Greenwood [8], Burton and Reynolds [9], Langdon [10], and Owen and Langdon
[11]. An earlier paper by Bilde-S0rensen and Smith [12] was not written as a part
of this discussion, but since it considered the consequences of introducing
contemporary grain boundary theory in the model for diffusional creep, it
anticipated some of the issues later raised by Wolfenstine et al. [3].

Diffusional creep was first proposed by Nabarro [13] who considered the
case where the diffusional transport occurs from grain boundary to grain
boundary through the lattice. Later, Coble [14] pointed out that at lower
temperatures the grain boundaries may provide easier diffusion paths than the
lattice. Individual lattice dislocations could also conceivably act as sinks or
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sources. A model with lattice dislocations as the sole sources and sinks was
suggested by Nabarro [15]. Burton [16] concluded in a discussion of the various
mechanisms that climb of lattice dislocations is generally not of importance. In
the following we will therefore only consider the mechanisms where grain
boundaries participate in the process.

The essential feature of the diffusional creep models where grain
boundaries participate is that vacancies are emitted from grain boundaries in
tension and absorbed at grain boundaries in compression. Emission of vacancies
at grain boundaries in tension is equivalent to deposition of material at the
boundaries. To our knowledge no other model than the diffusional creep models
claim that material is removed from some boundaries and deposited on others.
An experiment that without ambiguity determines whether material is deposited
at or removed from grain boundaries during deformation may therefore be
considered as a critical test for diffusional creep. In the following we shall
describe such an experiment and show for a sample of Cu-2wt%Ni deformed in
the diffusional creep regime that material is indeed deposited on grain
boundaries in tension.

Previous experiments provide some indication of deposition of material at
grain boundaries, but cannot be considered unambiguous. In a number of studies
denuded zones have been shown to form during deformation of particle-
containing materials, see e.g. [17]. It is, however, not possible just from the
appearance of a denuded zone to decide whether it has been formed by diffusional
creep or by sliding induced grain boundary migration [7]. The demonstration by
Jaeger and Gleiter [18] of local deformation at grain boundaries in tension in Cu
with a bamboo structure is rather persuasive. Before creep, their samples were
coated on one side with a thin alumina film. After creep, the alumina had
fractured at some boundaries and displayed openings up to 5 |im wide. However,
since the relative movement of adjacent grains was not measured in three
dimensions in these experiments, grain boundary sliding coupled with grain
boundary migration cannot with absolute certainty be ruled out as the cause of
the fracture.

2. Theory

Let us first discuss the details of the deposition mechanism. Out of necessity our
arguments must concentrate on those boundaries that can be described within
the framework of the coincidence site lattice (CSL) theory [19]. The structure of
general boundaries is not included in this framework and is as yet not very well
understood.

It has been found experimentally that misorientations that lead to a high
degree of coincidence between lattice points on either side of a boundary (CSL
misorientations) often are low energy configurations [20]. In the CSL approach,
deviations from an exact CSL position is accommodated by structural (secondary)
grain boundary dislocations that preserve the CSL structure [21]. A widely
adopted criterion for the maximum deviation from an exact CSL orientation, vm,
that can be accommodated by secondary grain boundary dislocations (GBDs) is
the Brandon criterion vm=voZ"iy2 [22]. vo is usually set to 15°. Palumbo and Aust
[23] proposed, on theoretical grounds, to substitute Z-5/6 for Ym and their criterion
seems indeed to be in better agreement with experiments.

It is assumed that emission and absorption of vacancies can occur only at
GBDs. This is supported by the experimental observation that the absorption of
vacancies at a grain boundary results in the motion of GBDs [24]. The GBDs are
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confined to the grain boundary plane. In the general case their movement in the
grain boundary plane therefore involves a combination of glide and climb. A
secondary GBD is associated with a step in the grain boundary plane [25] and
movement of the GBD therefore leads to migration of the boundary. Altogether,
the concept of GBDs implies that the deposition of material at (or removal of
material from) a grain boundary is coupled to grain boundary sliding and
migration. The motion of a single dislocation with Burgers vector b along a grain
boundary will result in the displacement b of one grain with respect to the other
and concurrently the boundary migrates a distance h corresponding to the step
height at the GBD. The structure at a grain boundary on which material has
been deposited by climb of GBDs during creep deformation is therefore expected
to be as sketched in fig. l(a). It should be noticed that the grain boundary plane
is steeply inclined to the surface formed by the coupled processes of climb, sliding
and migration. For comparison, a micrograph from the present work (described
below) is shown in fig. l(b). It is emphasized that without exact measurements of
the relative displacement of adjoining grains, the configurations in fig. 1 are
indistinguishable from the configuration that would be obtained by pure grain
boundary sliding and migration.

Consider a grain boundary containing i sets of moving dislocations. If n;
dislocations with Burgers vector bL passes along the boundary, the grains will be
displaced by S n^bj with respect to each other. The Burgers vectors bt can be
decomposed into a climb component b; c perpendicular to the boundary plane and
a glide component big in the boundary plane. The displacement resulting from
climb is thus S nb^and the displacement resulting from grain boundary sliding
is I rvb._g.

The migration of the boundary will not lead to any displacements of the
two adjoining grains with respect to each other. Measurement of \,he
displacement, for instance by a fiducial grid placed on the surface of the
specimen, therefore yields a direct measure of I n^bj. This quantity can, with a
knowledge of the orientation of the grain boundary plane, be separated into the
components resulting from sliding and from deposition of material at (or removal
of material from) the boundary. The experiment therefore requires a
determination at each boundary of both the displacement (in three dimensions) of
the adjoining grains with respect to each other and the orientation of the
boundary plane.

In order to establish that diffusional creep involving grain boundaries has
occurred, it suffices to demonstrate either that material has been deposited on
transverse boundaries or that material has been removed from longitudinal
boundaries. It is, however, far more easy to use transverse boundaries. First, the
orientation of the boundary plane of a transverse boundary can be measured
directly from the two traces of the boundary at an edge of the sample. The
orientation of the boundary plane for a longitudinal boundary can only be
measured after cutting and grinding the sample. Secondly, although most
longitudinal boundaries lose material, it is expected - for the structural reasons
discussed in [7] - that some longitudinal boundaries actually may gain material.

3. Experimental procedure

The material used for the creep experiments was Cu-2 wt% Ni.This
material was chosen to avoid an extensive grain growth during creep as was
found for pure copper.
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After machining, the specimen was ground and polished followed by an
anneal in vacuum for 10 h at 1073 K. The specimen was then given a combined
etching and polishing treatment with a dispersion of 0.02 \im alumina in a
mixture of 96 ml water + 2 ml 30% hydrogen peroxide + 2 ml 25% ammonia in
order to obtain a smooth and clean surface. After this treatment the reduced
section of the specimen had a length of 37.5 mm, a width of 4.97 mm and a
thickness of 0.97 mm.

Prior to creep, a grid of aluminium was deposited on one of the major
surfaces of the specimen by a photoresist method. This resulted in a regular grid
with a thickness of only 5 to 6 nm covering most of the surface. The grid was left
to oxidize in air for 8 days to form alumina.

The specimen was crept for 46.3 days with an applied stress of 1.14 MPa
in a vacuum better than 10"5 torr to a total strain of 2.4 %. For most of the time
the temperature was 1073 K. For a short period (6.2 days) the temperature was
raised to 1103 K in order to obtain an estimate of the activation energy. The
strain was measured continually with a strain transducer.

After creep, the specimen was examined by scanning electron microscopy
and grid displacements were measured at a number of individual boundaries.
The misorientation across grain boundaries was measured with the use of
electron back scattering patterns. The grain boundary plane was determined
from the trace on the grid-covered surface and the trace on the minor surface.
Determination of the boundary plane at boundaries away from the initial edge is
made by grinding and polishing the minor surface until the boundary in question
intersects the surface.

4. Experimental results

The activation energy for creep was measured to be approximately 200
kJ/mole which is in good agreement with the activation energy for lattice self-
diffusion in Cu.

A micrograph of the grid-covered surface of the crept specimen is shown in
fig. 2. The grid shows no degradation during the creep period and can thus be
used for determination of the local deformation. It is obvious that the dominant
part of the deformation has occurred at the grain boundaries: there is a
considerable amount of movement of grains relative to each other, whereas no
distortion of the grid can be observed in the interior of the grains. It is also
observed that not all boundaries take part in the deformation process.

As an example of the measurement of deposition of material at a boundary
we use the boundary which was shown in fig. l(b). Fig. 3(a) shows the trace of
this boundary on the major surface, and fig. 3(b) shows the trace on the minor
surface. The traces left from the machining on the minor surface helps in the
detection of the movements that have occurred in the migration zone. The grid on
the upper grain has been displaced 3.8 \xm in the major plane with respect to the
lower grain as seen in fig. 3(a). From the traces of the machining it can be
measured that the upper grain has been displaced 3.4 \xm vertically with respect
to the lower grain as seen in fig. 3(b). The total displacement is (3.7, -0.85, 3.4) in
the coordinate system defined in fig. 3. The grain boundary plane lies with its
normal in the direction (0.92, -0.10, 0.37) measured in the same system. When
the displacement vector is resolved into a climb component perpendicular to the
grain boundary plane and a sliding component parallel to the boundary plane, it
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is found that a layer of 4.8 )im has been deposited at the boundary, whereas the
boundary has slid 1.8 \xm in the negative direction.

The crystallographic orientations of the two adjoining grains were
measured with electron back scattering patterns. From this information the
misorientation of the boundary was found to be (9,u) = (45.5°, .78 .58 .22), Nt 6.5°
from [-2,-2,1], N2 3.0° from [-2,2,1]. Based on the Brandon criterion, the boundary
is described as a S85e boundary with a deviation of v/vm = 0.66, where v is the
measured deviation. Based on the Palumbo-Aust criterion it is described as a
general boundary.

We have examined several other active boundaries almost perpendicular
to the stress axis [26]. These boundaries exhibited positive sliding, but in the
cases examined there was also found to be a significant contribution to the total
local deformation from deposition of material on the boundary.

5. Discussion

Although the grain boundary in fig. 3 may be considered non-typical, we
have chosen to use this particular example for three reasons. First, it can be seen
directly from the displacements and the traces of the boundary that grain
boundary sliding cannot have contributed positively to the deformation if sliding
is assumed to be the sole deformation mechanism. Nevertheless, the
displacement of the grid on the upper grain with respect to the grid on the lower
grain demonstrates that the local deformation yields a positive contribution to
the total deformation. The example therefore excludes grain boundary sliding as
the sole deformation mechanism and consequently material must have been
deposited at the boundary. As mentioned in paragraph 4, the sliding component
and the climb component ar»3 -1.8 jam and 4.8 ^m, respectively, when properly
resolved with respect to the grain boundary plane.

Secondly, the example illustrates that the contributions from the sliding
and the climb component are not necessarily both positive. This was considered
for vicinal CSL boundaries by Bilde-S0rensen and Smith [12]. They pointed out
that the coupling between glide and climb implies that the dislocation content in
certain boundaries can force the boundary to slide negatively in order that climb
can yield a larger, positive contribution to the deformation. The phenomenon is
expected to occur predominantly at boundaries that are almost perpendicular to
the tensile axis, as is the present boundary. However, since this boundary is
characterized as a general boundary based on the Palumbo-Aust criterion, it may
not be justifiable to consider the boundary within the CSL framework.

Therefore, thirdly, the example indicates that possibly the structure of
some general boundaries may be ordered to an extent that their structure can
impose the same kind of restrictions on the absorption and emission of vacancies
as do boundaries close to a CSL orientation.

We have examined a number of other boundaries, almost perpendicular to
the stress axis, that have been active during the creep process. These boundaries
exhibited positive grain boundary sliding, but in all cases examined there was
also a positive contribution from climb, i.e. from deposition of material on the
boundary. In this context it should be emphasized that some boundaries would be
expected to deform by pure sliding because of their content of GBDs. It is
therefore necessary to test a representative number of boundaries for deposition
of material before a conclusion can be drawn. We have also examined some
longitudinal boundaries and shown that material has been removed from some of
these boundaries. In this context it is interesting to note that we have also
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encountered longitudinal boundaries on which material had been deposited. This
apparently paradoxical result was predicted by Bilde-S0rensen and Smith [7,12]:
Because of the coupling between climb and glide deposition of material is forced
on some boundaries almost parallel to the stress axis in order that glide can yield
a larger, positive contribution to the deformation. It is not the purpose of the
present paper to examine whether lattice dislocations are involved in the
deformation process or not, but we note that the fact that no distortion of the grid
can be measured in the interior of the grains exclude that lattice dislocations
have contributed significantly to the deformation.

We conclude that the experiment that we have proposed as a critical test
for diffusional creep has shown that material is deposited at grain boundaries in
tension during creep of a metal under suitable conditions, and therefore that
diffusional creep does occur in metals. By this statement we of course do not
mean to imply that all earlier claims of diffusional creep in the literature have
been vindicated. Each sample must be tested individually.

The experiment also shows the necessity of revising the diffusional creep
model in the light of contemporary grain boundary theory. In particular it is
obvious that some boundaries are inactive - as can be seen in fig. 2 - and
consequently that the grain size is not a measure of the length of the diffusion
paths. This idea has already been pursued in papers by Nichols, Cook, Clarke
and Smith [27, 28] where the concept of clusters is introduced. A more detailed
discussion of the grain boundary structure effects that must be considered in a
modified theory has been given by Bilde-S0rensen and Thorsen [26].
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Figure captions

Fig. 1. (a) Sketch of the boundary zone formed when a boundary moves by the
coupled processes of migration, sliding and materials deposition. The zone is seen
from an edge and the tensile axis is parallel to the edge. The broken line shows
the initial position of the boundary, the full line the final position, (b)
Experimental micrograph of a boundary zone.

Fig. 2. Grid-covered surface of a sample deformed in diffusional creep. Some
boundaries do not participate in the deformation process. The bright and dark
appearance of the boundary zones is a shadowing effect. The tensile axis is
indicated with a double arrow.

Fig. 3. (a) The boundary shown in fig. l(b) seen from the major surface. Lines
(white in the upper grain, black in the lower grain) have been drawn as a help to
define the grid positions, (b) The same boundary seen from the minor surface.
From the displacements and the position of the boundary plane it is found that a
layer of 4.8 ^m has been deposited at the boundary. Concurrently the boundary
has slid 1.8 \xm in the negative direction. The tensile axis is indicated with a
double arrow.
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(a) (b)

Fig.l.

Fig.2.
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THE ROLE OF INTERFACIAL STRUCTURE IN DIFFUSIONAL CREEP

J. B. Bilde-S0rensen and P. A. Thorsen

Materials Research Department, Ris0 National Laboratory,
DK-4000 Roskilde, Denmark.

Abstract

The absorption and emission of vacancies at grain boundaries during diffusional creep take
place at grain boundary dislocations (GBDs). The diffusional creep properties therefore
depends on the structure of the individual boundaries. Grain boundary structures were not
considered in the early models for diffusional creep and there is therefore a need to modify
these models so that grain boundary effects are included. It is discussed how the content of
GBDs in a grain boundary influences the ability of the boundary to absorb or emit vacancies.
Experimental studies of grain boundaries in a sample of Cu-2%Ni deformed by diffusional
creep are presented and discussed.
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Introduction

Very little was known about grain boundary structures when Nabarro (1) proposed his model
for diffusional creep in 1948. The model was therefore developed in a form that was the best
possible at the time. All boundaries were considered to be perfect sinks and sources for
vacancies, so that the equilibrium concentration of vacancies, C, at a boundary under a tensile
stress, a, is given by C = Co exp(aQ/kT), where Co is the thermal equilibrium concentration of
vacancies, Q the atomic volume, k the Boltzmann constant and T the absolute temperature. For
a boundary under a compressive stress the equilibrium concentration of vacancies is
C = Co exp(-an/kT). A concentration gradient will therefore be set up in a grain under stress,
and vacancies created at grain boundaries in tension will diffuse in this concentration gradient
to grain boundaries in compression, where they will be absorbed. This flow of vacancies is
equivalent to a flow of atoms in the opposite direction. If the rate-controlling process is
assumed to be diffusion through the lattice, a rate equation of the form

de/dt = BoQD/d2kT (1)

can be derived. B is here a numerical constant around 12, D the lattice self diffusion coefficient
and d the grain size. Later Coble (2) pointed out that diffusion could occur also in the grain
boundaries, which would provide easier diffusion paths than the lattice at lower temperatures.
In this case the rate equation takes the form

ds/dt = B'oDwD/d3kT (2)

where B' is a numerical constant around 50, w the grain boundary width and Dg the grain
boundary self diffusion coefficient. With the understanding of the grain boundary structure that
we have today there is an obvious need for modifying these early models. For instance we
know that not all grain boundaries can be assumed to be perfect sinks and sources for
vacancies. The boundary structure does, however, also affect the diffusional creep process in
other, more subtle, ways. It is probably too early to attempt to derive a modified rate equation
for diffusional creep, but a discussion of the influence of the grain boundary structure on the
creep process can point to some of the problems that must be addressed in a modified
diffusional creep model.

The following discussion must from necessity concentrate on those boundaries that can be
characterized as coincident site lattice (CSL) boundaries or vicinal CSL boundaries. The
structure of general boundaries is not understood well enough yet that we will attempt a
detailed discussion of their properties.

The CSL misorientations are misorientations that lead to a high degree of coincidence between
lattice sites on either side of the boundary. These misorientations are often found
experimentally to be low energy configurations (3). Small deviations from CSL
misorientations are accommodated by structural (secondary) grain boundary dislocations
(GBDs) with Burgers vectors that are translation vectors of the DSC lattice (4). The GBDs are
associated with a step in the boundary (5). It is assumed that absorption or emission of
vacancies at grain boundaries can occur only at GBDs. This is supported by several
experimental observations, for instance that GBDs move during absorption of point defects at a
grain boundary (6). Another experimental support is given by quenching experiments (7) in
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which it is seen that zones denuded of stacking fault tetrahedra are formed at boundaries that
are far from the exact CSL misorientation, whereas no denuded zones are formed at e.g.
coherent twin boundaries.

If absorption and emission of vacancies can occur only at boundaries that contain GBDs, it is
immediately clear that some boundaries - as for instance coherent twin boundaries - will not
participate in the diffusional creep process. It may, however, not only be those boundaries that
have an exact CSL misorientation that are inactive. There are here two different effects to
consider. King and Smith (8) have shown that when a GBD is displaced from its equilibrium
position in a regular array, the other dislocations in the array will exert a force on it tending to
move it back to its original position. This interaction force effectively acts as a threshold stress.
The threshold stress is low for boundaries with large mean dislocation spacings, but rises
steeply with decreasing dislocation spacings for spacings below approximately 10 nm.
Although boundaries with a low dislocation content have a low threshold stress, it should be
recognized that they are relatively inefficient sinks or sources for vacancies because of the
large dislocation spacing. These considerations have significance for the rate equation in two
ways: First, it is not all boundaries that act as efficent sources and sinks for vacancies and it is
therefore not correct to use the grain size as the length that characterizes the diffusion path.
Secondly, the fraction of boundaries that participate in the deformation process may depend on
stress because of the threshold stress. Consequently, the stress exponent would be expected to
be larger than the value of 1 derived in the early models.

Next, we will consider the boundaries that act efficiently as sinks or sources for vacancies. The
GBDs are confined to move in the grain boundary plane and the movement induced by the
absorption or emission of a vacancy at the GBD must therefore in the general case occur by a
combination of glide and climb. Removal of material from (or deposition of material at) a
grain boundary is therefore coupled to grain boundary sliding. Furthermore, the movement of a
GBD will lead to migration of the boundary because the GBD is associated with a step in the
boundary. The motion of a single dislocation with Burgers vector b along a grain boundary
will result in the displacement b of one grain with respect to the other, and concurrently the
boundary migrates a distance h corresponding to the step height at the GBD. After the passage
of many dislocations, the boundary zone is therefore expected to have a structure as sketched
in fig. 1. The position of the boundary with respect to the surfaces should be noticed. This
structure of the boundary zone is indeed what is found experimentally. Such a structure could
hardly be understood without the grain boundary dislocation theory.

boundary s

zone

boundary position before creep

boundary position after creep

Figure 1. Sketch of the boundary zone formed when a boundary moves by the coupled
processes of migration, sliding and material deposition. The zone is seen from an edge.
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Figure 2. If the total dislocation moves to the left in the boundary plane the climb
component will extend the specimen, but the glide component will contract it.

An aspect of the coupling of glide and climb of GBDs that was treated in detail by Bilde-
S0rensen and Smith (9,10) is the possibility of negative glide or climb at some grain
boundaries. Consider for instance the GBD sketched in fig. 2 with its Burgers vector
decomposed into a glide component and a climb component. In this example the glide
component should move to the right in order to contribute positively to the deformation (i.e. to
elongate the sample in the tensile direction), whereas the climb component should move to the
left. Since the dislocation has to move as an entity, one of the components must therefore
contribute negatively to the deformation.

*

Figure 3. The coordinate systems used in the derivation of eq. (4).

In order to discuss the problem more quantitatively, Bilde-S0rensen and Smith calculated the
force on a dislocation in a grain boundary: The force F on a dislocation is given by

F = (b-T)xl (3)

where T is the stress tensor and I the dislocation line vector. In order to find the force from an
externally applied stress a coordinate system is chosen with i in the direction of the boundary
normal, j along the line vector of the dislocation and k in the boundary plane perpendicular to
the dislocation. This is illustrated in fig. 3. T can be found by a transformation from an original
coordinate system with the i' axis along the tensile axes. With the coefficients ay being the
direction cosines between the axis in the original system and in the new system, and with
(b,, b2, b3) being the Burgers vector in the new system, the value of b-T is in the new system
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b T = aCa^b.a,, + b2a21 + b3a3,)i
+ ^.(b.a,, + b2a,, + b3a31)j (4)

l + b3a31)k)

Since 1 is parallel to j , one finds

F = -aa31(b1a11 + b2a21 + b3a31)i + a a . ^ a , , + b.a,, + b3a31)k (5)

The force in the grain boundary plane, Fgb is the component of F along k. Fgb can be divided
into a component Fc that acts on the climb component (b,, 0, 0) of the dislocation, and a
component Fg that acts on the glide component (0, b2, b3):

Fc=ab,a2,lk = Fck (6)

Fg= oan(b2a2l + b3a31)k = Fgk (7)
g

The dislocation must move as an entity and will of course move so that it contributes positively
to the strain. However, if Fc and Fg are of opposite sign, the glide or climb component may -
seen in isolation - be forced to move in the direction that will make its contribution negative.
Because of the threshold effects mentioned above, this is supposed to happen only when the
absolute values of Fc and Fg differ considerably. Negative glide may thus occur when Fc is large
and Fg is small. Fc is large when b,a2

n is large and this may happen at boundaries that are
almost perpendicular to the tensile axis where a2,, is large. Negative climb may occur when Fg

is large and Fc small. Negative climb may therefore occur at boundaries that are almost parallel
to the tensile axes where a2

u is small. Negative glide and climb may not be of great importance
for the rate equation. However, negative glide and climb may be considered a manifestation of
the grain boundary structure at a more macroscopic level and may therefore be useful in the
study of grain boundary structures.

Experimental procedure

In order to test the ideas outlined in the theoretical section we have performed creep
experiments on samples of Cu - 2 wt%Ni. The reason for choosing an alloy was that samples
of pure Cu used in preliminary experiments exhibited extensive grain growth. The addition of
Ni suppressed the grain growth to a large extent.

The specimens were machined, ground and polished after which they were annealed for 10 h at
1073 K. They were then given a combined etching and polishing with a dispersion of 0.02 |am
alumina in a mixture of 96 ml water + 2 ml 30% hydrogen peroxide + 2 ml 25% ammonia in
order to obtain a very smooth and clean surface. The dimensions of the reduced section varied
slightly between the individual specimens, but were approximately 37.5 x 5 x 1 mm3. Prior to
creep a grid of aluminium was deposited on one of the major surfaces of the specimen by a
photoresist method. The grid was left to oxidize in air for at least a week to form alumina.

The specimen discussed below was crept for 46.3 days under an applied stress of 1.14 MPa in
a vacuum better than 10"5 torr. For most of the time the temperature was 1073 K, but for a short
period (6.2 days) the temperature was raised to 1103 K to obtain an estimate of the activation
energy. The strain was measured continually with a strain transducer. The total strain was 2.4 %.
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The deformation taking place at the individual boundaries can be measured after creep with
use of the grid. If a boundary contains i sets of dislocations, and a dislocations with Burgers
vector b, passes along the boundary, the grains will be displaced by S n ^ with respect to each
other. Migration of the boundary does not contribute to the deformation of the grid. The grid
therefore yields a measure of Znfo. The displacement should of course be measured three-
dimensionally. With a knowledge of the orientation of the grain boundary plane, En^ can be
separated into the component resulting from sliding, S n ^ , and the component resulting from
climb, 2n;bic. The grid deformations were measured by scanning electron microscopy.

Experimental results and discussion

In this section we shall illustrate some of the points made in the theoretical section with
examples from a specimen of Cu-2%Ni deformed in the diffusional creep regime. The
activation energy, Q, was measured to be approximately 200 kJ/mole which is in good
agreement with the activation energy for lattice self diffusion. The stress exponent, n, was
measured on another specimen, n was found to increase with increasing stress. At 1.14 MPa
the stress exponent was 1.4, which is higher than the exponent of 1 found in eq. (1). However,
as discussed in the theoretical section, threshold effects are predicted to occur because of the
boundary structures. We therefore consider the values of Q and n to be in good agreement with
the concept of diffusional creep.

/

Figure 4. Grid-covered surface of a sample deformed in diffusional creep. Some
boundaries do not participate in the deformation process. The bright and dark
appearance of the boundary zones is a shadowing effect.

Fig. 4 shows a micrograph of the grid-covered surface of the crept specimen. The grid shows
clearly that the dominant part of the deformation has taken place at the grain boundaries: the
grains have moved considerably relative to each other whereas no distortion of the grid can be
seen in the interior of the grain. It is also noticed that some of the boundaries have not
participated in the deformation process. Consequently, the diffusion paths cannot be described
by the grain size, and the concept of cluster size should be introduced in a modified model.
This idea has already been pursued in papers by Nichols et al. (11,12). For the present
specimen we have measured mean intercept length for grain boundaries and cluster boundaries
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Figure 5. Grain boundary zone seen from an edge. Notice that the grain boundary
plane is almost perpendicular to the tensile axis.

(defined as deforming boundaries). Coherent twins boundaries were not included in the counts.
The measured mean intercept lengths for grain boundaries were 165 |j.m along the tensile axes
and 147 jam along the transverse direction. The corresponding lengths for cluster boundaries
were 203 jam and 180 pm, respectively.

Fig. 5 shows a grain boundary seen from the edge formed by the intersection of a major and a
minor surface. This figure illustrates the structure of the boundary zone formed during creep by
the motion of the boundary by the coupled processes of migration, sliding and material
deposition. The traces left from the machining on the minor surface helps to appreciate the
movements that have occurred in the migration zone. Fig. 6(a) shows the same boundary seen
from the major surface and it can be seen that the grid on the upper grain has been displaced
4.4 |̂ m in the major plane with respect to the lower grain. From the traces of the machining on
the minor surface shown in fig. 6(b) it can be measured that the upper grain has been displaced
3.0 (am with respect to the lower grain. The grain boundary plane lies with its normal in the
direction (.89, -.18, -.41) in the coordinate system defined in fig. 6. When the displace-ment
vector is resolved in a climb component perpendicular to the grain boundary plane and a
sliding component parallel to the bondary plane, it is found that a layer of 1.8 \\m has been
deposited at the boundary and that the boundary has slided 5.0 jim. The crystallographic
orientations of the two adjoining grains were measured from electron backscattering patterns.
The misorientation was found to be (0,u) = (56.9°, .604, .565, .562). This boundary is thus a
S3 boundary with a deviation of v/vm= 0.47 based on the Palumbo-Aust criterion (13).
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Figure 6. (a) The boundary shown in fig. 5 seen from the major surface, (b) The
same boundary seen from the minor surface. From the displacements and the
position of the boundary plane it is found that a layer of 1.8 \xm has been deposited
at the boundary. Concurrently the boundary has slided 5.0 jam.
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It has been suggested in the literature (14) that diffusional creep does not occur in metals. The
argumentation was build on the structure of denuded zones observed in particle-containing
materials after creep. Among the arguments used were that denuded zones are formed on only
one side of a transverse boundary, that denuded zones are evident on boundaries that are
oriented far from the transverse direction, and that there is a discrepancy between the measured
creep strain and the strain calculated from the width of the denuded zones. In a comment,
Bilde-S0rensen and Smith (10) pointed out that all these effects actually are expected when the
role of the grain boundary structure on the structures formed during diffusional creep is
included (9), but they also recognized that no experiment unambigously had shown that
material is deposited in the denuded zones. The measurement we have described above
provides, together with similar measurements on a number of other boundaries, such an
unambigous determination of material deposition at boundaries during diffusional creep.

Concerning the discrepancy between the measured creep strain and the strain calculated from
the width of the denuded zones it is noticed, that sliding, deposition and migration are coupled
during the deposition of material at the boundary. There is therefore no reason to expect that
the width of the boundary zone should equal the creep strain. We have measured the projected
boundary zone width along lines parallel to the stress axes and have found that the total
boundary zone width is 4.1% of the total line length. This is 1.7 times the strain of 2.4 %.

Elsewhere (15) we have shown a boundary that glides 1.8 |j.m in the negative direction while
4.8 jam is deposited at the boundary. This boundary is of particular interest because it is
determined as a I85e with a deviation of v/vm= 0.66 based on the Brandon criterion, but based
on the Palumbo-Aust criterion (which generally seems to be in better agreement with
experiments) it must be characterized as a general boundary. It may therefore not be justifiable
to consider this boundary within the CSL framework. The negative sliding of this boundary
therefore indicates that possibly the structure of some general boundaries may be ordered to an
extent that their structure can impose the same kind of restrictions on the absorption and
emission of vacancies as do boundaries close to a CSL orientation.

The experimental results we have presented here should only be considered preliminary. There
is still much information to be extracted from the present experiment. Hopefully, this
information will provide a more quantitative basis for a modification of the models for
diffusional creep.
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