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1. Introduction

For polycrystalline materials with decreas-
ing grain size, the mechanical properties
are increasingly determined by their grain
boundaries. This plasticity mediated by
grain boundaries dominates at grain sizes
in the lower nanosize range[1–8] and leads to
“grain size softening,” also called “inverse
Hall–Petch behavior.”[9,10] In addition, tex-

ture formation is significantly reduced.[1–8] These characteristic
features indicate a kind of superplastic behavior dominated by
grain boundary-mediated deformation. How this deformation pro-
cess actually occurs is still unclear. For nanocrystalline (nc) mate-
rials, the deformation mediated by grain boundaries is considered
as a cooperative shear process involving multiple grains.[11]

Another approach is to assign the grain boundaries to an amor-
phous structure in which shear shuffling or shear transformation
takes place.[12] Since the atomistic nature of the grain boundary
shearing process is not modeled in the present work, this process
is hereinafter referred to simply as grain boundary sliding (GBS)
using general terminology. It should also be noted that in addition
to GBS, grain boundary migration also occurs, leading to grain
growth due to stress-induced shear coupling.[3,13]

In the present work, the microstructure and texture evolution
are studied on a nc Au-13at%Pd alloy (hereinafter referred to as
Au-13Pd) fabricated and deformed by high-pressure torsion
(HPT) in the same way as the nc Pd-10Au alloy.[3] The main dif-
ferences between Au-13Pd to the former alloy are the lower melt-
ing temperature, respectively, higher homologous deformation
temperature (1473 K, 0.20, compared to 1813 K, 0.16[14] (factor
1.25)) and significantly lower stacking fault energy (SFE)
(40mJm�2 compared to 150mJm�2[15] (factor 3.75)). Both
effects affect the operation of GBS and mechanical twinning.
Recently, a new GBS model was developed by Zhao et al.[4] and
successfully applied to the texture evolution of the nc Pd-10Au
alloy.[5] That model is applied here on the HPT-deformed nc
Au-13Pd alloy. By comparing experimental and simulated texture
results, conclusions are drawn about the mechanism of GBS as
the dominant deformation mechanism.

2. Experimental and Modeling

Nanocrystalline Au-13Pd powder was produced by inert gas
condensation (igc)[16] using a 10�7 mbar base pressure vacuum
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The microstructure and texture are investigated for nanocrystalline Au-13at%Pd
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system and thermal evaporation of Au (99.95%) and Pd (99.95%)
in a 1mbar helium atmosphere. The powder was consolidated
in situ at a pressure of 2 GPa to obtain disc-shaped specimens
with a diameter of 8 mm and thickness of about 0.7 mm
(first compaction step). Chemical analysis was done by energy-
dispersive X-ray spectroscopy. The nc samples exhibit a stable
grain size even at temperatures well above ambient, in contrast
to pure nc materials where rapid grain coarsening is observed at
room temperature.[17]

Quasi-hydrostatic HPT[18] was conducted under a pressure of
6 GPa in a custom-made computer-controlled HPT machine
manufactured by W. Klement GmbH (Lang, Austria). The sam-
ple was twisted up to a rotation angle θ= 200° at a constant rate of
6° s�1 (1 rpm). During HPT, the shear strain along the radius r is
approximately given by:

γ ¼ 2πrθ=ð360° tÞ (1)

where t is the initial disc thickness. With t= 0.713mm, the max-
imum shear strain and shear strain rate were 19.7 and 0.6 s�1,
respectively. The reduction of thickness by 4% during HPT has
been neglected. The torque was measured by means of a full
bridge torsion-shear and tension-compression strain gauge
(Hottinger Baldwin Messtechnik GmbH, Darmstadt, Type
1-XY41-3/350 and XY71-3/350). The HPT friction-corrected
torque T was transformed into shear stress τ using the Nadai
formula,[19] established for torsion

τ ¼ T
2πa3

3þ dlnT
dlnθ

� �
(2)

where τ is valid for the outer radius r ¼ a. In this calculation, the
measured torque values were lowered with the torque generated
by the friction between the sample’s outer cylinder surface and
the die (T f ). This part of the torque is generated by the friction
force due to the hydrostatic pressure pwithin the sample which is
pushing the lateral surface of the sample to the die. It is not con-
tributing to the shear stress τ. In HPT testing, it is widely
accepted that the hydrostatic pressure is equal to the compres-
sion pressure p. Thus, using Coulomb’s friction law, T f can
be calculated by

T f ¼ 2πμpta2 (3)

Using this approach, the friction torques have been estimated
by taking a friction coefficient of μ ¼ 0.15. This value of the fric-
tion coefficient was inspired by the special friction experiments
of ref. [20] carried out for large pressures.

The density determined by the Archimedes method during
HPT changed from about 91% after the first compaction step
to about 97% of that of the bulk in the second compaction
step.[21,22] This is about the theoretical density of a bulk nc
material taking into account the free volume in the grain
boundaries.[22]

To investigate the microstructure, X-ray diffraction measure-
ments were carried out in a special high-resolution diffractome-
ter dedicated to X-ray line profile analysis (XLPA)[23] using Cu Kα
radiation, for details see refs. [24,25]. The measurements are
done along the radius of the HPT discs, i.e., at positions where
the shear strains are different. The line profiles are evaluated by

using the convolutional multiple whole profile (CMWP) proce-
dure.[26] The measured diffraction pattern is matched by the the-
oretically calculated and convoluted profile functions accounting
for the effects of size, distortion, planar defects, and instrumental
effects, while the background is determined separately. Because
of the double-crystal high-resolution diffractometer used, the
instrumental effect is neglected. The parameters obtained by
using the CMWP method characterizing the substructure are
the area average crystallite (subgrain) size<x>a, dislocation den-
sity ρ, dislocation character q (edge versus screw), dislocation
arrangement parameter M= Re

p
ρ (Re= effective outer cut-off

radius of dislocations), and twin density β (number of twin
boundary planes for each hundred {111} lattice planes parallel
to the twin boundaries).[27]

To resolve the local texture of the deformed discs along the
radial direction from the center to the edge of the disc, i.e., as
a function of increasing shear strain, two-dimensional X-ray
microdiffraction was applied using the system D8 Discover
(BRUKER AXS GmbH) equipped with an Euler cradle including
x-y-z-stage, a laser-video adjustment system, a low-power micro-
focus X-ray tube IμS (spot size about 100 μm) and a two-
dimensional detector VÅNTEC 2000. Before testing, the samples
were mechanically polished and finally chemically etched to
remove any surface layer damaged by the deformation proce-
dure. The intensities of the measured Debye–Scherrer rings
were integrated along their curvature to calculate the pole figures
(PFs) (200, 220, 111) on a 5°� 5° grid. For calculation of the ori-
entation distribution function (ODF) with these PFs, Multex 3[28]

and LaboTex software[29] were used. The Euler angles given are in
the Bunge notation[30] with crystal and sample reference systems
defined as x || shear direction (SD), y || shear plane normal (SPN),
and z || transverse direction (TD) yielding an ODF representation
appropriate for simple shear.[31] The textures are represented by
φ2= 0° and φ2= 45° ODF-sections, which for face-centered cubic
(fcc) metals contain all major shear components.[31]

The modeling of the texture evolution during the compression
stages (compaction of igc powder and application of HPT pres-
sure) and HPT shearing was tempted using the GBS approach
presented in an earlier work,[4] which is a mean field type model.
A critical point in modeling the behavior of powder metal is to
apply boundary conditions that approximate best the experimen-
tal behavior. It is plausible that the compaction of the initial pow-
der involves nearly free rotations and sliding of the particles as
well as deformation components that are totally relaxed. Keeping
this in mind, only one boundary condition was imposed during
the compression, namely, the compression direction applied to
the powder was kept constant.

For an ideal case of a powder, when the particles have equal
sizes and are spherical, they can be arranged into a close-packed
structure with the relative nonfilled volume, i.e., the initial
porosity f0 equal to 0.26. Assuming that the porosity is totally
eliminated by the compression leads to a compression strain
of �0.3. In the real powder material, the geometry is not ideal,
and there remains some porosity f as well. Including the free vol-
ume in the grain boundaries,[21,22] the remaining total porosity
can be assumed to be approximately f= 0.03. With the initial and
final porosities, the incompressibility condition of the metal
leads to a compression strain of ε=�0.27.[32]
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For the powder compaction, the texture simulations were done
in small compression strain increments of Δε ¼ �0.01.
The powder was composed of 50 000 initially randomly oriented
single crystalline particles with equal volume fractions. The GBS
model presented in ref. [4] was applied by employing the relaxed
velocity gradient tensor together with the corresponding stress
tensor in mixed boundary conditions. Only slip by full disloca-
tions was assumed. Slip by <112> partial dislocations emitted
from the grain boundaries in nc materials cannot be significantly
active because no grain boundaries are initially present and the
grain boundaries form gradually during compression. Details on
the simulations of texture formation during the compaction of
nanoscale powder can be found in ref. [32].

For the HPT texture simulation, the GBS model of ref. [4] was
employed, starting with 10 000 orientations of the experimental
initial compaction texture and using shear strain increments of
Δγ ¼ 0.05. The {111}<110> and {111}<112> fcc slip systems
were used together with the 12 GBS shear systems without strain
hardening. The ratios of the slip system strengths were 1.0/1.5/
0.19 for {111}<112>/{111}<110>/GBS, respectively, with
strain rate sensitivity index of 0.125 for {111}<110> and
{111}<112> slips and 1.0 for GBS. Based on the experience
from ref. [8] mechanical twinning was neglected. In all texture
simulations, the ODFs were calculated using ATEX software.[33]

3. Results

The torque–twist angle curve of Au-13Pd in comparison with Pd-
10Au is shown in Figure 1a together with the curves corrected for
friction at the side walls of the HPT pistons. Au-13Pd work hard-
ens less than Pd-10Au and has a lower shear stress (Figure 1b).
The waviness of the shear stress–shear strain curve of Au-13Pd
in Figure 1a is an artifact of fitting the corrected torque–twist
angle curve of Figure 1a. Note that the initial parts of these curves
are certainly influenced by the compaction process and therefore
may not be precise for the shear stress values.

The microstructure parameters determined by XLPA are
shown in Figure 2 and 3 and listed in Table 1 as a function
of shear strain. There is a rapid increase of the area average mean
crystallite size <x>a from 13.5 nm to about a saturation value of
about 20 nm at a shear strain of one. In contrast, the dislocation
density ρ and twin density β up to the same shear strain rapidly
decrease to minimum values of about 2� 1016 m�2 and 2.5,
respectively. The measured q parameter values indicate that
the dislocation character is more screw than edge type. The
low M parameter values show that the dislocations are arranged
into dipoles or low-angle grain boundaries.

The first compaction stage took place in the powder consoli-
dation unit under 2 GPa pressure which led to the texture shown
in Figure 4, called “initial.” This texture is extremely weak with a
maximum intensity in the ODF of only about 1.5. Then the sam-
ple was further compacted in the HPT equipment up to a

Figure 1. a) Experimental HPT torque—twist angle curves of nc Au-13Pd and Pd-10Au alloys together with curves (dashed) corrected for friction at the
side walls (friction torques: Au-13Pd: 22.6 Nm, Pd-10Au: 64.5 Nm), where the data are fitted with 10th order polynomial functions. b) Shear stress–shear
strain curves derived from the corrected curves of (a).

Figure 2. Area average mean crystallite size <x>a, dislocation density ρ,
and twin density β as a function of shear strain γ of HPT-deformed
Au-13Pd alloy.
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compression stress of 6 GPa and probably slightly more during
torsion. During this second compaction, the texture intensity in
the center of the sample increased up to 2, its state is identified as
γ= 0 in Figure 4. This texture is composed of a< 110> || y axis
fiber, where y is the SPN and compression direction. It also has a
weaker <100> || y fiber. The fibers can be clearly seen in the PFs
of Figure 5. A similar weak fiber texture (with even lower inten-
sity) is observed after compaction of another powder sample of
the same alloy as well as of the Pd-10Au compacted powder
(Figure 5)[3] with the <100> fiber being absent.

The local texture as a function of shear strain is shown in
Figure 4. The maximum ODF intensity and the volume fraction
of the <110> fiber in radial direction of the disc from the center
to the edge, i.e., as a function of shear strain, is shown in
Figure 6. The texture varies in radial direction showing that it
is quite inhomogeneous within the disc. Despite this variation,
the texture seems to further weaken with shear strain. The typical
texture components developing in fcc metals during simple
shear (Table 2) as observed for nc materials with coarser grain
size[3–8] can be weakly identified at high shear strains.
Otherwise, the intensity of the <110> fiber seems to spread
toward the shear components (Figure 4). Generally, the
<110> fiber represents a typical compression texture of fcc met-
als developing through dislocation glide.[34]

The results of the texture simulations are shown in Figure 7
for the powder compaction stage after a compression strain of
0.27, and for HPT deformation at three shear strain values.
As can be seen, the texture is quite precisely predicted for powder
compression, both in terms of texture components and their
intensity. Only the slight <100> fiber was not reproduced at suf-
ficient strength. In the case of HPT, the obtained strain partition
was increased from 0.31 to 0.37 fraction produced by GBS with
respect to the imposed strain (this is the so-called R ratio in
ref. [4]). As can be seen, the simulated texture has the usual com-
ponents of fcc shear textures (Table 2), with progressive increase
of the B=B components, and a weak decreasing C. However, this
predicted HPT deformation texture is very different from the
experimental one (Figure 4). This is surprising because the same
GBS approach was successfully applied to the Pd-10Au alloy for
grain sizes >20 nm.[3,4] The difference in the present case is that
the alloy is on the other side of the phase diagram with a slightly
higher homologous deformation temperature and a significantly
lower SFE, and the saturation grain size is also smaller. The pre-
cise reasons for this discrepancy will be elucidated in the discus-
sion part.

To get insight in the role of GBS, a special simulation was
carried out, when the deformation was almost exclusively

Figure 3. Dislocation character q and dislocation arrangement parameter
M versus shear strain γ of HPT-deformed Au-13Pd alloy (q= 1.5 means
pure edge- and q= 2.3 pure screw-type dislocation).

Table 1. The results of the CMWP fitting for Au-13Pd at different shear
strains γ: m, median; σLN, logarithmic variance of the log-normal size
distribution; <x>area, average crystallite size; ρ, dislocation density; β,
density of twin boundaries; q, dislocation character; M, dislocation
arrangement parameter.

γ m [nm] σLN <x>a [nm] ρ [1016 m�2] β [%] q M

0 8.7 0.42 13.5 3.2 4.0 2.2 1.3

1.0 9.5 0.53 19.2 2.1 2.6 1.91 1.0

9.8 9.9 0.53 20.0 2.1 2.4 1.94 0.9

19.7 13.8 0.46 23.4 1.8 2.6 1.91 0.9

Figure 4. Texture represented as φ2= 0° and φ2= 45° ODF-sections at
different shear strains γ after compaction of igc powder (initial), intensities
are given in multiples of a random orientation distribution. The key figure
shows the main texture components (for component designation see
Table 2) that develop during simple shear of fcc metals. Red dots and
red line mark the<110> fiber, and black squares (Cube) and black dashed
line mark the <100> fiber parallel to the SPN.
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produced by GBS. For achieving that, the relative strength of
GBS was set extremely low with respect to the {111}<112> and
{111}<110> slip system families; the ratios were 0.001/1.0/1.5,
respectively. The obtained texture is displayed in Figure 8 for the
shear strain value of 4.9. As can be seen, the texture is still com-
posed of the B=B components, with the difference that they are
rotated around TD of the sample (represented by the φ1 angle) by
about 16°, in the direction of the shear. The texture strength is
reduced significantly with respect to the same case in Figure 7;
the maximum intensity is decreased from 9.19 to 3.87. These
main features of the simulated textures remained about the same

for this extreme high GBS when the strain was further increased
(note that the construction of the GBS model does not permit the
total elimination of the crystallographic slip systems, so it is not
possible to impose 100% GBS).

4. Discussion

It is a general observation that during severe plastic deformation
(SPD) after a certain imposed strain depending on the material
the microstructure becomes stationary.[27] Table 3 compares the

Figure 5. Texture at γ= 0 of Au-13Pd and Pd-10Au alloys represented as PFs 111, 200, and 220 (SPN= shear plane normal= compression axis,
SD= shear direction, intensities are given in multiples of a random orientation distribution).

Figure 6. a) MaximumODF intensity and b) volume fraction of<110> fiber (15° spread) as a function of shear strain for Au-13Pd. The inset in (a) shows
the measurement path in radial direction from the center to the edge.
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stationary values of the microstructure parameters of HPT-
processed Au-13Pd with those measured for nc fcc metal alloys
of different SFE, or SFE values normalized with shear modulus
G and Burgers vector b. It can be seen that the Au-13Pd alloy falls
into the general trend: i) The saturation crystallite size of all alloys
is almost the same. However, within the Au-Pd alloy system, it is
slightly lower for Au-13Pd, although the homologous deforma-
tion temperature is higher. The reason could therefore be a lower
grain boundary mobility due to the different alloy composition.

Taking into account all alloys in Table 3, it can be seen that the
SFE is not the controlling parameter. The initial microstructure
of a single-phase material does not affect the saturation grain
size.[42,43] In general, application of HPT results in grain size
refinement of coarser-grained, single-phase materials[7,27] and
grain coarsening of finer-grained materials, this study
and,[3,21,44] whereby both processes lead to almost the same sat-
uration grain size.[42] For a detailed study and discussion of var-
iations in saturation grain size in relation to physical parameters
such as melting temperature, diffusivity, valence electrons, SFE,
and solute dislocation interactions, see ref. [45]. ii) The disloca-
tion density and the dislocation arrangement parameter increase
with decreasing SFE, while the dislocation character in all cases
is almost screw-type. The first two effects are due to a reduced
dynamic recovery rate, which depends on the degree of disloca-
tion dissociation hindering both cross slip and climb, thereby
retarding dislocation annihilation. The equilibrium width of dis-
sociated dislocations is inversely related to SFE/Gb. When the
initial dislocation density is smaller or bigger than the stationary
one, the dislocation density increases during SPD[7,27] or
decreases, this study and ref. [3]. Gubicza[27] related the station-
ary grain and crystallite size determined by transmission electron
microscopy (TEM) and XLPA, respectively, to the stationary dis-
location density determined by XLPA. In a double logarithmic
plot, the grain size decreases almost linearly with increasing
dislocation density with the power �2/3, while for the smaller

Table 2. Texture components of simple shear deformed fcc metals and
their crystallographic description {hkl}<uvw> with regard to shear
plane and shear direction.

Component
designation

Miller indices
{shear plane}<shear direction>

A {11 1}<110>

A {111}<1 1 0>

A�
1 {1 1 1}<112>

A�
2 {111}<112>

B {112}<110>

B {11 2}<1 1 0>

C {001}<110>

Figure 7. Simulated textures are represented as φ2= 0° and φ2= 45° ODF-sections for the end of the powder compaction stage (at a compression strain
of 0.27), indicated by γ= 0, and for HPT testing at increasing shear strains. For the latter, the GBS approach of ref. [4] was used starting with the
experimental initial texture at γ= 0 in Figure 4. Intensities are given in multiples of a random orientation distribution.
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crystallite size, it is �1/2 (Figure 9). The values of nc alloys listed
in Table 3 fit well into these relations. Within the large spread of
the data, in the lowest nanorange of about 20 nm, the crystallite
size is comparable to the grain size and the dislocation density is
about 4� 1016 m�2. Thus, there seems to be a lower limit of
grain refinement and a maximum limit of accumulation of dis-
location density during SPD. This may be due to the transition
from dislocation to grain boundary-mediated plasticity, see the
following paragraph. iii) According to XLPA, the line profiles
of Pd-10Au and Au-13Pd were best fitted by assuming stacking

faults (SFs) and deformation twinning, respectively. Thus, a tran-
sition from SFs to mechanical twins occurs with decreasing
SFE, with the twin density increasing as the SFE decreases.
According to ref. [27], all the mechanisms proposed for deforma-
tion twinning are based inherently on the dissociation of lattice
dislocations into twinning partials and their slip on successive
{111} planes. This explains the observed dependence on
SFE/Gb.

The texture of the nc Au-13Pd does not change much during
HPT. It is characterized by a dominant <110> fiber already
developed during powder compaction. The intensity of this fiber
decreases slightly with shear strain. Only at shear strains above
about 15 minor shear components developed. The experimental
compaction texture can be simulated by using a GBS approach[4]

involving nearly free rotations and sliding of the particles as well
as fully relaxed deformation components.[32] However, in the
unrelaxed version, the HPT texture is by no means reproduced,
in contrast to former results on Au-10Pd for grain sizes
>20 nm.[3,4] It should be emphasized that in Au-10Pd, the com-
paction texture (Figure 5) also did not change significantly during
HPT-induced grain growth to about 20 nm. It can therefore be
assumed that the grain size range up to around 20 nm is the rea-
son for the lack of shear texture development in both alloys.
Consequently, another GBS mechanism must be in operation,
as shown in Figure 10. In this approach of GBS, planar interfaces
are produced by grain boundary migration.[11] Once a planar
interface is formed, the localized sliding shears can result in
mesoscopic sliding across the dimensions of many grains and
result in large shear strains without work hardening
(Figure 1). The advantage of this approach is that grain boundary
migration is more effective in reducing steric hindrance than dif-
fusion. Diffusion distances are only in the order of magnitude of
the grain boundary width δ. As the grain size of the material

Figure 8. Simulated texture for 99% GBS at a shear strain of γ= 4.9 (intensities are given in multiples of a random orientation distribution).

Table 3. Saturation values of microstructure parameters measured for nc fcc metal alloys of different SFE HPT-processed at RT (igc, inert gas
condensation; AM, additively manufactured; G, shear modulus; b, magnitude of the Burgers vector).

SFE [mJ m�2] (103 SFE/Gb) G [GPa] B [nm] <x>a [nm] ρ [1016 m�2] q M ßTw [%] ßSF [%]

Pd-10Au (igc)[3] 150[15] (12.4) 44a) 0.275[3] 24 1.3 2.2b) 0.5b) – 1

Au-13Pd (igc) 40[15] (4.8) 29a) 0.286 20 2 1.9 0.9 2.5 –

CrMnFeCoNi (cast)[7] 30[35] (1.5) 79[35] 0.255[35] 24 3 2.3 5 2c) –

316L steel (AM)[36] 26[37] (1.3) 78[38] 0.254[39] ≈30 3–3.5 3.5–4

a)Estimated from the values of Pd (46 GPa[40]) and Au (27 GPa[41]) using the rule of mixtures; b)Unpublished; c)Maximum value at a shear strain of 25.

Figure 9. Saturation grain and crystallite size determined by TEM and
XLPA, respectively, for metallic materials processed by SPD as a function
of saturation dislocation density (according to ref. [27]) expanded by values
of nc alloys (in color) listed in Table 3. The slopes of the red and blue lines
are �1/2 and �2/3, respectively.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2024, 26, 2400214 2400214 (7 of 9) © 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2024, 19, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202400214 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [02/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


decreases (or the ratio of δ to grain size d increases), the steric
hindrance tends to decrease. As can be seen in Figure 10, the
amount of material, corresponding to the number of atoms (pro-
portional to the dimension h), that must be displaced to form a
mesoscopic planar interface is a fraction of the grain size and
becomes comparable to the grain boundary width for the lowest
range of the nc regime. For δ= 0.5 nm[46] and d≤ 20 nm,
δ/d≥ 0.025. According to this GBS approach, the initial texture
should not change during shearing. Such planar interfaces
expanding over several grains were experimentally observed in
HPT-processed Pd.[21]

Finally, the strength difference between the two Au-Pd alloys
(Figure 1) is discussed based on the parameters listed in Table 3.
HPT of Au-13Pd requires lower torque/shear stress than HPT of
Pd-10Au, in qualitative agreement with yield stress and micro-
hardness measurements on as-IGC material (initial, less dense
state).[40] For both alloys below about 20 nm, the GBS mecha-
nism explained above dominates. While this applies to Au-
13Pd for the entire shear strain range, for Pd-10Au, because
of deformation-induced grain growth after a certain shear strain,
there is a shift to sliding of partial/full dislocations emitted from
grain boundaries.[3] The change in the deformation mechanism
may be responsible for the higher strength and work hardening
of Pd-10Au. In contrast, both deformation mechanisms scale
with the shear modulus, which is about 50% higher for
Pd-10Au than for Au-13Pd (Table 3). Other reasons for the
strength difference can also be grain boundary segregation
and/or deformation-induced structural relaxation of the grain
boundaries.[47,48] However, using a combination of Monte
Carlo and molecular dynamics methods, Schäfer et al.[15]

for Pd/Au concentrations up to about 10% showed that the
equilibrium solute configuration in the grain boundaries is
not different from that of the random solid solution found in
the bulk. Experimental proof of this prediction is still awaited.
Deformation-induced (and thermally-induced) structural relaxa-
tion of the grain boundaries leads to a lowering of the grain
boundary energy and thus stability of the nc structure and an
increase in strength.[49] It is assumed that grain boundary relax-
ation is induced by the emission of partial dislocations or twins
from grain boundaries. Therefore, according to Table 3, the
effect must be favored by SFs.

5. Conclusion

In the Au-Pd alloy system, the nc structure of Au-13Pd was found
more stable than that of Pd-10Au on the other side of the phase
diagram during HPT at room temperature. This may be due to
the different alloy composition. Furthermore, the compaction
texture of the igc powder did not change during SPD. Based
on the texture simulations employed, it is concluded that with
decreasing grain size at around 20 nm, a transition in GBSmech-
anism takes place from grain-scale GBS to mesoscopic coopera-
tive GBS on planar interfaces produced by grain boundary
migration. Once a planar interface is formed, the localized slid-
ing shears can result in mesoscopic sliding across the dimen-
sions of many grains leading to large shear strains. This GBS
mechanism preserves the initial texture.
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