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ARTICLE INFO ABSTRACT
Two silver samples, coarse grained (c-Ag, grain size 300 + 30 nm) and nanocrystalline (n-Ag, grain size
Keywords: 55 + 6 nm), are compressed in a diamond anvil cell in separate experiments. The pressure is increased

in steps of ~3 GPa and the diffraction pattern recorded at each pressure. The grain size and compressive
strength are determined from the analysis of the diffraction line-widths. The grain size of c-Ag
decreases rapidly from 300 + 30 nm at ambient pressure to 40 + 8 nm at 15 GPa, and then gradually to
20+ 3 nm at 40 GPa. After pressure release to ambient condition, the grain size is 25+ 4 nm. The
strength at ambient pressure is 0.18 + 0.05 GPa and increases to 1.0 + 0.3 GPa at 40 GPa. The grain size
of n-Ag decreases from 55+ 6 nm at ambient pressure to 17 +4 nm at 15 GPa and to 14 +3 nm at
55 GPa. After release of pressure to ambient condition, the grain size is 50 + 7 nm. The strength
increases from 0.51 + 0.07 GPa at ambient pressure to 3.5 + 0.4 GPa at 55 GPa. The strength is found to
vary as the inverse of the square-root of the grain size. The results of the present measurements agree
well with the grain-size dependence of strength derived from the hardness versus grain size data at

C. High pressure
C. X-ray diffraction

ambient pressure available in the literature.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Diamond anvil cells (DACs) have been extensively used to
pressurize samples and study the properties under ultrahigh
pressures. On compression in a DAC, the sample-gasket assembly
flows radially between the anvils and equilibrium is reached
when the frictional forces between the sample-anvil interfaces
balance the forces causing the flow. This results in a highly
complex stress state in the sample. Two types of stresses, macro
and micro, are recognized in such cases. The macro-stresses
represent average stresses in a direction that cuts across large
number crystallites. These stresses produce strains that cause the
diffraction lines to shift. The description of macro-stresses at the
center of the sample is considerably simplified by the presence of
an axial symmetry about the load axis of the DAC. The stress state
is completely described by three principal stresses, one along the
symmetry axis and two equal stresses in the plane parallel to the
anvil face. The principal stress along the symmetry axis is larger
than that parallel to the anvil face and the difference between the
two equals the yield strength of the solid sample at a pressure
that is given by the mean normal stress [1]. The analyses of the
diffraction-line shifts measured in high-pressure X-ray diffraction
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experiments on polycrystalline samples give information on the
mechanical properties like yield strength and elasticity. The
development of this subject can be found in a review article [2].
The micro-stresses vary randomly in direction and magnitude in
each crystallite [3], and produce micro-strains that cause the
diffraction lines to broaden. The product of micro-strain and an
appropriate Young’s modulus is a measure of the compressive
yield strength of the solid sample [4-18]. It may be mentioned
that the X-ray diffraction measures lattice strains that are elastic
even though the sample undergoes considerable plastic deforma-
tion during pressurization. In this study, we analyze the line-
widths of high-pressure X-ray diffraction patterns of silver to
derive the grain size and compressive strength as function of
pressure. Two silver samples of different grain sizes, c-Ag
(300 +30nm) and n-Ag (55+6nm), are used. The strength
corrected for the pressure effect is found to vary as the inverse
of the square-root of the grain size [19,20]. The grain-size
dependence of the strength obtained in this study is compared
with that derived from the hardness-grain-size data at ambient
pressure available in literature [21].

2. Experimental details

The c-Ag sample from Johnson Matthey Chemicals used in the
present experiment was of spectroscopic purity containing
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1 ppm/wt of palladium as the major impurity. The other impurity
elements (calcium, copper, iron, and magnesium) were <1 ppm/
wt. The n-Ag sample, dark grey in color, from Sigma-Aldrich was
of 99.5% purity based on trace metal analysis. The major
impurities were: iron (8.1 ppm), calcium (3.1 ppm), thallium
(1.3 ppm), chromium (0.9 ppm), boron (0.6 ppm) and magnesium
(0.6 ppm). The initial grain sizes as determined from the line-
widths of the high-resolution X-ray diffraction patterns taken at
ambient pressure were 300 + 30 and 55 + 6 nm for c-Ag and n-Ag,
respectively. A diamond anvil cell with diamond-anvil flat faces of
300 um diameter was used to compress the sample. A stainless
steel gasket (44 um indented region with 130 pm hole) was used
to contain a small piece of silver. No pressure transmitting
medium was used to maximize the nonhydrostatic compression
effects. The diffraction experiments were carried out using the
insertion device beam of the High-Pressure Collaboration Access
Team (HPCAT) at the Advanced Photon Source (APS), Argonne
National Laboratory, Chicago. The incident beam of wavelength
0.036633 nm was collimated to achieve a cross section of
13 x 13 pm?. The pressure was increased in steps of ~3 GPa and
the diffraction pattern recorded online on an image plate at each
pressure. The first eight diffraction peaks from silver could be
recorded in all the pressure runs with c-Ag and five to eight peaks
with n-Ag. After reaching the highest pressure (~40 GPa with
c-Ag and 55 GPa with n-Ag), the pressure was reduced in steps of
~10 GPa and diffraction patterns were recorded. The pressure on
the sample was computed from the measured unit cell volume of
silver by using equation HO2 given in Table 2 of Holzapfel [22]
with the values of 97.7 GPa and 5.51 for the isothermal bulk
modulus and its pressure derivative, respectively.

3. Method of data analysis

Stokes and Wilson [3] discussed the diffraction-line broadening
assuming that the micro-stresses in the deformed crystallites vary
between zero and a maximum stress pmax. We extended this model
to interpret the high-pressure diffraction patterns by assuming that
the stresses in the crystallites occur with equal probability
between a minimum and a maximum stress, and identified the
difference between the two extremes with the maximum stress
2Pmax [11]. The standard equation [23] describing the dependence
of the line width on grain-size and micro-strain can be written
down as follows:

(2Wha€0S ) = (A/D)? +[4Pmax/Enii]*sin” Opy. ey

Here, 2wy, is the full width at half-maximum (FWHM) on
20-scale and 0y is the Bragg angle. Ep is the single-crystal
Young’s modulus in the direction hkl. The symbols 4 and D denote
the wavelength of X-rays and grain size (coherently scattering
domain size), respectively. The (2Whcos Opi)? versus (sin Opw/Enia)?
plot is a straight line. The intercept and slope of the line give D and
Pmax Tespectively. The term Epy in Eq. (1) is computed using the
relation

1/Epig = S11—2(S11—S12—S44/2)I'(hkI), (2)

T(hkly = (h?k? + K22+ Ph?) /(h? + k% + 12)2. 3)
The single-crystal elastic compliances S; in Eq. (2) are at high

pressure. The single-crystal elastic moduli Cj at high pressure are
computed using Birch extrapolation formula [24] given below:

Gy = GO {1+3[3K0)C;(0)/Cy(0)-5] 6> -1 } )

The symbol (0) denotes the quantity at zero (ambient)
pressure. The prime indicates the first derivative with respect to
pressure, K is the bulk modulus, and x=V(0)/V, V being the unit

cell volume. The values of C;(0) and C;(0) for silver were taken
from the measurements by Daniels and Smith [25]. The earlier
studies have shown that 2pn.x is a measure of compressive
strength in agreement with the strength derived from the shifts of
the diffraction lines [11,14].

4. Results and discussions

The four-parameter pseudo-Voigt function containing a linear
background term was fitted to each diffraction peak and 2wy, and
20 were determined. The width data were corrected for the
instrumental broadening by the method discussed in an earlier
publication [13]. The (sin Opu/Ena)® versus (2wpcos Or)? plot
was constructed for each pressure run. The typical plots are
shown in Fig. 1. The error bars (standard errors) calculated from
the errors in 2wy, are of the size of the symbols. The scatter of the
data seen in Fig. 1 mainly comes from the difference between the
assumed and actual micro-strain distributions.

It may be noted that Young’s modulus E(hkl) required in Eq. (1)
were derived from the single-crystal elasticity data (Eq. (4)). The
grain sizes encountered in this study are small. The use of single-
crystal elastic moduli to calculate E(hkl) implies the assumption
that the single-crystal elastic moduli do not change on reducing
the grain size to a few tens of nanometer. A number of studies
support this assumption. The measurements of Young’s modulus
on low-porosity compacts of nanocrystalline Cu and Pd showed
only a small decrease from the value for coarse-grained samples
[26]. This decrease was attributed to the presence of residual
porosity in the samples. The high-pressure X-ray diffraction
measurements and the first-principles calculations on nanocrys-
talline nickel showed no significant difference between the bulk
moduli of nanocrystalline and large-grained nickel [27]. In
another study, the bulk modulus of iron samples of 10 nm grain
size was found to be close to that of large grained samples [28]. In
a more recent X-ray diffraction study under hydrostatic pressure,
the measured bulk modulus of SiC of 30 nm grain size was in
agreement with that of large-grained sample [29]. This study
reiterated an important point that the differences between the
bulk moduli of large grained and nanograined samples often
reported in the literature arise from the uncertainties in the
measurements due to various factors including nonhydrostatic
pressure. The first-principles atomistic calculations of the elastic
properties of metallic face-centered cubic nanocrystals show that
the material length scale for elasticity is small [30]. Estimates
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Fig. 1. Typical (sin Op/Eng)? versus (2wpcos Op)> plots are shown. The
estimated error bars are of the size of the symbols.
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using this analysis suggest that the size effect on elasticity for
silver becomes important only at grain sizes ~5 nm. These results
provide ample justification for the use of single-crystal elasticity
data for the analysis of diffraction patterns of silver in this study.

4.1. Grain size
Fig. 2(a) shows that the grain size of c-Ag decreases rapidly
from 300 + 30 to 40 + 8 nm in the 0-15 GPa pressure range and
gradually to 20+ 3 nm at 40 GPa pressure. The grain size
increases slightly as the pressure is reduced from 40 GPa and
reaches 25 +4 nm at ambient pressure. Thus, the reduction in
grain size during compression to 40 GPa is largely permanent. The
changes in the grain size caused by pressurization arise from two
distinct sources, the compressibility and plastic deformation. The
decrease in grain size due to the compressibility effect is
the intrinsic material property and is small for most solids, the
decrease for silver being only ~7% at 40 GPa. The decrease largely
arises from severe deformation of the sample during
nonhydrostatic compression. The magnitude of the decrease
depends on the extent of deformation the sample undergoes
before a given pressure is established. For these reasons, the
measured grain size under nonhydrostatic compression is not a
unique function of pressure. The solids belonging to the cubic
system do not undergo plastic deformation under truly
hydrostatic pressure, and therefore, the decrease in the grain
size is only due to the compressibility factor. The resulting
increase in the diffraction-line widths is small. The diffraction
experiments under hydrostatic pressure [31] support this
conclusion. The grain size of n-Ag decreases rapidly from
55 + 6 nm at ambient pressure to 17 +4 nm at 15 GPa and then
gradually to 14 + 3 nm at 55 GPa [Fig. 2(b)]. The grain size after
release of pressure is 50 + 7 nm. This suggests that the grain size
decrease in n-Ag is reversible in the sense that the grain size
reverts back to initial value after the release of pressure.

Similar changes in the grain sizes have been observed in many
other materials. For a comparison with the present results, the
data on two Au-samples [14], Pt [18], MgO [11], and Fe [13] are
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shown in Figs. 3(a)-(d), respectively. A reversible grain size
decrease is observed in case of two Au-samples (initial grain sizes:
c-Au - 120 nm and n-Au - 30 nm) [14] and platinum (initial grain
size — 20nm) [18] when these samples were subjected to
nonhydrostatic compression in a DAC. MgO samples (initial grain
size ~60nm) also exhibit grain size decrease that is largely
reversible [11]. The sample of Fe (initial grain size ~300 nm)
shows a permanent decrease when subjected to nonhydrostatic
compression. This behavior is similar to that observed in case of c-
Ag in this study. Not withstanding a possibility of gain refinement
during the bce-hcp transition in Fe, these two cases indicate that
the solids with large grain sizes undergo permanent reduction
because of severe deformation during nonhydrostatic compression
in a DAC. The reversible grain size reduction largely occurs in
samples with small grain sizes.

It may be mentioned that Budrovic et al. [32] observed
reversible diffraction line broadening in plastically deformed
nanocrystalline nickel. These authors did not separate the grain
size and the strain broadening. Rather, the entire broadening was
attributed to the inhomogeneous strain field. The line broadening
under nonhydrostatic compression in nanocrystalline gold [14],
platinum [18] and n-Ag in this study is also reversible and
qualitatively similar to those observed in nanocrystalline nickel
[32]. It may be noted that initial grain size of the c-Ag is much
larger (300 nm) than those of gold [14], platinum [18], nickel [32],
and n-Ag samples. The deformation of coarse-grained materials
involves generation and motion of dislocation within the grains.
On unloading the sample, the dislocation debris is left behind that
causes a permanent increase in the line broadening. The reduction
of grain-size measured by X-ray diffraction in case of nanocrystal-
line samples appears to arise from reversible subdivision of
coherently scattering domains that are interpreted as grain size
[14]. There appears to be a lower limit of grain size (a few tens of
nanometers for face centered cubic metals) that can be achieved
by plastic deformation under nonhydrostatic compression. In case
the initial grain size of the sample is smaller than this lower limit,
the grain size reduction on nonhydrostatic compression in a DAC
is likely to be reversible. Much of the discussion on the reversible
line broadening given by Budrovic et al. [32] appears to apply also

a b

350 _|||||IIII|IIII|IIII__IIII|||||||||||||||||III_70
300 F c-Ag ic n-Ag 160
250; —:5 _:50

IR i ]
= F 1k - 40

9 E 1C ]

w 150 ¢ % 1t .
= C 1r - 30

© N 1k 4

o 100 £ { 1 i
-9 Ik 120

50 [ o3 1t % .
E t Qe m;: 110

0r 1r ]
:||||I||||I||||I||||::||||I||||I||||I||||I||||:0

0 15 30 45 0 15 30 45 60

Pressure (GPa)

Fig. 2. The changes in the grain size of Ag under nonhydrostatic compression: (a) c-Ag and (b) n-Ag. Unfilled and filled symbols indicate data from increasing and

decreasing pressure runs, respectively.
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Fig. 3. The changes in the grain sizes of a few other solids of under nonhydrostatic compression: (a) c- and n-Au, (b) n-Pt, (¢) MgO, and (d) Fe. Unfilled and filled symbols
indicate data from increasing and decreasing pressure runs, respectively, except for (a) wherein filled and unfilled symbols indicate c- and n-Au, respectively. Large unfilled

symbols in (a) show data after decompression to ambient pressure.

in case of diffraction data on nanocrystalline metals under
nonhydrostatic compression.

4.2. Compressive strength

The strength versus pressure plots for both c-Ag and n-Ag are
shown in Fig. 4. The strength of c-Ag increases from 0.18 + 0.05 GPa
at ambient pressure to 1.0+ 0.08 GPa at 40 GPa. The strength at
ambient pressure compares very well with the value of 0.17 GPa for
the tensile strength of fully annealed silver obtained from the
conventional mechanical testing at ambient pressure [33]. The
strength after decreasing the pressure from 40 GPa to ambient is
0.32 4+ 0.07 GPa. As the grain size after pressure release is significantly
smaller than the initial value, the higher strength on pressure release
reflects the grain-size dependence of strength [19,20]. In comparison
to c-Ag, the strength of n-Ag is much higher. It increases from

0.51 + 0.07 GPa at ambient pressure to 3.5+ 0.4 GPa at 55 GPa. On
release of pressure to ambient, the strength drops to 0.8 + 0.1 GPa,
which is marginally higher than the initial strength. This is not due to
the grain-size effect as the grain size reverts back to the initial value
on pressure release. It is likely that the locked-in stresses in the grains
are stabilized by the presence of impurities in n-Ag.

The increase of strength under nonhydrostatic compression
arises from two distinct factors. The first factor is the intrinsic
pressure effect that is related to the shear modulus increase under
pressure. The second factor is the grain-size strengthening. The
exact form of the equation connecting strength with shear
modulus and grain size depends on the range of grain size in
the sample. For samples with grain sizes in excess of 1 um, the
deformation is controlled by the dislocation motion. In this grain-
size range, the strength varies linearly with the shear modulus
[34] and the grain-size strengthening varies linearly with
D~12119,20,35]. The grains in the range 400-15 nm deform by
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Fig. 4. The strength (2pmax) as function of pressure. Unfilled and filled symbols
indicate data from increasing and decreasing pressure runs, respectively.

grain-boundary shear promoted by the pileup of dislocations that
are restricted to their slip planes [35]. The strength still depends
linearly on D~'? with a positive slope. This deformation
mechanism is relevant to the present study as the grain size
varies in the ranges 300-20 and 55-14 nm in cases of c-Ag and
n-Ag, respectively. To account for the pressure effect, we divide
strength by a factor r(p), which is the ratio of the high to ambient
pressure aggregate shear moduli. To compute r(p), first the single-
crystal elastic moduli at the required pressure are computed from
Eq. (4). Using these data, the shear modulus of the aggregate is
computed using the Reuss-Voigt-Hill average [36]. The normalized
strength 2pmax/r(p) contains only the grain-size effect. It is seen
from Fig. 4 that the data for c-Ag and n-Ag lie on two distinct
straight lines. The intercepts of these lines are very nearly equal but
the slope of the line through the n-Ag data is nearly four times that
of the line through the c-Ag data. Much higher slope of the line
through n-Ag data is due to the presence of impurities in the n-Ag
samples. Such scatter in strength versus grain-size plots and
sample-to-sample differences are not uncommon. Fig. 2 in article
by Conrad [35] that gives grain-size dependence of copper from a
large number of studies is a typical example of large scatter. In
many ambient pressure studies (e.g.[37,38] and many other
references given in [35]), one-third of hardness has been taken as
a measure of the yield strength. The strength data derived from the
grain-size versus hardness data obtained by Qin et al. [21] are
shown in Fig. 5.

The present strength data on c-Ag are in good agreement with
those derived from hardness measurements. In an earlier study on
Au [14], the strength-grain size data derived from independently
measured hardness-grain size data at ambient pressure agreed
well with the X-ray measured strength-grain size data. Such
agreements found in case of different materials suggest that 2ppax
is a good measure of compressive strength.

Eq. (1) and other commonly used lattice strain equations
[1-3,39-42] consider only the elastic strains. Recent studies
[43,44] have shown that a proper treatment of plastic deforma-
tion is essential for a reliable interpretation of the X-ray
diffraction data. Singh [45] has shown that for the cubic system,
the effects of plastic deformation and other assumptions made in
the development of the lattice strain theory are adequately taken
care of by suitably choosing the value of o, a parameter that is
used to derive X-ray shear modulus from the computed aggregate
shear moduli under the assumptions of stress and strain
continuity. A discussion given in the paper suggests that the

S e e e e L e L e e L

1.2

1.0

0.8

0.6

0.4

2. ! 1(P) (GPa)

0.2

0.0|||||||||I|||||||||I|||||||||I||||

0.0 0.1 0.2 0.3

D-1/2 (nm)-1/2

Fig. 5. The 2pm./r(p) versus D'/? plot. Unfilled and filled symbols indicate data
from increasing and decreasing pressure runs, respectively. Diamonds indicate
data derived from the hardness versus grain size data.

strength derived from the high-pressure diffraction data are not
significantly affected by the plastic deformation [45].

5. Summary

The c-Ag samples exhibit permanent grain-size reduction
under nonhydrostatic compression in a diamond anvil cell. The
n-Ag samples undergo reversible grain-size reduction under
similar compression. The reversible grain-size reduction of n-Ag
is supported by many similar observations under nonhydrostatic
compression.

The strength increases with increasing pressure for both c-Ag
and n-Ag. The strength corrected for pressure effect varies linearly
with inverse of the square-root of grain size data and, for c-Ag,
agrees well with the strength derived from the hardness versus
grain-size data at ambient pressure. This agreement strengthens
the view that 2p,.x is a measure of strength.
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