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Structural characterization of nanometer-sized crystalline Pd by x-ray-diffraction techniques
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Quantitative x-ray-diffraction measurements of ultrafine-grained (nanocrystalline) Pd samples and a
coarse-grained polycrystalline reference foil were obtained using synchrotron radiation. The intensity
profiles of the Bragg reflections from the nanocrystalline samples were considerably better represented
by Lorentzian functions than by Gaussian functions, indicating that a large fraction of intensity from the
Bragg peaks was found in the tails of the reflections. The remaining intensity differed only slightly for
different grain-sized materials, therefore, atomic relaxations in the vicinity of grain boundaries in nano-
crystalline Pd must be small in magnitude and/or extremely localized. The results of the present work
do not support the previously proposed existence of either a “gaslike” grain boundary phase, or large
quantities of vacancies or voids within the grains of nanocrystalline Pd, which produce broadly distribut-
ed diffuse scattering. The broadening of the Bragg reflections was related to the small particle size of
nanocrystalline Pd, and strain located in the grains and/or interfacial regions. Evidence was seen for
anisotropic grain shapes preferentially elongated along the [111] direction. The Debye-Waller parameter
of nanocrystalline Pd was observed to be larger than the literature value for coarse-grained Pd, which
suggests larger displacements of the atoms from their ideal lattice locations in the nanocrystalline ma-
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terial than in the coarse-grained material.

I. INTRODUCTION

Ultrafine-grained materials (typically having grain sizes
of 5-50 nm) formed by room-temperature pressing of
gas-condensed metal or ceramic powders!? have been the
subject of investigation since Gleiter® proposed that novel
properties could be obtained in these so-called nanocrys-
talline materials. A variety of interesting properties have
recently been reported, including both enhanced plastici-
ty,* and greatly improved sintering behavior® of nano-
crystalline TiO,, as well as increased microhardness of
nanocrystalline Pd and Cu®. The magnitude and symme-
try of atomic relaxations occurring in the vicinity of
grain boundaries are expected to be important in deter-
mining the properties of nanocrystalline materials, be-
cause a large fraction of atoms in these materials are lo-
cated within only a few atomic jumps of a boundary. A
complete characterization of the microstructure, includ-
ing a determination of internal strain and grain boundary
structure, is required to understand these properties.

In an earlier investigation, Zhu, Birringer, Herr, and
Gleiter’ studied nanocrystalline a-Fe using large-angle
x-ray-diffraction techniques. Based on a comparison of
measured and calculated intensity profiles, Zhu et al. re-
ported a large diffuse background intensity. It was pro-
posed that this diffuse intensity could only be accounted
for by the presence of an interfacial region lacking both
short- and long-ranged order, i.e. a solid “gaslike” phase.
Eastman and Thompson® later pointed out that large
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diffuse background intensities, e.g., Laue monotonic
scattering, could also be generated by other sources, such
as large numbers of vacancies within the grains of the
sample, or by ordered atomic relaxations in the interface
region. One important limitation of these earlier experi-
ments was the lack of a direct comparison between the
diffuse background intensities from nanocrystalline and
coarse-grained samples. Because nanocrystalline samples
contain significantly more interfacial material than
coarse-grained samples, a comparison of the powder-
diffraction patterns from these samples should provide in-
formation about the diffuse scattering produced by the in-
terfacial material. The purpose of the present paper is to
characterize the structure of nanocrystalline Pd by com-
paring Bragg-peak profiles and background intensities
from nanocrystalline Pd with those of the coarse-grained
material.

II. EXPERIMENTAL

A. Specimen preparation

Two nanocrystalline Pd samples, referred to as 4 and
B in this paper, have been studied. Sample A4 was
prepared by one of us (J.E.), and sample B was furnished
by Professor H. Gleiter. The samples were manufactured
using the technique suggested by Gleiter,> which involves
the production of ultrafine powders by the gas condensa-
tion method."? Briefly, high-purity (~99.997%) Pd
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wire was evaporated in 500 Pa of high-purity
(~99.997%) He producing nanocrystalline Pd powder.
The powder was then consolidated using a pressure of
~1.4 GPa at ambient temperature. Except during the
evaporation of the Pd wire, the entire manufacturing pro-
cess took place under vacuum (~10° Pa) conditions.
The consolidated samples were disks with diameters of
~9 mm. The thicknesses of specimens A and B were
0.18 mm and 0.08 mm, respectively. The densities of the
samples were estimated to be (801+10)% of the literature
value (12.02 g/cm?) (Ref. 9) by weighing the samples and
calculating their volume. Archimedes’ technique, which
is more accurate than direct measurements, has also been
used to estimate densities of other Pd samples produced
under identical conditions. This technique has been
found to consistently yield larger density values (typically
90% of the literature value) than the direct measure-
ments.!® The coarse-grained Pd reference sample used in
this study was a 0.10-mm-thick 99.9975% pure foil,
which was cut into a 9-mm-diameter disk.

B. X-Ray techniques

Powder x-ray-diffraction measurements of the Pd
specimens were taken at the medium-resolution two-axis
spectrometer, G3, at HASYLAB, Hamburg, Germany in
reflection mode at room temperature. X-rays with a
wavelength of A=0.92 A from the DORIS storage ring
at DESY, operating in parasitic mode, were selected us-
ing a double bounce Ge(311) monochromator. The ex-
tinction depth of the fundamental radiation in Pd was
calculated to be 16 um,!! which was less than a tenth of
the thickness of the samples; therefore, the samples were
sufficiently thick to either absorb or diffract nearly the
entire incident beam. The divergence of the mono-
chromated beam was adjusted to be less than 4 mrad, us-
ing slits (S| and S, in Fig. 1) placed before and after the
monochromator. The slits reduced the x-ray illumination
to an area smaller than the size of the specimen; thus,
background scattering from sources other than the sam-
ple were minimized. The incident intensity was moni-
tored by deflecting a portion of the beam into a scintilla-
tion counter (M in Fig. 1) with a Kapton foil. Measure-
ments of the diffracted radiation from the specimen (S in
Fig. 1) were normalized with this incident flux reading.
The samples were attached to a polished Si(111) wafer
with a small amount of oil, and placed onto a two-circle
goniometer. The goniometer was adjusted so that the
plane defined by the circular face of the Pd specimen
made an angle, w=15°, with the incident beam. Scat-
tered intensity from the sample was detected using a Ge
energy dispersive counter (D in Fig. 1) having an energy
window of ~300 eV width centered about the fundamen-
tal radiation of 13.48 keV; thus, additional sources of
background that modify the energy of x rays outside of
this window, were not counted by the detector. A pair of
1-mm-wide Ta slits, S;, were placed immediately in front
of the detector, defining the resolution of the experiment,
Agq, in the direction parallel to the scattering vector, 7
(=41 sin6/A). The resolution of the experiment, Ag,,
within the plane that contains the motion of the detector
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FIG. 1. Schematic diagram of the experimental setup at
HASYLAB. Slits S| and S, define the dimensions and diver-
gence of the incident beam before and after the double bounce
Ge(311) monochromator. The incident beam is monitored by a
scintillator counter M. Radiation scattered by the sample is
detected by an energy dispersive detector D. A pair of slits, S3,
placed in front of the detector provided radial resolution to the
experiment. Intensity measurements were obtained by fixing the
angle o between the incident beam and the specimen S, surface
and scanning the detector in 26.

and orthogonal to 7, was partly determined by the diver-
gence of the incident beam. The resolution out of the
diffraction plane, Aqg,, was limited by the size of the ac-
tive area of the detector. The calculated lengths of Aq”,
Ag,, and Ag, for the scattering vector with magnitude
=6 A 'are 0.004 A7!,0.024 A}, and 0.2 A7}, respec-
tively.

III. EXPERIMENTAL RESULTS

The intensity counted during either 10 or 20 s intervals
was recorded as a function of scattering angle 26, and
normalized to the incident beam intensity. Due to limita-
tions of the software at the G3 beam line, the position of
the sample remained fixed during the entire experiment
and only the detector was moved, consequently, the
orientation of the scattering vector changed during the
execution of a 26 scan. For a specimen containing pre-
ferred crystallographic orientations, i.e., texture, the in-
tegrated intensities and shapes of the Bragg reflections
may be different than had the orientation of the scatter-
ing vector remained fixed, as is the case for a radial scan,
where the orientation of the specimen is changed such
that w=60. Because the grains of nanocrystalline Pd are
extremely small and relatively free of texture, these speci-
mens are expected to provide good isotropic measure-
ments of the Bragg reflections. The Bragg reflections are
also expected to be quite broad due to the small size of
the nanocrystallites; therefore, the degradation of the in-
strumental resolution at large 260 due to the asymmetric
scanning geometry is not a serious limitation.

Using kinematical x-ray-diffraction theory,!? the inten-
sity measurements as a function of 7, I (1), can be related
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to the diffraction process, S(7), from the sample by Eq.
(1),

—B g /877

I(1)=I,LPA|fl|% S(r), (1)

where I, represents a collection of physical constants.
The Lorentz factor, L(6), appropriate for this experi-
ment is (sinfsin20) " !. The polarization factor for a syn-
chrotron beam from a double bounce monochromator is
given by

7*+02cos?2¢ cos?26

7+ o%cos?2¢

where ¢ is the Bragg angle of the monochromator, and
the polarization states, 7=0.9 and 0 =0.1, are the values
for the synchrotron beam at HASYLAB. Since the syn-
chrotron beam is primarily 7 polarized, P(6,¢) changes
by only a few tenths of a percent over the entire range of
26. The absorption factor for a 20 scan is related to w
and the mass absorption coefficient, u=50.5p (cm™}),!!
where p is the literature value of the density of Pd,° by
Eq. (3):

P(6,4)= ’ (2)

sin(20—w) 1
sin(20 —w)+sinw p

A(20,0)= (3)
Another correction factor in Eq. (1) is the variation of the
atomic form factor f, with scattering vector magnitude,
and is given by Eq. (4):!!

4
f(sinf/A)= 3 a;exp( —bjsinze/kz)-f-c +Af +HiIAf" .

j=1
(4)

The parameters a;, bj, and ¢ are obtained from Ref. 11,
and Af’ and Af" are interpolated values of the disper-
sion factors for A=0,7107 and 1.542 A.!!

The term eﬁBZ"“TZ/8 in Eq. (1) is the Debye-Waller
factor of the material, which can be of thermal and/or
static origin.!3 When the structure factor of the material
is known, the value of B,gg can be calculated by compar-
ing the decay of the intensity of several reflections.

Identical correction factors were applied to the intensi-
ty data from the coarse-grained and nanocrystalline
specimens. The corrected intensity data for the three
specimens with B,y =0 are shown in Figs. 2(a), 2(b), and
2(c). The solid curves shown in the figures are fitted
profiles from a model that is discussed later. Enlarged
views of Figs. 2(b) and 2(c) containing the 400, 331, 420,
422, and 511/333 reflections are shown in Figs. 3(a) and
3(b) for nanocrystalline specimens A and B, respectively.
The dashed line in Fig. 3(b) is the calculated profile for
nanocrystalline specimen A4, which exhibits much more
peak broadening than specimen B.

IV. DISCUSSION

A. Data-fitting techniques

In order to obtain information about the shapes and in-
tegrated intensities of the Bragg reflections from coarse-

4“4
10000 -
—- [
2 [
= 1000 L
= E
'E i
s 100 L
% E
-
= r
=] 10 |
CU £
- E
g
1 !
0 1
1000 _
. i (b)
0
o]
= L
=) 100 L j\\'/\j\t
o 3
o
=
= L
- 10 |
b E
<8}
b
=
1 | ! L 1 ! ! L | I 1 I ]
01 2 3 4 5 6 7 8 9 1011 12
T (A7)
1000 _
)
= |
= 100 |
S g
K I
= L
= 10 |
wn E
2 F
8}
-
=
1 1
0 1

FIG. 2. Corrected intensity data from (a) a large grain-sized
Pd control specimen, (b) nanocrystalline specimen A4, and (c)
nanocrystalline specimen B, plotted on a logarithmic scale vs
scattering vector magnitude 7=4xsin@/A. The solid line
represents a least-squares fit of the data to the sum of 16 [25 in
(c)] Lorentzian profiles and a quadratic polynomial intensity
term. The quadratic polynomial used for the coarse-grained
specimen is shown as the dashed line in Fig. 2(a).
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grained and nanocrystalline Pd, the intensity profiles in
Fig. 2 were represented using the mathematical function
given by Eq. (5), which is a combination of Lorentzian
functions and a quadratic polynomial:

1 L /2

S(r)=—
T T i<tk | (Ti/2)*+(r—H,;)?

+d+ertgr’.

(5)

The parameters ¢, I';, and H; are the integrated intensi-
ty, full width at half maximum (FWHM), and position of
the ith peak, respectively. The parameters of the quadra-
tic polynomial are represented by d, e, and g in Eq. (5).
For the coarse-grained specimen and nanocrystalline
specimen A, the sum was taken over the 16 observed
peaks.
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FIG. 3. An enlarged view of the 400, 331, 420, 422, and
511/333 reflections shown in Fig. 2 for (a) specimen A4 and (b)
specimen B. The dashed line in (a) is the profile that best fits the
data when Gaussian functions are used instead of Lorentzian
functions. The solid line in (b) is the intensity profile that was
calculated for nanocrystalline specimen B when only a single
Lorentzian was used for each Bragg reflection from this speci-
men. The extra intensity at the maxima of the Bragg reflections
in (b) can be explained by sharply peaked scattering from large
crystallites in specimen B. The dashed line is the calculated
profile from specimen A4, which exhibits more peak broadening
than specimen B.
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The intensity data from specimen B could not be satis-
factorily represented using a single Lorentzian curve for
each Bragg peak. Such an attempt is shown as the solid
line in Fig. 3(b). Two Lorentzians, one with a narrow
FWHM and the other with a broad FWHM, for all but
the 620 Bragg reflection from sample B gave a satisfacto-
ry fit to the data, and are shown as the solid line in Fig.
2(c). The intensity profile of the 620 Bragg reflection was
too weak to justify more than one Lorentzian profile.
The need for a pair of Lorentzians with different
FWHM'’s centered at each Bragg reflection for specimen
B can be explained by a bimodal grain-size distribution in
this specimen. The existence of such a distribution is
consistent with small-angle neutron scattering (SANS)
observations of the specimen.'* The narrow Lorentzian
functions represent intensity diffracted from large
coherent regions of the specimen, whereas, the broad
Lorentzian functions correspond to intensity from the
small-grained, i.e., nanocrystalline, regions of the speci-
men.

The set of parameters ¢;, I';, H;, d, e, and g were cal-
culated by simultaneously adjusting the parameters so as
to minimize the value of )(f,, which is a measure of error
between the calculated profile and the intensity data con-
taining over 800 measurements for each specimen.
Values of 2~ 1 were obtained for the fits to both sets of
nanocrystalline data. A poorer value of ;=7 was calcu-
lated for the coarse-grained specimen. Significant
differences between the calculated and observed intensity
profiles from this specimen occurred only near peak max-
ima. A pseudo-Voigt function, which is a weighted sum
of a Gaussian function and a Lorentzian function, was
also used to fit the data. From this analysis, the intensity
profiles of the Bragg reflections from the coarse-grained
specimen were somewhat better represented by a mixture
of 93% Lorentzian-shaped intensity and 7% Gaussian-
shaped intensity; however, the background intensity
remained unchanged regardless of whether the Bragg
peaks were purely Lorentzian shaped or contained a
small amount of Gaussian-shaped intensity. Using the
pseudo-Voigt analysis, the intensity peaks from the nano-
crystalline specimens were found to be greater than 90%
Lorentzian; therefore, the use of only Lorentzian func-
tions in the analysis was justified, particularly since the
total number of free parameters was reduced by 25%.
Fits of the intensity data from the nanocrystalline speci-
mens to Gaussian profiles were also attempted [such an
attempt is shown as the dashed curve in Fig. 3(a)], but
yielded values of )(3, in excess of 36, which is unacceptably
large.

In principle, the parameters for the positions of the
peaks, i.e., the H,;’s can be related to one another by the
lattice constant of the material; however, deviations of
the peak positions of less than 0.2% from their expected
locations were observed when the peak positions were in-
dependently optimized. These deviations could have
been caused by small errors in the alignment of the in-
strument and specimen.!® Alternatively, the positions of
the Bragg reflections from a strained material may differ
from those expected from an unstrained specimen.!?
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B. Background intensity comparisons

Because the Bragg reflections of the coarse-grained Pd
specimen are so narrow, the regions between the
reflections are good measurements of the experimental
background from the specimen. The background intensi-
ty may include both diffuse scattering from the specimen
and scattered intensity associated with the instrument,
e.g., air scattering of the diffracted radiation. The dashed
line shown in Fig. 2(a) is the intensity due to the quadra-
tic polynomial in Eq. (5), and is a good representation of
the background intensity from the coarse- gramed speci-
men, particularly in the region where 7>4 A . The in-
crease of the background intensity for 7<4 A7 lis an ar-
tifact of the fitting procedure, because the quadratic poly-
nomial does not correctly account for scattering from the
beam path and sample surface, which are significant
sources of scattering when 26 is small.

Use of an intensity term of the form

d +er+g[1—exp(—Byt/87)],

which includes an approximation for sources of back-
ground due to thermal diffuse scattering (TDS) (Ref. 15)
instead of the quadratic polynomial, resulted in no
significant change of the calculated profiles for any of the
specimens. The lack of a significant change suggests that
the quadratic polynomial is a suitable approximation to
the TDS formulation for the range where intensity obser-
vations were made. While there exists physical rationale
for using the TDS formulation to represent the back-
ground scattering from the coarse-grained specimen,!?
such rationale is lacking when the origin of diffuse
scattering is largely from strain in the material caused by
grain boundary defects.!?

The intensity data from nanocrystalline specimen A4,
after the intensity of the Lorentzian-shaped Bragg peaks
was removed, i.e., the intensity, which is not thought to
be associated with the Bragg reflections, are shown in
Fig. 4. In the case of the coarse-grained control speci-
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FIG. 4. The intensity not accounted for by the Lorentzian-
shaped Bragg reflections from nanocrystalline specimen 4. The
solid line is the intensity contribution calculated from the quad-
ratic polynomial that was used to obtain the intensity fit shown
in Fig. 2(b).
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men, this intensity can be called background intensity;
however, the intensity in Fig. 4 may also include scatter-
ing due to the presence of a large volume fraction of in-
terfacial material or voids in the nanocrystalline speci-
men. The solid line in Fig. 4 is the quadratic polynomial
in Eq. (5) used for sample A4, which represents the inten-
sity not accounted for by the Lorent21an shaped Bragg
reflections. In the region where 7> 4 A~ ! the quadratic
polynomial adequately predicts this scattermg.

The solid, dashed, and dotted lines shown in Fig. 5 are
the quadratic polynomial representations of the intensity
not accounted for by the Bragg reflections from nano-
crystalline spemmens A and B, and the coarse- gramed
control specimen, respectively. In the region 7>4 A~
where the polynomials are good representations of thls
intensity, there is no significant difference between the
background scattering from the coarse-grained specimen
and the non-Lorentzian scattering from specimen B. The
non-Lorentzian intensity from nanocrystalline specimen
A is (8+8)% larger than the background intensity mea-
sured from the coarse grained control specimen in the re-
gion4<7<11 A

Based upon a comparison of measured and computed
interference functions of nanocrystalline a-Fe, Zhu
et al.” found that random displacements of up to 50% of
the nearest-neighbor spacing bcc Fe, ag/2(111), in a
four plane grain boundary region comprising about half
of the total sample volume, were required to account for
the intensity observed between high-order Bragg
reflections. If smaller, but still significant, random dis-
placements of up to 15% of ay/2{111) in the grain
boundary region were used in their model (see Fig. 4 of
Ref. 7), then the intensity between the Bragg peaks was
calculated to be only ~50% of the observed intensity.
Eastman and Thompson® have shown that an increase of
the background intensity can also be produced by other
means, such as scattering from a large volume fraction of
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FIG. 5. The quadratic polynomials that were used to fit the
intensity data from the coarse-grained specimen (dotted line),
nanocrystalline specimen A (solid line), and B (dashed line).
The quadratic polynomial for the coarse-grained specimen
represents background intensity from thermal diffuse scattering
and other sources of instrumental background.
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vacancies and/or voids within the grains. An important
limitation of both studies is that no direct experimental
comparison was made between the diffuse background in-
tensity from nanocrystalline and coarse-grained speci-
mens.

A large increase of the background intensity similar to
that observed by Zhu et al. was not seen from nanocrys-
talline Pd; rather, the intensity between the Bragg peaks
was shown to be primarily intensity from the tails of
neighboring Lorentzian-shaped intensity peaks. When
the Lorentzian-shaped intensity was removed from the
data, the remaining intensity was not significantly larger
than the background intensity measured from the
coarse-grained control specimen. This implies that atom-
ic relaxations in the vicinity of grain boundaries in nano-
crystalline Pd, and the strain contained within the grains
of the material, contributed intensity to Lorentzian-
shaped peaks located at or near the positions of Bragg
reflections. In other words, the Lorentzian-shaped inten-
sity peaks contain diffuse scattering from the grain
boundary defects in nanocrystalline Pd. Because little, if
any, broadly distributed diffuse scattering was observed
from nanocrystalline Pd, the volume fraction of material
that generates such intensity must be small and/or con-
tain atomic relaxations of small magnitude.

A significant portion of the intensity between the
Bragg peaks of nanocrystalline a-Fe may also belong to
the tails of Lorentzian-shaped reflections. If the analysis
by Zhu et al. assumed Gaussian-shaped Bragg-peak
profiles, then the extent and magnitude of the atomic re-
laxations in the grain boundaries may have been overes-
timated. Of course, the structure of nanocrystalline a-Fe
may be fundamentally different from that of nanocrystal-
line Pd, because of the different atomic structures of Fe
(bce) and Pd (fee), and/or due to the greater affinity of Fe
for impurities such as oxygen. In principle, the question
as to whether these differences exist can be resolved by
measuring the intensity profiles from impurity-free speci-
mens of nanocrystalline and coarse-grained a-Fe with an
instrument having a low and well characterized back-
ground.

C. Bragg-peak breadth analysis

Plots of the FWHM, I'(7), of the Lorentzian peaks
from the coarse-grained (+), nanocrystalline specimen A
(@), and the broad Lorentzian peaks from nanocrystal-
line specimen B (O ) are shown in Fig. 6. Because the
grain size (~um) of the coarse-grained specimen is larger
than the resolution of the synchrotron beam, and the
amount of strain within the foil is expected to be small, a
linear fit of the Bragg-peak widths from this specimen,
I',, to 7 can be used to estimate the instrumental
broadening I';(7). Such a fit is shown as the dashed line
in Fig. 6. If the strain in the foil is not negligible, then
I';(7) overestimates the actual of instrumental broaden-
ing. Because the width of a peak which is a sum of
Lorentzian peaks is the sum of the widths from each of
the peaks, the values of I' ,(7) and I"3(7) for nanocrystal-
line specimens A4 and B, respectively, can be obtained by
subtracting the instrumental broadening I';(7) from the
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FIG. 6. The FWHM, I'(7), of the Lorentzian profiles from
the coarse-grained specimen (), nanocrystalline specimen A
(@) and the broad reflections from nanocrystalline specimen B
(0). The instrumental broadening, which is given by the solid
line, has been removed from the nanocrystalline data.

values of I" obtained from the fitted profiles for each
reflection.

A Bragg reflection can be broadened by diffraction
from small crystallites, and in some cases from defects
within a material. Krivoglaz!® has shown that if the
amount of strain caused by a defect decays more slowly
than 1/73/2, where r is the distance from the defect, then
the Bragg reflections from a material containing such a
defect will be strain broadened.!> A linear dislocation is
one example of a defect that produces a region of strain
that broadens Bragg reflections,'> and is a major com-
ponent of grain boundaries.'®

The particle-size and strain components of broadened
Bragg reflections from the same family represent a convo-
lution of the profile associated with each component.!® If
the intensity profile due to strain contained in a nanocrys-
talline Pd is assumed to have a Lorentzian shape, then
the broadening of the hkl Bragg reflection at 7, I'(7), is
given by 27 /Ty, + 7€, where Ty, and €, represent
the thickness and magnitude of strain, respectively, of the
crystallites and interfacial regions in the [hkl] direc-
tion.!"” This assumption is consistent with the observa-
tion that the measured intensity profile of a Bragg
reflection is Lorentzian shaped. Such a profile can be
produced by the convolution of a Lorentzian-shaped
strain broadened profile with that of particle-size
broadening, which is known to produce Lorentzian-
shaped profiles.!”

A list of Ty, and €, for different pairs of reflections
from nanocrystalline specimen A and the nonacrystalline
portion of specimen B is shown in Table I. Because the
intensity measurements were taken using an asymmetric
diffraction geometry, the size and strain measurements
for different reflections correspond to different crystallites
in each specimen. If the specimens exhibit no texture,
then the measurements listed in Table I would have been
the same as those obtained from a symmetric diffraction
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TABLE 1. Particle sizes and strains for nanocrystalline Pd.

hkl pair Ty (nm) € (1073) Specimen
111, 222 16+2 2.4%1.5 A
200, 400 9+2 6+4 A
220, 440 13£5 5+4 A
311, 622 20417 12£5 A
111, 222 18+2 2+1 B
200, 400 7+1 -6x3 B
220, 440 11£3 0t4 B

geometry. From this table, the sizes of the crystallites in
specimen A4 and the nanocrystalline portion of specimen
B are seen to be nearly the same. The average grain sizes
of 7-20 nm from the large-angle x-ray-diffraction mea-
surements are larger than the values of (8%1) nm ob-
tained from small-angle x-ray-scattering measurements of
specimen A, and (6%£1) nm from transmission-
electron-microscopy (TEM) measurements of similar
samples. The difference may be due to an overestimate of
the instrument broadening, which makes the Bragg-peak
widths from the nanocrystalline specimens appear small-
er than they actually are, thus, leading to an overestimate
of the grain size.

The values of T, are considerably anisotropic for
both specimens, in fact Ty~ Tiuo/V 2~ Tipn /V'3. This
anisotropy may be caused by a distribution of nanocrys-
tallites with nonspherical shapes. High-resolution-
electron-microscopy (HREM) studies of nanocrystalline
Pd have shown that boundary faceting occurs, which
could lead to anisotropic shapes.'®!® From pictures of
nanocrystalline Pd published in Ref. 18, the projection so
the nanocrystallites onto the HREM micrographs are ob-
served to be significantly noncircular. Kimoto! has re-
ported observing anisotropic grain sizes of (1.7£0.3) nm
parallel and (4.0+£0.7) nm orthogonal to the (111)
directions in uncompacted nanocrystalline Ag. Similar
anisotrop: . behavior from uncompacted nanocrystalline
Au (Refs. 1 and 20) and Ni (Ref. 1) specimens have also
been reported. These observations, which were made
from uncompacted nanocrystalline specimens, suggest
that anisotropic shapes may be formed during the growth
of the nanocrystalline powder in the inert atmosphere.
Such growth may occur, if the [111] direction were an
easy growth direction. In contrast to these measure-
ments, Nieman and Weertman'® have reported that the
grains in compacted nanocrystalline Cu are equiaxed, us-
ing a Warren-Averbach analysis'? of the shapes of (4200)
and (hhh ) type reflections.

An average strain of ~0.6%, which is calculated from
the measurements reported in Table I for specimen 4, is
sufficiently large to suggest that plastic deformation of
the specimsn may have occurred during the compaction
process.”!® Little, if any, strain broadening of the {#h0)
and (hhh ) type reflections was observed from the nano-
crystalline portion of specimen B. The 200 reflection
from this specimen was observed to be broader than the
400 reflection; thus, the slope of the line calculated from
the widths of these reflections was negative. The negative
slope may have been caused by a change of texture, to
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which a 260 scan is sensitive. A narrowing of the 400
reflection compared to the 200 reflection was not ob-
served from specimen A4.

The much smaller amount of strain in the nanocrystal-
line portion of specimen B compared to that in specimen
A may be due to a preferential deformation during com-
paction of large grains which were already present in the
uncompacted powder from which specimen B was made.
Alternatively, the lack of strain may be due to exaggerat-
ed grain growth during or subsequent to compaction,
which could have taken place in order to relieve the
strain in the nanocrystalline portion of specimen B.

Depending upon the concentration of defects, and the
magnitude and range of the strain caused by the defects,
the intensity distribution may be regarded as purely
diffuse scattering that peaks at or near positions of Bragg
reflections.!® If the strain from grain boundaries in nano-
crystalline Pd is of the type that produces such an inten-
sity distribution, then the simple analysis of peak
broadening used in the present work, and the application
of some other techniques, such as the Warren-Averbach
method,!? to characterize particle shapes and strains in
the material may be inaccurate. Perhaps, a better ap-
proach is to incorporate the distribution of crystallite
sizes and shapes measured using TEM and/or small-
angle-scattering (SAS) techniques into the calculation of
the structure factor of a nanocrystalline material. Such a
procedure may be able to accurately separate particle-size
broadening from strain broadening of higher-order Bragg
reflections, and to characterize the strain distortions in
the material.

D. Debye-Waller factor determination
The logarithms of the integrated intensities of the
Lorentzian peaks from specimen A4 (@) and the broad
components of the Lorentzian peaks from specimen B
(O) with their 20 error bars are shown in Fig. 7 as a
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FIG. 7. The logarithms of the integrated intensities of the
Lorentzian peaks from nanocrystalline specimen 4 (@) and the
broad components of the Lorentzian peaks from nanocrystalline
specimen B (O) vs 7. The solid lines are the lines which best fit
the intensity data. The slopes of the lines are proportional to
the Debye-Waller factors of the respective specimens. The
dashed line is the line which best fits the intensity data from
specimen A with the constraint of having the same slope as the
line which best fits the intensity data from specimen B.
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function of 7. With the exception of the two 400 Bragg
reflections, the integrated intensities for each specimen
exhibit Arrhenius relationships with 72, which are shown
as the solid lines in Fig. 7. The scatter of the data about
the lines can be partly attributed to a small amount of
texture within the specimens. The dashed line in Fig. 7 is
the best fit to the intensity data from specimen A4 with
the constraint of being parallel to the line that best fits
the intensity data from specimen B. The slope of the
dashed line is inconsistent with the data from specimen
A.

Using the slope of each solid line, the Debye-Waller
parameter of the material, B,q, is calculated to be
(0.60+0.05) A% for nanocrystalline specimen A, and
(0.74+0.06) A? for the nanocrystalline portion of speci-
men B. Debye-Waller parameters calculated in this
manner provide a measure of the distortion of atoms
from their ideal lattice sites averaged over all crystallo-
graphic orientations and regions, i.e., interfacial and crys-
talline material, and may include distortions caused by
both thermal motion and/or strain.!®> Since the crystal-
lites in specimen A are similar in size to the nanocrystal-
line particles in specimen B, the significant difference be-
tween the Debye-Waller parameters of the two specimens
may be related to the amount of strain within each speci-
men.

Krivoglaz!? has shown that weakly distorted crystals,
i.e., crystals containing strains that are short-ranged and
generate small displacements of atoms, can be character-
ized by Bragg reflections which are not strain broadened,
but whose integrated intensities are attenuated by a
Debye-Waller factor that is related to the amount of dis-
tortion in the sample. On the other hand, the intensity
peaks from a severely distorted specimen can be strain
broadened, but their integrated intensities are the same as
the integrated intensities of Bragg reflections from a
specimen containing no distortion.!* From the data
shown in Figs. 6 and 7, specimen A is characterized by
intensity peaks that are considerably more broadened and
less attenuated than those from specimen B. These obser-
vations are consistent with the conclusion that specimen
A is more severely distorted than specimen B. The strik-
ing fundamental differences between the distributions
from the two specimens suggests that the microstructure
of nanocrystalline Pd is very sensitive to the details of the
manufacturing process.

An independent measurement of B,y for the coarse-
grained specimen was not possible because this specimen
was too textured to provide a meaningful value. The in-
tensity measurements of the narrow component of the
Lorentzian peaks from nanocrystalline specimen B also
exhibited a large amount of texture. Lacking indepen-
dent measurements, the nanocrystalline Debye-Waller
measurements were compared to the literature value of
(0.44+0.03) A2 for the bulk material;!! thus, the values
of B,¢3 for nanocrystalline specimens 4 and B are 36%
and 68% larger, respectively, than the literature value for
bulk Pd.

Increases of Debye-Waller parameters for nanocrystal-
line materials compared to their bulk values have also
been reported elsewhere in the literature. Ohshima,
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Yatsuya and Harada?' have reported a large Debye-

Waller parameter of B,gg=1.18 A? from uncompacted
nanocrystalline Pd with a 2 nm grain size. Their larger
measurement of B,gs compared to the values reported in
the present work can be attributed to the smaller grain
size of their material, and the presence of surface vibra-
tional modes associated with uncompacted nanocrystal-
line specimens.?! Harada, Yao, and Ichimiza® have also
observed increases of B,gg from uncompacted nanocrys-
talline specimens of Au. Using Mdssbauer spectroscopy,
Herr, Jing, Birringer, Gonser, and Gleiter?? have report-
ed a ~78% decrease of the Debye temperature of nano-
crystalline Fe compared to the bulk material. This de-
crease can be related to an increase of the Debye-Waller
parameter of the material. Rupp and Birringer®> have
also reported an increased heat capacity, which corre-
sponds to an increase of B,qg, of nanocrystalline Pd com-
pared to that of coarse-grained Pd.

If the displacements of atoms from their ideal lattice
sites are assumed to have cubic symmetry, which may not
be true for displacements in grain boundary regions of
the specimen,?* then the rms displacement, {2 2)!/2, of an
atom in nanocrystalline Pd parallel to the scattering

vector, can be calculated wusing the relation
(u?) =B,y /871" At room temperature, {u?)!/? has a
value of 2.7% of the nearest-neighbor spacing,

a,/2¢110), in bulk Pd. Using the value of B,y obtained
from specimen B, (u?)!/? is calculated to be 4% of
a,/2(110) for nanocrystalline Pd. The structural mod-
el, which Zhu et al. proposed to explain the scattered in-
tensity from nanocrystalline a-Fe, required displacements
of atoms in the interfacial region on the order of 50% the
nearest-neighbor spacing of bcc Fe. Such large displace-
ments are clearly inconsistent with even the largest mea-
surement of B,qg for nanocrystalline Pd.

V. CONCLUSIONS

The scattered x-ray intensity from nanocrystalline Pd
over a wide range of scattering vectors was well
represented by a sum of Lorentzian-shaped peaks cen-
tered at Bragg reflections plus a quadratic polynomial.
Because the Lorentzian peaks have long-ranged tails, a
considerable fraction of the intensity between Bragg
peaks is intensity from neighboring reflections. The in-
tensity not accounted for by the Lorentzian peaks from
both nanocrystalline specimens did not significantly differ
from the background intensity measured from a coarse-
grained control specimen; therefore, no evidence for a
lack of short- or long-ranged order in grain boundaries,
or the existence of appreciable quantities of vacancies or
voids within the grains of nanocrystalline Pd that pro-
duce broadly distributed diffuse scattering, was observed.

The broadening of the intensity peaks from the nano-
crystalline specimens has been related to particle-size and
strain effects. Anisotropy of the particle shapes based on
measurements of different families of Bragg reflections
was observed from both nanocrystalline specimens. An
average minimum particle size for the specimens was cal-
culated to be ~8 nm in the [A#00] direction, and is in
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reasonable agreement with SAS and TEM observations,
while a larger average particle size of ~16 nm was ob-
tained from measurements of { hhh ) type reflections.

If the broadening of the Bragg reflections from nano-
crystalline Pd is partly due to strain that produces
Lorentzian-shaped intensity profiles, then strains of
~0.6% were calculated from the variation of the
broadening of hkl Bragg reflections with 7 from one
specimen. Little strain broadening was observed from
another nanocrystalline specimen. The lack of strain
broadening from the second specimen was attributed to
preferential deformation, or growth of large grains dur-
ing compaction, which may have relieved the stress ap-
plied to the specimen by the compaction process.

The Debye-Waller parameter of one nanocrystalline Pd
specimen was estimated to be at least 36% larger than
the literature value for bulk Pd, while the Debye-Waller
parameter from a second specimen was estimated to 68%
larger than that of bulk Pd. The greater of the two esti-
mates corresponds to a rms displacement of atoms from
their ideal lattice sites on the order of 4% of the nearest-
neighbor distance of fcc Pd.

Since the sizes of the nanocrystallites in the two speci-
mens were observed by similar, the large difference be-
tween their Debye-Waller parameters was attributed to a
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difference in the amount of distortion within the speci-
mens. The intensity peaks from the specimen with the
larger Debye-Waller parameter were considerably less
strain broadened than the peaks from the specimen with
the smaller Debye-Waller factor. These fundamental
differences suggest that the microstructure of compacted
nanocrystalline Pd may be sensitive to the details of its
manufacture.
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