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The positions of maxima in the X·ray diffraction patterns were measured and 
the lattice parameters a were calculated for pure palladium and its alloys with 
Cu, Pt, Hf, and Sm. Microstresses developed in the sample surface subjected to 
plastic deformation by polishing increase the lattice parameter of the cubic crys­
tal, the effect being dependent on the crystallographic orientation of the surface. 
Saturation of the samples with hydrogen decreases the level of microstresses and 
may even change their sign. 

INTRODUCTION 

The interest in the study of the mechanical properties and defect structures of palladium and related 
alloys is stimulated by their wide application as filters to produce hydrogen and its isotopes and as efficient 
catalysts for the processing of industrial waste gases. 

Variation of the lattice parameter serves as an important characteristic of distortions induced by the 
action of various factors upon the crystal. At present, the change of the lattice parameter a is treated from 
either microscopic or macroscopic standpoints. The former approach developed by Krivoglaz [l] is applicable 
to only a limited number of defect types. According to this theory, the change in the lattice parameter of 
a cubic crystal with respec~ to the value for the annealed sample can be calculated from the positions of 
diffraction maxima. If the defects (point or spherical) generate isotropic displacement fields, the same change 
(decrease or increase) is obtained for various diffraction peaks. In contrast, for an anisotropic displacement 
field (tw<rdimensional inclusions, dislocation loops, etc.) the changes are different if calculated from the 
positions of the diffraction peaks with differing hl:/ values. 

From the macroscopic standpoint, the dependence of the a value on the hl:l indices is described in terms 
of constant microstresses IT developed in the crystal (2]. The change in the lattice parameter is expressed as 
da = a1TK, where K is the quantity dependent on the hl:I indices. Nonmonotonic variation of the lattice 
parameter was experimentally observed in copper deformed by filing i3J. It was found that microstresses rr 

of opposite signs were developed in the ingot and filings. 
In this work, we studied the defect structure induced by hydrogen saturation and plastic deformation of 

palladium and its alloys. The analysis was restricted to defects affecting the lattice parameter. Experiments 
were performed on pure palladium and its alloys, including both continuous solid solutions (Pd-Cu and 
Pd-Pt) and systems with limited solubility (Pd-Hf and Pd-Sm). 

MATERIALS, EXPERlMENTAL METHODS, AND DATA PROCESSING 

Experiments were performed on palladium alloys containing 5 and 15 at.% Cu, 5 and 15 at.% Pt, 
10 and 15 at.% Hf, and 4.5, 5.8, and 8.2 at.% Sm. The sample plates were cut from ingots, ground, and 
mechanically polished. Then part of the samples was annealed at 700°C for 2 h and quenched in oil. 

The samples were electrochemically saturated with hydrogen at room temperature in 4 % aqueous N aF. 
The initial hydrogen saturation was effected at a current density j = 40 mA/cm2 for 15 min. 
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The X-ray diffraction data were obtained on an ADP-1 diffractometer using monocbromatized Cu-K., 
radiation. The measurements were carried out using the d - 21' scheme. In this mode, only the coherent 
scattering domains with (hi:/} planes parallel to the outer sample surface contribute to the fonnation of the 
(hi:/) diffraction maximum of a polycrystalline sample. The diffraction patterns were recorded at a counter 
velocity of 1/16 deg/min on an Endim-61-021 chart recorder. The counter slit width was 0.1 mm. Once 
the position of the experimental diffraction peak was determined, the corresponding 211 values were used to 
calculate the lattice parameter a. Under the above measurement conditions, the parameter a is determined 
along the normal to the sample surface, i.e., in the direction of the hydrogen atomic llow. The accuracy of 
determination of a..,0 was 0.001 A for the annealed samples and 0.002 A for the deformed ones. 

The lattice parameter aann of an annealed sample was determined by least squares using cos2 d as the 
extrapolation function. The experimental values of the lattice parameter a in all deformed and annealed 
samples were corrected for the goniometer adjustment error. 

The experimental data were analyzed using the relation [4] 

aexp = a + a1T K. (1) 

The parameter K for microstresses operating along the normal to the sample surface can be expressed as 

h2k2+121i:2 + h212 
K = S12 +(Su - S12 - s.._/2) (h2 + 1:2 + /2)2 

where Su, S12, ands.._ are the compliance constants and a is the crystal lattice parameter in the absence 
of microstresses. Because K is negative, the product ~a = alT K will be positive for the negative stress d, 

which implies an orientation-dependent increase in the lattice parameter along the sample surface normal. 
The increment of the lattice parameter is maximum along the [100] crystal axis and minimum in the [111] 
direction. Therefore, the a value determined from the positions of the diffraction maxima (200) and ( 400) 
must be greater compared to the value obtained for the (111) and (222) diffraction peaks. By contrast, in 
the case of positive IT we have a200 < a111· In this work, the a and IT values were determined from Eq. (1) by 
least squares. In what follows, we will consider the data for the <>-phase of palladium and Pd-M-H alloys. 

EXPERIMENTAL RESULTS 

Figure 1 shows typical diffraction maximum (200) for an annealed (curve I) and a deformed (curve 2) 
sample of the Pd-15 at.% Cu (Pd-15Cu) alloy. It is seen that deformation produces a significant shift (0.25°) 
of the maximum to lower angles. By contrast, hydrogen saturation shifts the diffraction maximum to higher 
angles in both annealed and deformed samples (curves l' and 2', respectively). 

2 1' 

Fig. 1 
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Figure 2 presents the a .. 1 values calculated for the Pd-15Cu alloy in the as-annealed condition (dashed 
curve) and after plastic deformation (dots in Fig. 2 a). The calculation was performed for all lines observed 
in the diffraction pattern. Naturally, the a .. , value for the annealed sample was independent of the ( hkl) 
indices within the experimental accuracy, while in the deformed sample all ah>1 values are greater than a .. 0 • 

Moreover, the increment of the lattice parameter is different in various crystallographic directions. The 
maximum increment is observed for the (200) and (400) diffraction peaks ([100] direction) and the minimum 
increment is found for the (111) and (222) peaks ([111] direction). The calculation by Eq. (1) gives data 
on both a and ,,. values. The former quantity is presented by the straight line in Fig. 2. In addition to 
the increase in the lattice parameter (varying with the K value) induced by the microstresses 11', there is an 
isotropic increment A = a - a.., •• The relations a111 < a2oo and a > aann were observed in all the samples 
studied in the as-deformed state . 

• a,A 

3.87 

a b c 

! • • 
• • • • a 

1 . 4 • • • ____ ... ___ _ 
-..! __ !.. _ _,if..! 
a 

• • • • •. 
• • 

!!!1 222 22D 777 !!7 222 220 111 !!!1 222 22D 111 

~2D 'I/JD !11 2DD hkl ~20 'I/JD !!11 20D hf<l'12D 'I/JD 311 2DD hkl -2.,,. 
Fig. 2 

Figures 2 b and 2 c show the experimental au1 values and the lattice parameters a calculated by formula 
(1) for Pd-15Cu samples saturated with hydrogen. In the annealed sample (Fig. 2b), hydrogen saturation 
leads to an increase in a and gives rise to positive microstresses, which results in the negative value of 
Aa = al1'K. In the deformed sample (Fig. 2c), not only the sign of Aa = al1'K changes upon hydrogen 
saturation, but the isotropic increment A = a - a..,0 decreases as well. Nevertheless, a is still greater than 
aann· 

In pure palladium and in Pd-Cu and Pd-Pt alloys the sign of ,,. changed upon a single saturation 
treatment for 15 min at a current density of 40 mA/ cm2 • At the same time, much greater current densities 
and treatment durations were necessary to obtain the same effect in Pd-Hf and especially in Pd-Sm alloys. 

In the Pd-15Hf alloy, the second hydrogen saturation cycle at 40 mA/ cm2 for 60 min increases the ,,. 
value from -50 to -10 kg/mm2 • The subsequent storage of this sample for 500 h in air at room temperature 
leads to no significant changes of,,. (11' = -5 kg/mm2 ). Note that a 4-h annealing at 400°C of another 
predeformed sample of the Pd-15Hf alloy increased,,. from -75 to -25 kg/mm2 • Annealing of a predeformed 
Pd-lOHf alloy under the same conditions leads to zero microstresses (cf. with ,,. = -50 kg/mm2 in the 
deformed state). 

We have studied 4 samples of the Pd-Sm system. In all cases the plastic deformation led to negative 
11' with the absolnte values increasing with the samarium content. As the Sm concentration increased from 
4.5 to 8.2 at.%, the absolute 11' values increased from 50 to 90 kg/mm2 . 

For two Pd-8.2Sm samples, the plastic deformation was followed by different treatment procedures. 
Sample 1 was doubly annealed at 400°C for 4 h and then saturated with hydrogen. Sample 2 was saturated 
with hydrogen immediately after the plastic deformation. 

Table 1 gives the ,,. values measured in various treatment stages for sample 1. The annealing of this alloy 
composition (occurring in the two-phase region of the phase diagram of the Pd-Sm system [5]) increased 
the absolute value of negative microstresses, as did the subsequent hydrogen saturation. This result can be 
explained by the onset of decomposition of the alloy during the annealing, which is further maintained by 
subsequent hydrogen saturation (as revealed by continued splitting of the diffraction maxima). 
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Table 1 

Microstresses rr in Pd-8.2 at.% Sm Samples after Different Treatments 

Sample 1 Sample 2 

Treatment sequence rr, kg/mm2 Treatment sequence rr, kg/mm2 

Grinding and polishing -100 

Grinding and polishing -85 Hydrogen saturation 
-60 

(15 min, j = 40 mA/cm2) 
Annealing ( 400°C, 4 h) -105 Storage (170 h) -95 

Annealing ( 400°C, 4 h) -110 
Hydrogen saturation 

-20 
(60 min, j = 40 mA/cm2 ) 

Hydrogen saturation Storage (300 h) -80 

(15 min, I= 40 mA/cm2 ) 
-135 Hydrogen saturation 

+40 
(60 min, j = 80 mA/cm2 ) 

Hydrogen saturation 
-135 Storage (24 h) +10 

(60 min, j = 40 mA/cm2) Storage (100 h) -40 

Note: Samples were stored in air at room temperature. Accuracy of rr determination Arr = 
::!:10 kg/mm2. 

A different process of the defect structure formation and microstress development was observed in 
sample 2 (see Table 1). Here, hydrogen· saturation leads to an increase in rr. The greater is the amount 
of hydrogen absorbed by the sample, the higher the increase in rr (note that the ,8-phase (hydride) does 
not form in alloys of this composition). However, the subsequent room-temperature storage of the sample 
leads to decreasing rr. In samples with lower samarium content ( 4.5 and 5.8 at.% Sm) even two or three 
saturation-storage cycles result in stabilization of the state with positive microstresses. In Pd-5.8Sm alloy, 
the value of tr = + 100 kg/mm2 is retained for 1500 h, and in Pd-4.5Sm, the value of rr = +20 kg/mm2 

remains unchanged for 20 x 103 h. 

DISCUSSION 

Microstresses 

Krivoglaz (1] calculated theoretically the variation of the lattice parameters for several models of defect• 
crystals and showed that some of these models would admit the orientation-dependent change of the lattice 
parameter of the cubic crystal. For example, a calculation was performed for a model crystal with {ill} 
oriented disk-shaped inclusions. Here, the effect of the lattice parameter variation was especially pronounced 
provided the inclusions are distributed in a correlated manner. Another model represented a. crystal with 
{ 111} oriented dislocation loops of sufficiently large size. Note that the intrinsic anisotropy of a crystal with 
equiaxial defects produces a very small effect that can hardly be detected in our experiment. 

There is a discrepancy between our experimental data and the results of calculations. At present, we 
cannot suggest the particular type of defects that would account for the observed pattern. Nevertheless, 
a comparative analysis of the data obtained for various alloys and treatments, and the study of intensity 
variation of the diffuse background enable us to make the following suggestions. 

In pure palladium and in Pd-Pt and Pd-Cu alloys the most probable defects are dislocation loops, while 
in the Pd-Sm system, the most probable defects are inclusions of a new phase. The hydrogen saturation 
may give rise to dislocation loops of the vacancy type, which are capable of compensating for the already 
existing shift of the diffraction maxima. 
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Table 2 

Microstresses <T and a - aann Values in Palladium and Pd-Cu, Pd-Pt, and Pd-Hf 
Alloys aft.er Different Treatments 

Content 
Ar, A 

<T, kg/mm2 (a-a.,.n) A 
Alloy of alloying 

element, at.% 1 2 3 1 2 3 

Pd - - -20 +25 +10 0.005 0.005 0.005 

Pd-Pt 5 +0.01 -30 +40 -10 0.005 0.010 0.007 
15 -30 +45 +35 0.006 0.006 0.011 

Pd-Cu 5 -0.09 -35 +35 +10 0.010 0.007 0.007 

15 -50 +60 +50 0.009 0.006 0.011 

Pd-Hf 10 +0.22 -50 0 

15 -60 -10 

Note: 1 = as-deformed; 2 = hydrogen saturation (15 min, j = 40 mA/cm2
) of predeformed 

sample; 3 = hydrogen saturation (15 min, j = 40 mA/cm2) of preannealed sample. Accuracy of 
determination: A<T = ±10 kg/mm2 (1, 2) and= ±5 kg/mm2 (3); A(a - aann) = ±0.002 A (1, 2) 
and ±0.001 A (3). 

Table 2 presents <T values for solid solutions in the deformed state and shows the difference of the atomic 
dimensions of palladium and the alloying metal, Ar = l"M - rpd. It is seen that, irrespective of the sign of 
Ar, the absolute value of <T tends to grow with that of Ar. This trend is more pronounced with increasing 
content of the alloying metal. In Pd-Pt and Pd-Cu alloys, hydrogen saturation changes the sign of <T. The 
growth of <T with increasing concentration of the alloying metal is most pronounced in the Pd-Cu system. 

As was mentioned above, the annealing of Pd-Hf alloys is accompanied by an increase in <T. The 
comparison of this result with the data of Table 2 suggests that hydrogen saturation gives rise to defects 
which annihilate with the preexisting ones responsible for the negative microstresses. This annihilation 
produces a decrease in the absolute value of <T. As the density of the new defects grow, the sign of the 
microstresses changes from negative to positive. 

According to this hypothesis, it might have been expected that hydrogen saturation of annealed samples 
would give rise to positive microstresses. This is just what has been observed in four of the five cases studied 
(see Table 2), the only exception being the Pd-5Pt alloy. However, there is one circumstance suggesting 
that this case is not accidental. 

Indeed, the data of Table 1 show that markedly different results are observed in deformed and annealed 
samples hydrogen-saturated under the same conditions. The hydrogen-induced increment of <T in deformed 
samples is 40--100 kg/mm2 against 10-50 kg/mm2 in annealed samples. This implies different rates of 
increase in the density of defects generated in samples that occur in different structural states (deformed 
versus annealed). It is also possible that defects of various types are formed in the samples, depending on 
their initial state. The evolution modes of these defects should also be different. 

The different effects of hydrogen are even more clearly manifested in alloys of the Pd-Sm system. 
In the annealed Pd-8.2Sm sample, the introduction of hydrogen favors the alloy decomposition. In this 
case, the <T value increases in absolute value (see Table 1) but remains negative. In another sample of the 
same composition, the alloy decomposition was not explicitly manifested and the initial pattern of hydrogen 
incorporation was similar to that observed in alloys with continuous solubility (i.e., a decrease in the absolute 
value of <T, followed by the sign reversal). However, a prolonged storage resulted in restoration of the initial <T 

value. At lower samarium contents, the incorporation of hydrogen generates stable defects typically observed 
in pure palladium and Pd-Cu and Pd-Pt alloys. Note that the production of stable defects in these Pd-Sm 
alloys requires significantly greater current density and saturation time. 
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We will begin with discussing the behavior of deformed samples, where the change of the lattice pa­
rameter a is solely due to the strain-induced defects. Table 2 shows the variation of the difference a - a .. ,. 
in alloys with various copper and platinum contents. The data for pure palladium serve as reference points, 
because the relative changes of the lattice parameter are determined with greater precision than the absolute 
values. 

Table 2 shows that a - a..,n = 0.009 A in Pd-Cu alloys is about two times that in pure palladium and 
Pd-Pt alloys. As was shown earlier [6], the Pd-15Cu exhibits short-range order of the cluster type. The 
plastic deformation increases both the size and number of clusters. On going from the annealed to deformed 
state, the total volume of atoms entering into clusters increases 1.5 times. Apparently, it is the growth of 
the number and size of clusters that accounts for the observed increase in the lattice parameter a. 

The hydrogen saturation of the deformed samples of the Pd-Cu alloy produces a decrease in the 
parameter a. This implies that the effects of deformation and hydrogenation are not synergistic. This is 
apparently due to the fact that the incorporated hydrogen atoms mostly interact with defects, rather than 
occupy the octahedral voids to form an interstitial solid solution. This conclusion is supported by data for 
the Pd-15Cu alloy [6], which showed that hydrogen saturation of the deformed alloy leads to the formation 
of planar microvoids oriented parallel to the (111) planes. The formation ofmicrovoids with this orientation 
is not surprising if we take into account that pure palladium and Pd-Cu alloys deformed by polishing contain 
deformation-induced stacking faults. The probability a of the production of a stacking fault in palladium is 
2 x 10-•. Added copper increases this probability (to 5.5 x 10-3 for the P'd-15Cu alloy) [7]. 

Plastic deformation induces virtually the same increase in the parameter a (0.005 A) of pure palladium 
and its alloys with platinum. The increase in a can be provided either by interstitial atoms or by small-size 
dislocation loops of the interstitial type [l]. Hydrogen saturation of the deformed samples of pure palladium 
and the Pd-15Pt alloy does not chanf the lattice parameter. However, in the Pd-5Pt alloy the lattice 
parameter increases by another 0.005 upon saturation with hydrogen. Thus, the Pd-Pt-H alloy exhibits 
nonmonotonic variation of this parameter, too, as the platinum concentration changes. Apparently, this 
nonmonotonic behavior is caused by slower rate of the defect structure evolution in the deformed Pd-5Pt 
alloy. 

Hydrogen saturation of annealed samples results in a growth of a. The higher the copper or platinum 
content in the alloy, the greater is the inc;ease in the lattice parameter. Data on pure palladium and some of 
its alloys [8] showed that adding a single hydrogen atom per palladium atom increases the lattice parameter 
by 0.24 A. Because the a-phase of the Pd-H solid solution has 0.02 hydrogen atom per palladium atom 
[9], the observed increase in the lattice parameter of pure palladium (0.005 A) can be related solely to the 
dissolution of just this amount of hydrogen. 

According to the phase diagram of the Pd-Pt-H system [10], the lattice parameter a in the a-phase is 
expected to increase with the Pt content: by 0.01 A and 0.02 A for the Pd-5Pt-H and Pd-15Pt-H systems, 
respectively. However, the experimental increment in the lattice parameter is about half the expected value. 
A similar result was obtained for the Pd-Cu-H alloys. 

It was shown in [6] that hydrogen saturation of the annealed Pd-15Cu alloy gives rise to about 1 % of 
single vacancies. In [11], in an annealed sample of the Pd-15Pt alloy, dislocation loops of small radius and 
spherical microvoids were observed after hydrogen saturation and room-temperature storage for 2 x 103 h. 
This can result from coalescence of single vacancies. If the entire diffraction shift were due to the microvoids, 
their volume would be 1-2%. No analysis of the diffuse background was performed in samples of pure 
palladium. 

Thus, the hydrogen-induced increase in the lattice parameter a observed in the experiments results 
from at least two factOrs: (i) the formation of an interstitial a-solid solution (for hydrogen atoms) and (ii) 
the formation of a subtractional solid solution (for the vacancies). 

No such detailed analysis was carried out in the case of Pd-Hf alloys. However, the fact that no change 
in the lattice parameter was observed upon hydrogen saturation of the Pd-lOHfand Pd-15Hfalloys indicates 
that both factors are operative in this alloy system as well. 

In Pd-Sm alloys, the isotropic variation of the lattice parameter was not taken into account because 
the alloys undergo decomposition and the change in the lattice parameter is mostly due to changes of the 
samarium concentration. 
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The experiment showed that the electrochemical saturation with hydrogen of annealed cast samples of 
pure palladium and Pd-Cu and Pd-Pt. alloys forming continuous solid solutions gives rise to microstresses. 
The presence of microstresses leads to a crystallographic orientation-dependent decrease in the lattice pa­
rameter a (in the direction of hydrogen flow). This effect superimposes onto the isotropic increase in the 
lattice parameter. The magnitude of the isotropic effect is smaller than should be expected if all of the 
hydrogen involved in the formation of the a-solid solution of Pd-M-H was incorporated into the octahedral 
voids. • 

Plastic deformation of the sample surface (grinding followed by polishing) creates microstresses of 
opposite sign (as compared to the hydrogen-induced microstresses) in pure palladium and its alloys with 
copper, platinum, hafnium and samarium. This results in an increase of the lattice parameter a depending on 
the crystallographic orientation relative to the sample surface. Simultaneously, the lattice parameter exhibits 
an isotropic increase. The absolute value ofmicrostresses depends on the alloy composition (minimum stresses 
are observed in pure palladium and Pd-Pt alloy) and on the content of the alloying component. 

The subsequent hydrogen saturation of predeformed samples decreases the absolute value t7 of mi­
crostresses and may even change their sign. The regimes of saturation necessary to change the sign of 
microstresses can differ markedly between various alloys. Upon hydrogenation, the state of an alloy with 
microstresses can be stabilized for a prolonged time. The stabilization is facilitated in samples subjected to 
several saturation-outgassing cycles. 

The defects responsible for the development of microstresses seem to be secondary with respect to the 
defects producing isotropic changes in the lattice parameter a. Depending on the initial state of the sample, 
the rate of transformation of the defect structure during hydrogen saturation and subsequent storage can 
vary. For this reason, experiments predominantly reveal defects that either produce a noticeable isotropic 
increase in the lattice parameter or give rise to microstresses decreasing the value of a in the direction of 
hydrogen flow. 
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