
G
a

L
S
a

b

c

d

e

f

a

A
R
R
A

K
P
H
U
S
S

1

t
p
a
U
a
p
b
i
S

r
t
a
U

T
G

0
d

Materials Science and Engineering A 527 (2010) 1776–1783

Contents lists available at ScienceDirect

Materials Science and Engineering A

journa l homepage: www.e lsev ier .com/ locate /msea

rain refinement and mechanical properties in ultrafine grained Pd and Pd–Ag
lloys produced by HPT

. Kurmanaevaa,∗, Yu. Ivanisenkoa, J. Markmanna,b, C. Kübela, A. Chuvilinc,

. Doyled, R.Z. Valieve, H.-J. Fechta,f

Institute für Nanotechnologie, Karlsruhe Institute für Technologie, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany
Universität des Saarlandes, FR7.3 Technische Physik, Campus D2 2, 66123 Saarbrücken, Germany
Materialwissenschaftliche Elektronenmikroskopie, Universität Ulm, Albert-Einstein-Allee 11, 89081 Ulm, Germany
Institut für Synchrotronstrahlung, Karlsruhe Institute of Technologie, PO Box 3640, 76021 Karlsruhe, Germany
Institut of Physics of Advanced Materials, Ufa State Aviation Technical University, K.Marx 12, 450000 Ufa, Russia
Institut für Mikro- und Nanomaterialien, Universität Ulm, Albert-Einstein-Allee 47, 89081 Ulm, Germany

r t i c l e i n f o

rticle history:
eceived 13 August 2009
eceived in revised form 30 October 2009
ccepted 2 November 2009

a b s t r a c t

The microstructure and the mechanical properties of ultrafine grained Pd and Pd–x% Ag (x = 10, 20, 40)
alloys processed by high pressure torsion (HPT) were thoroughly investigated using transmission and
high resolution electron microscopy, XRD analysis and tensile tests. The increased Ag content resulted in
decrease of the stacking fault energy (�SF), which made it possible to produce by means of HPT different
eywords:
alladium alloys
igh pressure torsion
ltrafine grained materials
tacking fault energy

ultrafine-grained structures in the alloys and to study their superior strength and ductility. The nature of
such unique mechanical behaviour is discussed on the basis of analysis of strain hardening mechanisms
and effect of stacking fault energy.

© 2009 Elsevier B.V. All rights reserved.
train hardening behaviour

. Introduction

In the past, a strong progress has developed in severe plas-
ic deformation (SPD) techniques [1,2]. It has become possible to
roduce ultrafine grained (UFG) materials in commercially reason-
ble amounts. Thanks to their outstanding mechanical properties
FG materials obtained by means of SPD offer a wide range of
pplications as structural building units and components. The
otential for technical innovations based on SPD materials has
een demonstrated for many areas [3,4], e.g. production of med-

cal implants fabricated from commercially pure Ti processed by
PD [5].

It is common knowledge that UFG materials exhibit supe-

ior hardness, strength and fatigue properties as compared to
heir coarse grained counterparts. However, often they possess

lack of ductility or are affected by rapid strain localization.
sually, stress–strain curves of these materials show failure imme-

∗ Corresponding author at: Institute für Nanotechnologie, Karlsruhe Institute für
echnologie, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen,
ermany. Tel.: +49 7247 82 6450; fax: +49 7247 82 8298.

E-mail address: lilia.kurmanaeva@kit.edu (L. Kurmanaeva).

921-5093/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2009.11.001
diately after onset of yielding [6]. Such behaviour is related to
the low strain hardening capacity of UFG materials due to lim-
ited dislocation storage in small grains. It is expected that any
improvement of strain hardening will be beneficial for the duc-
tility, i.e. enhancing the uniform elongation, in UFG materials
[7].

Several routes to improve the ductility of UFG materials were
suggested, such as generating bimodal grain size distributions,
nano-twins, and dispersion of nano-particles [8]. A quite current
method is to increase the ductility by alloying with specific mate-
rials with the purpose of decreasing the stacking fault energy (�SF)
as shown in Refs. [9,10].

The objective of this study was to investigate the deformation
behaviour and the microstructure in UFG Pd–Ag alloys processed by
high pressure torsion. Addition of Ag dramatically decreases �SF in
Pd–Ag alloys. It was demonstrated that alloying leads to improve-
ment of both strength and ductility in these alloys. This effect is
explained by the enhanced strain hardening capacity thanks to the

UFG microstructure with high density of pre-existing dislocations
formed as a result of HPT. Such microstructure not only provides a
significant increase of the yield strength as compared to pure Pd,
but it also helps to sustain further straining due to the enhanced
hardening rate.

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:lilia.kurmanaeva@kit.edu
dx.doi.org/10.1016/j.msea.2009.11.001
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Table 1
Physical properties: melting temperature (Tm) [10], elastic shear modulus (G) [11],
stacking fault energy (�SF) [12] and initial microhardness of studied alloys.

% Ag Tm, ◦C G, GPa �SF, mJ/m2 Initial microhardness, HV

0 1555 46.2 179 42 ± 5
10 1510 44.5a 165.3 45 ± 4
20 1470 42.8a 125 66 ± 10

r

2

a
i
p
u
o
i
o
P
q

F
t

40 1385 39.5a 118.7 62 ± 8

a Shear module of Pd–Ag alloys was estimated from E of pure Pd and Ag using the
ule of mixture.

. Experimental materials and procedures

Pd and Pd–x% Ag (x = 10, 20, 40) samples were alloyed by heating
nd melting in an arc-melting oven under Ar atmosphere. Accord-
ng to the phase diagram Pd and Ag are completely soluble [11]. The
hysical properties (melting temperature [11], elastic shear mod-
lus [12], stacking fault energy [13]) and the initial microhardness
f the investigated materials are presented in Table 1. The stack-

ng fault energy of Ag (22 mJ/m2) is significantly lower than that
f Pd (169 mJ/m2) [13], hence the addition of Ag decreases �SF in
d–Ag alloys (Table 1). The ingots were processed by HPT under
uasi-hydrostatic pressure of 6 GPa for five rotations, description

ig. 1. Tensile specimens: (a) schematic representation showing cutting position of
ensile specimens in HPT-disks. (b) View of the specimens before tensile test.
Engineering A 527 (2010) 1776–1783 1777

of this SPD technique is published elsewhere [1]. The final dimen-
sions of the HPT-disks were about 10 mm in diameter and 0.3 mm
in thickness.

Initial microhardness of studied samples was measured with a
microindenter (BühlerTM) at a load of 2 N. At least 5 indents were
averaged for each data.

Tensile specimens were cut out of HPT-disks as shown in Fig. 1a
and thereafter mechanically fine polished using diamond suspen-
sions with particle size down to 3 �m. Uniaxial tensile tests were
performed at room temperature using a dedicated tensile stage for
miniature specimens at a strain rate of 10−3 s−1. The elongation
was precisely measured using a laser extensometer P-50 by Fiedler
Optoelectronics to read TiO2 marks that had been applied on the
tensile specimens’ surfaces as shown in Fig. 1b. At least three tensile
samples were used for each condition to obtain statistically valid
results.

Transmission electron microscopy (TEM) investigations were
performed using a Philips CM-30 operated at 300 kV, and high res-

olution transmission electron microscopy (HRTEM) studies were
performed using a FEI Titan 80-300 with imaging CS-correction (FEI,
Netherlands). Specimens for TEM were taken from a location corre-
sponding to the gauge section of the tensile specimen and situated

Fig. 2. X-ray diffractograms of HPT-processed Pd, measured in specimen plane view
at� = 0◦ (a) and� = 48◦(b). Samples were processed by HPT under quasi-hydrostatic
pressure of 6 GPa for five rotations. The XRD measurements were conducted in the
sample areas situated at a distance of 3 mm from the sample centre.
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Fig. 3. TEM dark-field images of typical microstructures taken in a plane view of HPT-processed Pd (a), Pd–10% Ag (b), Pd–20% Ag (c), and Pd–40% Ag (d). Samples were
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rocessed by HPT under quasi-hydrostatic pressure of 6 GPa for five rotations. The
f 3 mm from the sample centre.

t a distance of 3 mm from the sample centre. TEM specimens of Pd
ere prepared by electropolishing using a Tenupol 5 electropol-

shing apparatus (Struers A/S, Denmark) with a BK-2 electrolyte
14] at −20 ◦C. For the preparation of thin foils of Pd–Ag alloys a
wo step procedure was applied. They were mechanically grinded
nd dimpled, and then further thinned to a thickness of electron
ransparency using a Gatan Precision Ion Polishing System (PIPS,
atan, USA) with an Ar+ ions accelerated at 2.5–3.5 kV. In order to

emove the ion damaged layer from the thin foil surfaces, further
lectropolishing with an electrolyte consisting of methyl alcohol (6
olumes), nitric acid (4 volumes), and phosphoric acid (2 volumes)
t a temperature of −15 ◦C and at voltage of 22 V was applied. The
ean grain size was estimated using a line interception method

15] in representative dark field TEM images. The line intercep-
ions were measured in two directions: in the direction of shear
eformation during HPT, and perpendicular to it. The final grain
ize was calculated as the average between length and width. For
statistical distribution of the grain sizes a total of 150–200 grains
ere measured for each analysis.

. Synchrotron XRD measurements with a correction for

esidual stresses

Quantitative XRD measurements of the HPT-processed sam-
les were performed using the synchrotron ANKA at the Research
enter Karlsruhe. The XRD measurements were conducted in the
structure investigations were conducted in the sample areas situated at a distance

sample areas situated at a distance of 3 mm from the sample cen-
tre. The beam diameter was 1 mm. The peak profile parameters
(peak intensity, full width at half maximum and integral breadth)
were determined by fitting a Pearson VII function to the measured
peaks. The volume averaged crystallite size and the microstrain
were estimated from the XRD peak broadening using a modi-
fied Williamson–Hall method correcting for systematic errors as
described in Ref. [16]. All reflections with Miller indices up to
(4 2 0) were used for the grain size and microstrains estimates.
A LaB6 standard by NIST was used to determine the correction
for instrumental broadening. For evaluation of the lattice param-
eters (a) and stacking fault probabilities (˛SF) [17], a special route
of correction for residual stresses was performed. This procedure
was necessary because HPT deformation is characterized by very
high residual stresses in the processed specimens. Residual stresses
cause shifts of XRD peaks, and consequently, may affect the results
of the estimation of the lattice parameter or stacking fault prob-
ability out of peak positions and peak shifts. It was shown, that
a tilting of the sample with respect to the XRD diffraction plane
at a certain angle (angle � in a standard Eulerian coordinate sys-
tem), the influence of the residual stresses on the position of a

certain XRD peak can be eliminated [18]. For Pd these tilt angles
are quite similar for all crystallographic directions at about 48◦

(see Ref. [18] for details). Therefore the synchrotron XRD measure-
ments used for the determination of the lattice parameter and the
stacking fault density were performed at this angle using an Eule-
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Table 2
Results of quantification of microstructural details of HPT-processed Pd and Pd–Ag alloys: TEM grain size (d), XRD crystallite size (〈X〉), microstrain (〈ε2〉1/2), stacking fault
probability (˛SF), dislocation density (�) and lattice parameter (a).

% Ag d, nm 〈X〉, nm 〈ε2〉1/2, % ˛SF,% �× 1015, m−2 a, pm

0 240 ± 15 86.45 ± 6.35 0.06 ± 0.01 0.055 0.07 389.04 ± 0.01
10 206 ± 11 50.7 ± 5.0 0.26 ± 0.01 0.34 1.4 389.98 ± 0.09

0.01
0.02

r
w
o
t
m
a
u
w
t

a
t
s

F
q
c

20 150 ± 15 29.8 ± 2.2 0.37 ±
40 144 ± 14 23.55 ± 1.65 0.30 ±

ian cradle. X-ray diffractograms measured with correction and
ithout it for pure Pd are presented in Fig. 2. Anticipating results

f this experiment, and taking pure Pd as the example, we note
hat the values of lattice parameter estimated using the measure-

ents conducted at � = 0◦ and � = 48◦ were 389.124 ± 0.045 pm
nd 389.041 ± 0.008 pm, respectively. It is clearly seen, that resid-
al stress leads to a notable overestimate of the lattice parameter,
hereas lattice parameter measured using � = 48◦ is very close to
hat of as-cast material (389.056 ± 0.012 pm).
As residual stress does not influence the estimate of the volume

veraged crystallite size and the average amount of microstrain,
hese values were estimated using the X-ray diffractograms mea-
ured at � = 0◦.

ig. 4. Plane view TEM dark-field images showing defect structures in HPT-processed Pd
uasi-hydrostatic pressure of 6 GPa for five rotations. The microstructure investigations w
entre.
0.82 2.8 392.69 ± 0.19
0.27 1.8 395.85 ± 0.05

4. Results

4.1. Microstructure of Pd–Ag alloys resulting from HPT

Fig. 2 shows typical dark-field images of as-HPT-processed Pd
and Pd–Ag alloys. The microstructure of all samples is characterized
by slightly elongated grains with an aspect ratio of about 1.5. It is
also shown that alloying leads to a decrease of the resulting grain

size (Fig. 3a–d).

The mean grain size in as-HPT Pd is 240(15) nm as determined
by TEM. Grains are delineated by narrow and distinct grain bound-
aries as shown in Fig. 3a. Separate dislocations and dislocation
subboundaries (note the considerably smaller grain size as esti-

(a), Pd–20% Ag (b and c) and Pd–40% Ag (d). Samples were processed by HPT under
ere conducted in the sample areas situated at a distance of 3 mm from the sample
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Fig. 6. HRTEM image of stacking faults in HPT-processed Pd–20% Ag viewed along
〈1 1 0〉, insert shows corresponding FFT. Several SFs are indicated with arrows, and

The microstructures that developed as a result of severe plastic
deformation by HPT in pure Pd and in all studied Pd–Ag alloys varied
with respect of both the grain size and the defect substructure. The
increase of Ag content led to a decreasing grain size, an increase of
the dislocation density, and a formation of stacking faults and twins.

Table 3
List of mechanical properties: yield stress (YS), ultimate stress (UTS), uniform strain
(εu), fracture strain (εf) and area reduction in the neck ( ) of HPT samples.
ig. 5. Grain size distribution in HPT-processed Pd, Pd–10% Ag, Pd–20% Ag and
d–40% Ag (before tensile tests).

ated by XRD, see Table 2) are observed inside the grains (Fig. 4a).
he microstructure of as-HPT alloys looks different as compared to
hat of pure Pd. The grain size becomes notably smaller, e.g. the

ean grain size in the Pd–10% Ag and Pd–20% Ag is 206(11) and
50(15) nm, respectively (Fig. 3b and c), and dense dislocation tan-
les and pile ups are present in all grains (Fig. 4b). Additionally, in
he Pd–20% Ag very narrow nano-twins with a thickness of several
m can be found in some grains (Fig. 4c). Further increase of the
g content leads to a further decrease of the resulting grain size to
44(15) nm in the Pd–40% Ag alloy (Fig. 3d). Upon that, the number
f grains with nano-twins visually increases, and the dislocation
ensity inside the grains is still high (Fig. 4d).

The statistical analysis of the grain size distributions determined
rom dark field TEM images is shown in Fig. 5. It is evident that the
idth of the grain size distribution is reduced with increasing Ag

ontent, thereby demonstrating that the microstructure becomes
ore uniform.
Additionally, the following microstructure parameters like the

olume averaged crystallite size, the average amount of micros-
rain, the lattice parameter, and the stacking fault probability were
valuated from the analysis of the XRD peak profiles obtained
sing synchrotron radiation, and the results are summarized in
able 2. Similar to the TEM observations, the XRD crystallite size
s also decreasing with increasing Ag content. Furthermore, both
he microstrain and the stacking fault probability˛SF are increasing
ith increasing Ag content (Table 2).

.2. HRTEM observations of stacking faults in Pd–20% Ag alloy

The high values of ˛SF for Pd–20% Ag (Table 2) indicate that dis-
ocations are very likely to split. However, the splitting distance is
ot large enough to be distinguished from unsplit dislocations in
onventional TEM images. Indeed, HRTEM observations in [1 1 0]
rientation revealed numerous staking faults (SFs) (Fig. 6, inserts A
nd B) and staking faults tetrahedrons (Fig. 6, insert C). The stack-
ng faults lay in the (1 1 1) crystallographic planes. We measured
he widths of 50 SF ribbons from HRTEM images. They span a range
rom 3 to 5.5 nm with an average width of 4.4 nm. The SFs in Fig. 6A
re shown edge on. A Burgers circuit [19] has been drawn showing
closing failure due to the presence of a Shockley partial disloca-

ion as indicated. Very often, however, the lattice shift across the
pparent SF line appears unclear (Fig. 6, insert B), but the stress

eld related with the SF straightforwardly reveals its presence. We
hould emphasize that a high local density of stacking faults was
evealed in our HRTEM observations. Typically, 10–15 SFs can be
een simultaneously in a field of view (area 35 nm × 35 nm). On the
ther hand, areas free of any defects can also be observed in HRTEM.
two defects are shown enlarged in A and B: in A lattice shift in 111̄ is clearly seen as
shown by a Burgers circuit; S refers to the starting point and F the finishing point of
the Burgers circuit, respectively; in B stacking fault is indicated by oval, lattice shift
is not so clearly seen as in A. C Shows stacking fault tetrahedron.

4.3. Mechanical properties

Fig. 7a shows the typical tensile curves of the UFG Pd, Pd–10% Ag,
Pd–20% Ag, and Pd–40% Ag alloys. It is apparent that the strength
of the materials studied is increasing with increasing Ag content.
Remarkably, the Pd–20% Ag and the Pd–40% Ag alloys did not only
show the highest values of yield and ultimate strength, but also the
largest uniform strain (Table 3). Fig. 7b shows the normalized strain
hardening rate (�) versus true stress calculated as:

� = d�

dε
, (1)

where � denotes the true stress and ε the logarithmic strain. Only
segments of the tensile curves in Fig. 7a corresponding to the uni-
form elongation of the sample (i.e. between open squares and open
circles) were used for the calculation of�. It proves that� increases
with the increase of the Ag content higher than 20%.

5. Discussion

5.1. Microstructure evolution
% Ag YS, MPa UTS, MPa εu, % εe, %  , %

0 628 ± 5 760 ± 25 0.035 ± 0.002 0.16 ± 0.005 53
10 870 ± 10 1153 ± 15 0.05 ± 0.003 0.16 ± 0.003 37
20 975 ± 12 1215 ± 20 0.055 ± 0.002 0.135 ± 0.007 32
40 1000 ± 5 1130 ± 10 0.055 ± 0.002 0.15 ± 0.005 32
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ig. 7. (a) Tensile stress–strain curves of UFG Pd, Pd–10% Ag, Pd–20% Ag Pd–40%
g. The circles indicate the onset of yielding and the squares point to the ultimate
tress. Strain was measured by means of the laser extensometer. (b) Normalized
ork hardening rate � against strain and stress.

n the following sections we are going to discuss these features
eparately.

.1.1. Grain refinement on HPT
Alloying with Ag significantly influences the grain size resulting

rom HPT: the larger the Ag content, the smaller the grain size.
It is well accepted [1,20–22] that the microstructural evolution

uring HPT occurs as a sequence of several steps (or stages) and
egins with the formation of a cell structure with high disloca-
ion density located in the cell boundaries. When the HPT straining
s continued over a wide range of strains a non-homogenous

icrostructure is formed with a broad grain size and grain ori-
ntation distribution. However, the mean grain/cell size gradually
ecreases with increasing strain and the permanent storage of
islocations in cell boundaries leads to an increase of their misori-
ntations. Finally, a steady stage is reached where the mean grain
ize achieves the lowest value, and neither the mean grain size nor
he grain boundary misorientation distribution can be influenced
y further deformation [1,20]. The occurrence of a steady state grain
ize is also typical for ball milling [21], but the grain size achieved at
all milling is usually lower than that after high pressure torsion.
he physical reason for establishing the steady stage is not quite
lear yet; it was proposed that the lowest grain size results from
he balance between the produced dislocations and their recovery

y thermal processes [22]. Obviously, the number of produced dis-

ocations depends on the accumulated strain and should be similar
n different materials which experienced the same strain. Then the
ate of dynamic recovery is the crucial parameter for the steady
tage grain size. This model helps to understand the role of alloy-
Engineering A 527 (2010) 1776–1783 1781

ing in the process of grain refinement at HPT of Pd–Ag alloys. First
of all, pinning of dislocations by solute atoms restricts their free
path leading to the smaller cell size. Furthermore, the stacking fault
energy decreases rapidly with increasing Ag content (Table 1). As
our HRTEM investigation has shown (Fig. 6), smaller �SF in the
Pd–20% Ag alloy leads to the dissociation of dislocations, which
hinders cross-slip and climbing, and consequently, the ability of the
material for a deformation recovery, which in its turn leads to an
enhanced dislocation storage. Dislocation tangles may rearrange to
new cell boundaries and movable dislocations readily sink to cell
boundaries promoting their transformation to high angle bound-
aries [1]. The importance of �SF for the final grain size achieved
after severe plastic deformation was shown for ball milling [23]
and high pressure torsion [24–26]. In all cases the smaller the �SF,
the smaller the resulting grain size.

According to Mohammed [23], other factors may influence the
final grain size during severe plastic deformation. In particular, the
higher the initial hardness, shear modulus, and melting tempera-
ture, the smaller will be the resulting grain size [23]. Despite all
these parameters (except hardness) are decreasing in Pd–Ag alloys
with increasing Ag concentration (Table 1), the resulting grain size
has been decreasing, indicating that the stacking fault energy is a
much more important parameter for grain refinement during SPD.

5.1.2. Dislocations, stacking faults, and twins
Our TEM investigations demonstrated a notable increase of dis-

location density in the Pd–Ag alloys with increasing Ag content,
despite the decreasing grain size. Analysis of the XRD peak profiles
also revealed a concomitant increase of the microstrain (Table 2).
Microstrain is related to the dislocation density by [27,28]:

�strain = k〈ε2〉
Fb2

, (2)

where �strain is the dislocation density due to the microstrain and
b the absolute of the Burgers vector, k depends on the kind of dis-
locations and the strain distribution due to their stress field and F
describes their interaction. Quite elaborated methods exist in liter-
ature to determine the influence of the kind of dislocations on the
strain broadening, especially the use of so-called contrast factors
which describe the crystallographic anisotropy of the strain broad-
ening and which do even allow for a distinction of the character of
the dislocations (i.e. edge or screw) [29]. However, in the case of
present study, the formula (2) should be sufficient because we just
want to investigate the change of dislocation density as a function
of the silver content. We took F = 1, i.e. we assume non-interacting
dislocations in the grain interior while all interacting dislocations
build up the cell boundaries and their influence on the X-ray peak
broadening is considered as size broadening and therefore dis-
tinguishable by the size–strain separation of the Williamson–Hall
analysis. A value of k = 16 as calculated by Williamson and Small-
man describing the strain field of a screw dislocation in a fcc
material [27] was used for the calculation of the dislocation densi-
ties.

In Table 2 the values of the dislocation density calculated using
Eq. (2) for all studied alloys are presented. The dislocation density�
increases almost linearly for 40 times from 0.07 × 1015 m−2 in pure
as-HPT Pd to 2.8 × 1015 m−2 in the Pd–20% Ag alloy. Similar val-
ues were reported for HPT-processed Cu–Zn alloys, with the same
trend for increasing � with decreasing stacking fault energy of the
alloy [26]. As discussed above, the enhanced dislocation storage in
alloys with higher Ag content is related to two factors: pinning of

dislocations by solute atoms and splitting of dislocations promoted
by lower�SF. In HRTEM images of the Pd–20% Ag alloy, we observed
numerous SFs (Fig. 6) confirming dislocation splitting in agree-
ment with the high stacking fault probability of 0.82% in this alloy
(Table 2) as estimated by XRD. Nevertheless, further decreasing of
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tacking fault energy in Pd–40% Ag did not lead to further increase
f dislocation density, but to its decrease and surprisingly, also to
rastic decrease of stacking fault probability (Table 2). Presumably,

ow �SF in Pd–40% Ag facilitates the development of deformation
winning (at the expense of the formation of stacking faults) which
oncurs with dislocation slip.

Another indication of the high activity of dissociated disloca-
ions during severe plastic deformation is the observation of the
F tetrahedrons formation in the Pd–20% Ag alloy (Fig. 6, insert
). Such defects can be frequently found in metals and alloys
ith a low and medium �SF after cold deformation [26]. Accord-

ng to the mechanism suggested in Ref. [26], SF tetrahedrons can
e formed by the glide of jogged screw split dislocations. Further
echanisms of SF tetrahedrons formation are discussed in Ref.

30].

.2. Mechanical behaviour

When discussing the mechanical behaviour of UFG Pd and Pd–Ag
lloys, one should keep in mind that tensile tests have been per-
ormed using miniature specimens with a gauge length as small as
.4 mm. It is well known, that dimensions of the tensile specimens
an influence the resulting mechanical properties, primarily the
easured elongation. That is why dimensions of tensile specimens

re fixed in corresponding standards [31]. The specimen sizes used
n the present investigation do not meet these standards; there-
ore uniform and total elongations obtained cannot be compared
ith results of tensile tests performed using specimens hav-

ng other dimensions. However, elongations of different samples
ithin the present investigations can be readily compared to each

ther.

.2.1. Enhanced strength.
The present studies demonstrated a significant increase of

trength as a result of SPD for all studied alloys, with maximal values
chieved in the Pd–20% Ag and Pd–40% Ag alloys (Table 3). Several
actors contribute to this increase of the strength: small grain size,
igh dislocation density, and solute hardening. Obviously, the most

mportant factor here is the grain size hardening according to the
all–Petch relation [32,33] as �HP ∼ d−1/2. The smaller the grain

ize, the higher the strength, and consequently the highest values
f the yield strength were obtained in alloys with the smallest grain
ize (Tables 2 and 3).

The next factor contributing to the enhanced strength is the
train hardening due to dislocation storage during plastic defor-
ation. Already Taylor has shown that, if the influence of the

islocation density on the flow stress is dominant, then its con-
ribution to flow stress is proportional to

√
� [34]. Here we would

ike to stress that this is valid only for randomly distributed dislo-
ations: dislocation forest. Our TEM and HRTEM observations show
hat number of randomly distributed dislocations in grain interior
ncreases with alloying. Furthermore, Eq. (2) used for estimation
f dislocation density from XRD data accounts only on distortions
rom non-interacting dislocations, and this density increases dra-

atically with increasing Ag content and achieves its maximum
alue in the Pd–20% Ag alloy (Table 2).

Solution hardening is much less important for strength of the
PT-processed Pd–Ag alloys. As it was mentioned before, the sys-

em Pd–Ag is completely soluble. The atomic radii of Pd and Ag
re 137.6 pm and 144.4 pm, respectively. This difference in atomic
iameters results only in a low solute hardening. A study per-

ormed on single crystals of Pd–Ag alloys demonstrated that in
he concentration range up to 25 at.% Ag, the yield strength of
lloys increases linearly with the increasing Ag concentration.
urther increase of Ag leads to a (again linear) decrease of the
ield strength [35]. Therefore the maximal hardening effect was
Engineering A 527 (2010) 1776–1783

achieved for a concentration of 25% of Ag and its value was only
20 MPa.

Hence, we conclude that the enhanced yield strength of HPT-
processed Pd–20% Ag and Pd–40% Ag alloys results mainly from
the smaller grain size and the increased dislocation density. Upon
that slightly lower mean grain size in Pd–40% Ag, and slightly larger
dislocation density in Pd–20% Ag lead to very close yield strength
values in these alloys. Though, we admit that both factors are
present simultaneously, it is very difficult to find out a quantitative
correlation between the microstructural parameters and the flow
stress, because existing theories do not describe their simultaneous
influence.

5.2.2. Strain hardening behaviour
Usually UFG materials fail to exhibit a reasonable uniform elon-

gation due to their limited strain hardening capacity. The strain
hardening capacity reflects the ability of the material to store dis-
locations produced during plastic deformation, which is difficult in
small grains because grain boundaries which can act as dislocation
sinks are in direct vicinity. At a first glance we observe an unusual
behaviour in the Pd–Ag alloys: the strain hardening capacity (SHC)
and the highest uniform elongation was found in the Pd–20% Ag
alloy, whereas the mean grain size in this alloy is almost 2 times
smaller than that in pure Pd (Tables 2 and 3).

It is common knowledge, that the dislocation density in SPD
materials is low, because dislocations usually sink into grain bound-
aries or self-organize into ordered substructures like cell and
subgrain boundaries [1]. A typical example for this is represented
by the microstructure of HPT-processed Pd (Figs. 3a and 4a).
However, in the Pd–20% Ag and the Pd–40% Ag alloys disloca-
tion tangles can be seen in all grains and the dislocation density
is almost one order of magnitude higher comparing to that of
pure Pd. As was discussed above, the enhanced dislocation stor-
age is enabled by the lower �SF in the Pd–20% Ag and the Pd–40%
Ag alloys compared to pure Pd which leads to a dislocation dis-
sociation and impedes deformation recovery. Obviously, these
pre-existing dislocations are not involved in the plastic flow dur-
ing tensile testing, because otherwise stress–strain curves would
demonstrate no or very low strain hardening which is not the
case. On the other hand, pre-existing dislocations may provide
sources for new dislocations, and act as barriers for dislocation
glide (e.g. Peierls–Nabarro and Cottrell locks). The first provides
the necessary source for dislocations, and the second hinders dis-
locations from sinking into the grain boundaries. The annihilation
of dislocations is also retarded because cross-slip of split disloca-
tions is difficult. Therefore, such an unique UFG microstructure
with high density of pre-existing dislocations as formed in the
Pd–Ag alloys as a result of HPT does not only provide a significant
increase of the yield strength as compared to pure Pd, but it also
helps to sustain further straining due to the enhanced hardening
rate.

In the range of Ag content from 20 at.% till 40 at.% further
decreasing of �SF and increasing of splitting distance of disloca-
tions lead to transition of deformation mechanism from faulting
to twinning. The transition is accompanied by a slight decrease of
the dislocation density (Table 2) and increasing of the volume frac-
tion of grains with nano-twins inside. It was shown by Zhao et al.
[9,10] that formation of deformation nano-twins results in both
more effective blockage of dislocation slip and in a larger amount
of dislocation accumulation sites. Therefore in the concentration

range of Ag between 20 and 40% we observe the interplay of two
mechanisms of SHC improvement: one is based on the formation
of stacking faults, and the second one on the formation of nano-
twins. This interplay promotes the persistence of high mechanical
properties in a wide concentration range.
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. Summary

(i) The ultrafine-grained structure formation during HPT in pure
Pd and Pd–x% Ag (x = 10, 20, and 40) alloys has been inves-
tigated by means of synchrotron XRD analysis and TEM. It is
shown that the addition of Ag leads to a decrease of the mean
grain size from 240 nm in the pure Pd to 144 nm in the Pd–40%
Ag mutually caused by the decreased stacking fault energy.

(ii) Tensile tests of the HPT-processed samples have demonstrated
that alloying leads to improvement of both strength and
ductility in UFG Pd–Ag alloys. In the concentration range of
Ag between 20 and 40%, the yield strength is 975 MPa and
1000 MPa, ultimate tensile stress is 1215 MPa and 1130 MPa in
the Pd–20% Ag and Pd–40% Ag alloys, respectively, which is 60%
higher than these values in pure Pd (628 and 760). Simultane-
ously, a notable improvement of the uniform elongation up to
5.5% (Pd–20% Ag, Pd–40% Ag), i.e. almost 2 times as compared
with this value for pure Pd (3.5%) was revealed. It is proposed
that the latter effect is related to the enhanced dislocation stor-
age and strain hardening capacity in these alloys due to the
decreased stacking fault energy.

iii) Our results demonstrate that decreasing the stacking fault
energy �SF leads to a notable increase of strength and duc-
tility. We propose that this method can be used to control the
mechanical properties in UFG alloys.
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