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26 ABSTRACT

The compressibility of nanocrystalline gold (n-Au, 20 nm) has been studied by X-ray total
31 scattering using high-energy monochromatic X-rays in the diamond anvil cell (DAC) under quasi-
33 hydrostatic conditions up to 71 GPa. The bulk modulus, Ko, of the n-Au obtained from fitting to a

Vinet equation of state is ~196(3) GPa, which is about 17% higher than for the corresponding bulk

38 materials (Ko: 167 GPa). At low pressures (<7 GPa), the compression behavior of n-Au shows
little difference from that of bulk Au. With increasing pressure, the compressive behavior of n-Au
43 gradually deviates from the equation of state (EOS) of bulk gold. Analysis of the pair distribution
45 function (PDF), peak broadening and Rietveld refinement reveals that the microstructure of n-Au
is nearly a single-grain/domain at ambient conditions, but undergoes substantial pressure-induced
50 reduction in grain size until 10 GPa. The results indicate that the nature of the internal
52 microstructure in n-Au is associated with the observed EOS difference from bulk Au at high
55 pressure. Full-pattern analysis confirms that significant changes in grain size, stacking faults, grain

57 orientation and texture occur in n-Au at high pressure. We have observed direct experimental
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evidence of a transition in compressional mechanism for n-Au at ~20 GPa, i.e., fromdeformation
dominated by nucleation and motion of lattice dislocations (dislocation-mediated) to a prominent
grain boundary mediated response to external pressure. The internal microstructure inside the
nanoparticle (nanocrystallinity) plays a critical role for the macro-mechanical properties of nano-

Au.
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I. Introduction

The optical, electronic, structural and mechanical properties of nanoparticles (1—100 nm)
can significantly differ from those of their bulk counterparts due to quantum and structural
confinement effects [1-3]. The potential applications of size-tailored mechanical properties in
nanoscale materials has driven intensive investigations on their mechanical behavior [1-5]. The
mechanical properties of nanoparticles defined by both elastic and plastic properties are
fundamental quantities in physics, engineering and geoscience [4-10].

Thus far X-ray diffraction has played a dominant role in exploring the mechanical
properties of nanoparticles at high pressure [4,5,7]. Despite extensive studies, the mechanical
properties of nanoparticles as a function of their particle size are still not well understood because
of inconsistent results on the size-dependence of the bulk modulus. With decreasing particle size,
the bulk modulus is reported to be either enhanced (y -Fe20s [8], Ge3Na [11], Au[4,5] and Ag [4]
[12]), decreased (Cu [13], Pd [14], CdSe [15], ZnS [16], Pt [17] and TiOz2 [18]), or independent of
particle size (Fe [19], Ni [20] and TiC [21]). These apparently contradictory findings requires
detailed structural information about the internal nano-crystallinity, i.e. the internal structure in
nanocrystals, which may affect their chemical and physical properties, but is not well understood
[9,22].

Gold is a face-centered-cubic (FCC) metal with low strength that has been thoroughly
studied theoretically and experimentally at high pressures [23-34]. Although a hexagonal close-
packed structure may be formed at very high pressure and temperature [35], the FCC structure is
stable to at least 250 GPa [34]. Gold has a number of attributes that make it useful as a pressure
standard in high-pressure experiments including its low strength, moderate compressibility,

chemical inertness, and good X-ray scattering power. Many high-pressure experiments [5,6,30-
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34,36,37] have been carried out to establish an accurate equation of state (EOS) for Au. A large
difference in the EOS between n-Au and its bulk counterpart, as reported in Ref. [4], would rule
out n-Au as a pressure calibrant for experiments in the mutli-megabar region using an X-ray
nanoprobe as being developed in some 3™ and 4" synchrotron radiation facilities [38].

It is known that there are several experimental factors which may cause discrepancy in
EOS parameters obtained from static high-pressure experiments: experimental error, different
pressure scales, different EOS formulation, non-hydrostatic stress, and so on [32,34]. The most
common source of systematic error stems from non-hydrostatic stresses during compression in the
diamond anvil cell (DAC). The presence of non-hydrostatic stresses can bias equations of state
considerably [32,39-43]. As a result, EOS parameters determined under non-hydrostatic conditions
may be incorrect [36]. In a conventional diamond anvil cell geometry, the non-hydrostatic
compression curve can yield a volume that lies as large as much as 10—20 % above the quasi-
hydrostatic curve at a given pressure [36]. Truly hydrostatic conditions are only obtained when the
sample is contained within a fluid pressure medium in the DAC, but all known pressure media
freeze below ~13 GPa at room temperature. As one of the most commonly used pressure
transmitting media, methanol—ethanol (4:1) has a hydrostatic limit of 10.5 GPa, and its non-
hydrostatic stresses increase rapidly above this pressure [43] making it unsuitable for the EOS
determination at pressures significantly above 10 GPa. To minimize the effect of uniaxial stress on
the sample volume, we employed solid argon as a pressure medium due to its low strength and
chemical inertness [43].

Another key approach for understanding the mechanical properties of nanoparticles is to
explore features of the internal nano-crystallinity such as grain size, grain boundaries and texture

as a function of pressure [9]. For example, a recent study indicates the internal grain rotation is the
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dominant mechanism of plastic deformation in ultrafine nanomaterials [9]. However, the in situ
observation of grain size, rotation and texture at the nanoscale is much more difficult than for
coarse-grained materials [7,9]. Here we examine Au nanocrystals using high-energy X-ray
diffraction and employ multiple analysis techniques, including pair distribution function
measurements (PDF), peak broadening analysis and Rietveld refinement.

PDF analysis enables characterization of the structural variation of short, intermediate, and
long range order in materials. The X-ray diffraction pattern of nanoparticles consists of Bragg-like
peaks together with a diffuse component, both of which contribute to the PDF[44]. The atomic
PDF obtained by high-energy X-ray or neutron diffraction is a powerful tool for studying
nanoparticles [2,44-46].

Application of PDF measurements to samples compressed in the DAC is hindered by
limitations in obtaining sufficiently small X-ray beamsizes when using high-energy radiation. In
previous work, the PDF of n-Au was measured up to 10 GPa in an alcohol pressure-medium of
methanol:ethanol (4:1) using a 50x50 um unfocused X-ray beam [46]. Acquiring PDFs using such
a large unfocused beam for high-pressure DAC experiments is subject to low X-ray intensity, long
data collection time, possible parasitic scattering from slits, and relatively large diamond and
gasket background contributions. Together all of these factors have restricted PDF analysis to
pressures below 10 GPa so far [46,47]. In this work we examine the compressibility of n-Au in the
diamond anvil cell under quasi-hydrostatic conditions at pressures up to 71 GPa by using a micro-

focused high-energy X-ray beam.

II. Experiment

The sample consisted of spherical Au nanoparticles (99.9%, 10—20 nm mean particle size,
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Nanostructured & Amorphous Materials, Inc., USA). High-pressure X-ray total scattering
experiments were performed at beamline X17B3 of the National Synchrotron Light Source at
Brookhaven National Laboratory.

A high-energy monochromatic X-ray beam was obtained using a sagittally bent double-
Laue monochromator, and further focused to a beam size of 15 x 15 um? using Pt coated
Kirkpatrick-Baez mirrors. Parasitic scattering from the upstream slits and mirrors were blocked
with a clean-up system using a steel tube with a 0.4-mm pinhole in a 5-mm thick Pb disk at one
end. The X-ray wavelength was measured to be 0.15231+0.00004 A (81.400+0.024 keV) [48].
The sample—detector distance and detector orientation were calibrated using a CeO2 standard.

Piston-cylinder diamond anvil cells with 100-degree conical openings and 300-pum
diameter culets were used for pressure generation. The accessible range of measured g-space is up
to 20 A~!. The n-Au powder samples were loaded into a 100-pum diameter hole in a rhenium gasket
that had been pre-indented to a thickness of 50 um. Argon was used as pressure-transmitting
medium to prevent/minimize deviatoric stress. The sample was loaded as a loose powder to
minimize particle contacts that are known to result in development of grain-to-grain microstresses.
Ruby chips were placed at the edge of sample chamber for pressure determination using the ruby
fluorescence technique [49].

The high-pressure total X-ray scattering data were collected using a Perkin-Elmer flat panel
detector (XRD 1261). This large-area detector is optimized for high-energy radiation and facilities
collection to a higher Q range but has a high dark current. In order to optimize counting statistics,
alternating data and dark current series were collected, typically up to 100-200 datasets. The series
of data/dark current spectra were then averaged for dark current reduction in order to improve the

statistical accuracy. The program Fit2D [50] was used to process the 2D X-ray diffraction images.
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An empty diamond anvil cell at ambient pressure was measured as a reference “background”
sample. The diffraction peaks of the diamond anvils and the weak Ar pressure medium were
masked prior to the conversion from two-dimensional to one-dimensional diffraction patterns in
FIT2D. Samples were compressed to maximum pressures of 46—71 GPa in two independent DAC
experiments. Pressure was measured both before and after each PDF measurement and the
pressure difference was typically 0.5 GPa or less.

The total scattering function, S(Q), and the pair distribution function, G(r), were obtained
using the program PDFgetX2 [51]. The high-pressure n-Au data were fitted to the experimentally
determined G(r) using the program PDFgui [52]. For the same data sets, Rietveld refinements were
performed using the Jana2006, a universal program for structure refinement/determination
covering standard and advanced crystallography [53]. Full-pattern MAUD (Materials Analysis
Using Diffraction) analysis provides additional information about the sample microstructure, such

as grain, stress, strain and texture [54].

II1. Results and Discussion

3.1) PDF analysis
Figure 1 shows the PDF measurement at ambient pressure for n-Au. The atomic pair
distribution function (PDF), G(7), is defined as:
G(r) = 4mr[p(r) = po, (M
where po is the average atomic number density, and p(7) is the atomic pair density at a radial
distance, r. The function G(7) gives information about the probability of finding neighboring atoms
at the distance » from a given atom. Experimentally, G(r) is obtained from the Fourier

transformation of the structure function S(Q),
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where S(Q), the total scattering structure function, is related to the coherent part of the total

diffracted intensity of the material:

1°"Q) — X ail i@
12 cifi(Q)I?

S(Q) = +1, ()

where I°"(() is the coherent scattering intensity, and c¢; and fi(Q) are the atomic concentration and
X-ray atomic form factor, respectively, for the atomic species of type i. The measured X-ray
diffraction data were first reduced to S(Q) by Eq. (3) and then a Fourier transform was performed
to obtain the atomic PDF, G(r) using Eq. (2) and PDFgetX2 software [51]. The G(r) function
contains all the distinct types of interatomic correlations in the material, as indicated in Eq. (3).
Due to the finite crystallite size and disorder inherent in nanoparticles, the G(r) function
shows attenuation associated with particle size. The size determination of a nanoparticle is
important because the mechanical and other physical and chemical properties may be size

dependent. The PDF of a spherical nanoparticle of size D can be expressed as [55]:

G(r,d) = fo(r,D) = 4nr[p(r) — po]l = fe(r,D)G(7), (4a)
3r 1,13
£,(rD)= [1-§%+§(%) ] oD — 1) (4b)

where f,(1D) is the damping envelope function [56] and O(x) is the Heaviside step function, which
is equal to 0 for x<0 and 1 for x>0.

For size determination, we first refine the PDF of the bulk CeO2 standard using PDFgui
[52] to determine the instrument parameters related to broadening, Oproad, and damping, Qdamp; The
particle diameter can be obtained by fitting the G(7) of n-Au, whose oscillations are attenuated by
the envelope function (Eq. 4b).

The upper panel (Fig. 1) shows the reduced total scattering function, F(Q)=0(S(Q)-1) for
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n-Au at ambient pressure, while the lower panel represents the corresponding PDF fit. Also shown
at the bottom of the lower panel is the difference between the calculated and measured PDFs. The
average size of the n-Au sample is determined to be 22 nm with a fit residual, Rw, of 0.094, which
is in good agreement with the value of 21 nm determined by MAUD analysis via full-profile least-
squares modeling discussed below.

The PDF data are fit well at ambient pressure using a simple FCC Au structure model with
a small fit residual. This implies that there is no significant structural modification due to the nano-
size effect in n-Au compared to the bulk Au. The measured lattice parameters are 4.07628(3) A
and 4.07626(21) A by PDF and Rietveld refinement, respectively, and are in excellent agreement
with 4.076(1) for 30-nm Au [4], but slightly smaller than the bulk Au 4.0787(3) [32].

Fig. 2 shows the typical PDF fit and Rietveld refinements at 2.1 GPa and 71 GPa for n-Au,
using PDFgui [52]and Jana2006 [53] software, respectively. Unlike the PDF fitting in real space,
the lattice parameter refinements based on the simple FCC model shows an obvious misfit in the
intensity ratio of the 111 and 200 reflections, as reported earlier [4]. The high-pressure PDF fit for

n-Au at 2.1 GPa using DAC show a good fit with a residual, Rw, of 0.167.

3.2) Equation of state (EOS) of n-Au
The Vinet equation of state [57] is a commonly used form to parameterize the experimental

and theoretical equations of state at high pressure:

p=3(()" - )ewfus-n(-()7). ©

where P is pressure, and Vo, Ko, and Ko are the ambient-pressure volume, isothermal bulk modulus
and pressure-derivative of Ko, respectively.

The Vinet equation was used to fit the combined pressure-volume data of run-1 and run-2



©CoO~NOUTA,WNPE

CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT JPCM-105094.R1 Page 10 of 31

via non-linear least squares. Figure 3 compares the pressure-volume dependence of n-Au from
PDF data with previously reported data of 30nm [4], 50—100 nm [46] and bulk Au [31,34]. The
inset shows an expanded view of the region at low pressure. EOS fits were performed by fixing Vo

to the bulk value (67.85 A®) but leaving Ko and Ko’ for n-Au free during the fitting. The bulk

modulus, Ko, and its pressure-derivative, Ko, of n-Au (20 nm) from our Vinet EOS fit are ~196(3)

GPa and 5.7(2), respectively. The bulk modulus, Ko, is about 17% larger than for the corresponding
microcrystalline bulk materials (Ko: 167 GPa) [27-30]. Rietveld refinements show a similar EOS
with Ko= 198(4) and Ko' =6.3(2). This stands in contrast to the previously reported significantly
high stiffness (K¢=286 GPa) for 30 nm n-Au [4]. The bulk modulus, Ko, of n-Au is similar to the
previous PDF result for 50-100 nm size n-Au [46], but is much smaller than the reported value for
30-nm Au [4] (inset of Fig. 3). The bulk modulus, Ko, for n-Au is considerably larger than that of
bulk Au, whose Ko= 167 GPa is well-defined by extensive ultrasonic [27-30]and X-ray diffraction
(XRD) experiments [25,31,32,34].

The inset of Fig.3 shows the pressure-volume data in the low-pressure range. Our data
show good consistency with a previous PDF measurement using alcohol pressure-medium below
7 GPa [46]. The results of Ref. [4] for 30-nm Au and [46] for 0—100 nm Au show large differences
in this range despite both using the same methanol—ethanol (4:1) pressure medium. The results of
ref. [46] begin to diverge from our data above 7 GPa. It is known that the pressure across the
sample volume may be inhomogeneous and differential stress and shear stresses appear at
pressures above the freezing of the pressure-transmitting fluid [43]. These stresses can result in
decrease in the quality and accuracy of the data [43], and in the appearance of ‘anomalies’, but
might be wrongly ascribed to new physical phenomena. However, since the measured lattice

parameters deviate under different stress states, the non-hydrostatic stress cannot be excluded as a

10
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likely cause of the disagreement in the EOS parameters for the difference between n-Au and coarse
grain bulk Au. Our data obtained using Ar pressure medium indicates that nano-Au has high

stiffness relative to the bulk material, but this stiffening is much lower than reported in earlier work

[4] (Fig. 3).

3.3 Grain size determination

Figure 4 shows the pair distribution function, G(7), at high pressures of 2, 20, 39, 71 GPa
and the quenched sample (inside the diamond anvil cell). It can be seen that the G(r) peak
intensities at high correlation distances diminish more rapidly with increasing pressure. The G(7)
oscillation is reduced at 20 and 39 GPa at rmaxabove 30 A, but it is recovered upon quenching. The
lower panel of Fig. 4 shows the evolution of the average grain or domain size of n-Au determined
as a function of pressure from the fits using Eq. 4.

The grain size of n-Au decreases below 10 GPa at a rate which is much higher than that
expected due to the effect of compression alone (top red line, Fig. 4b). This indicates the sample
have been broken into smaller grains. The variation of grain size is largely reversible upon quench,
as reported in an earlier study on nanocrystalline Au [5]. Structural disorder in n-Au arises from
two sources. One is due to the larger ratio of grain boundary to volume in nanoparticles which
increases further at high pressure. The other is the pressure-induced strain within the nanoparticle
that causes correlated shifts in the equilibrium positions relative to the ideal Au lattice. This effect
is cumulative and causes the loss of intensity in g(r) with increasing interatomic distance as the
case of ZnS [2] and eventually the complete loss of intensity at a correlation length of about 30 A
(Fig. 4a).

As shown in Fig. 3a, at low pressures (<7 GPa), the compression behavior of n-Au is nearly

11
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the same as that of corresponding bulk material. As pressure increases, the EOS of n-Au gradually
deviates from the bulk towards relatively larger volumes, reflecting increased lattice stiffness upon
compression. There are several causes which may be responsible for the observed lattice stiffening.
For example, dislocations at the increased grain boundary within the nanoparticles can lead to a
larger distribution of bond lengths and enhances the stiffness [2]. The grain-size related structural
disorder in the grain boundary known as the Hall-Petch effect can also be responsible for lattice
stiffening. In addition, the strength of n-Au (30 nm) is considerably higher than that of bulk Au
[5]. This enhanced strength for small n-Au particles should also contribute the stiffness of n-Au at

high pressure.

3.4) Peak width analysis

It is useful to employ complementary techniques that can probe different aspects of the
nanoparticle behavior [55]. To cross check the pressure-induced grain size evolution, we have
conducted diffraction peak width analysis. Diffraction peak widths increase with pressure due to a
number of factors including change in grain size, increasing microstrain, and stress gradients
across the sample. The lattice spacing of the Au 111 reflection is known to be the one least affected
by the uniaxial stress [32]. Fig. 5a shows the diffraction peak widths (full width at half maximum,
FWHM) measured for Au (111) for the two different runs. The peak width of run-1 agrees well
with that of run-2.

The particle sizes can be estimated from the Scherrer equation [58,59],

w(26) = Dcos6 ®)

Where W(26) is the peak width, A is the wavelength, and D is the crystallite size. The constant K

is typically close to unity and ranges from 0.8 to 1.39. For FWHM of spherical crystals with cubic

12
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symmetry, K is equal to 0.94 [59]. The Au (111) diffraction peak is the lowest angle peak, and at
these high energies, we can approximate cosf~1. We take the relative variation of grain size

normalized to the width measured at ambient pressure, as below:

D W,(Aulll)

D, W(Aulll)’ (7)

where W and Wy are the FWHM of Au (111) measured at high pressure and ambient pressure,
respectively. The obtained data for grain size evolution is plotted at Fig. 5b.

At low pressure (<10 GPa) the grain size decreases rapidly, consistent with the PDF
analysis (Fig. 4b). The width of Au (111) peak shows a plateau at 10—30 GPa, followed by more
rapid change until 45 GPa before flattening again until 71 GPa. The trend for the grain size
evolution between the PDF and peak width analysis at 10—71 GPa is generally similar but not
completely consistent. With increasing pressure, diffraction peaks become broader due to several
factors including differential stress, strain variation and grain size reduction, and it is difficult to
separate the effects of each of these factors. Although solid argon as a pressure medium can provide
a good “quasi-hydrostatic” environment, truly hydrostatic conditions cannot be achieved above
the solidification pressure of 1.4 GPa. At higher pressures, there remains some deviatoric stress
[43], which might drive a reduction in grain size.

3.5 MAUD analysis

Full-pattern refinement using the MAUD software can provide comprehensive information
about the sample microstructure, such as grain size, stress, strain and texture [54]. The X-ray
diffraction patterns were integrated using FIT2D [13] at azimuthal intervals of 5° over a range of
azimuthal angles from 6 =0-360°. Our analysis using the MAUD software followed the procedure
outlined in Ref. [60]. In brief, the instrumental parameters are adjusted first by refining a standard,

e.g. CeO2 powder. For a proper calibration it is important to use a standard with well-defined lattice

13
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parameters, crystal structure and crystallite size. The standard is used to refine the detector
distance, image center and instrumental aberration (Caglioti function) [60]. Next we adjust the
background lattice parameters to obtain an approximate solution, and then refine the lattice
parameters, structure, and grain size. Finally, we refine all parameters and the texture
simultaneously. The E-WIMYV method is preferred for quantitative texture analysis [60].

The crystallite size (or average coherent diffraction length, <D>) and root-mean-square
microstrains (or atomic level deformations, <g>>!") were calculated using an isotropic size-strain
model. The “Warren” model was used to estimate the stacking fault probability. Figure 6 shows
the evolutions of microstrain and twin-fault probabilities as a function of pressure from the Maud
analysis.

As shown in Fig.6a, the lattice strain increases strongly with pressure below 10 GPa,
followed by a weaker increase to 20 GPa, and then remains near a constant at 20—40 GPa. This
is followed by another transition to increased strain (40-60 GPa) and then reduced strain above 60
GPa. This indicates that the n-Au undergoes two changes in deformation behavior occurring at
10—20 GPa and 50—60 GPa, respectively.

Figure 6b shows the obtained twin-fault probabilities. The most striking observation is that
there a turning point at 17.5—20 GPa in the twin-fault probability, which should be related to the
strain peak near 20 GPa (Fig. 6a). Planar stacking faults are a common defect in crystals which
can influence materials properties [61]. The change in behavior near 20 GPa indicates there are
two different compression mechanisms in n-Au. Below 20 GPa, there is an increase in stacking
faults accompanied by substantial grain size reduction (Fig. 4 and Fig. 5),

The region of steep increase of stacking faults indicates the plastic behavior of n-Au is

mainly controlled by the nucleation and motion of lattice dislocations at low pressures (<20 GPa).

14
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A gradual slope means that the nucleation and motion of lattice dislocations become less important
due to the spatial confinement of the nanoparticle, and that grain boundary—mediated processes
[62] are the prominent response to external pressure for n-Au.

Although the grain size appears to be basically reversible or largely recovered (at ambient
pressure, Fig. 4 and Fig. 5), there are still considerable residual strain and stacking faults for the
quenched sample from high pressure. This means the compression of n-Au is not fully reversible
at the microstructure level as some dislocation defects remain inside the nanoparticle, in contrast
to previous speculation [5]. The trapped dislocations may only exist inside the restored grain,
because of reversible or largely recovered size of the nanoparticle. The removal of the external
stress can lead to partially reversible reabsorption of the dislocations at the grain boundary.

Figure 7 shows the evolution of the average size of the grains/domains determined from
MAUD fits as a function of pressure. It can be seen that the grain sizes in Fig. 4-7 are qualitatively
similar but quantitatively rather different, e.g. a minimum in grain size at around 40 GPa (Upper
panel, Fig. 7) in contrast to the monotonic reduction in size that saturates rather quickly (Fig. 4b),
because current PDFgui analysis [52] and peak width analysis don’t include some advanced
structural information such as stress, strain and texture (Insert of upper panel, Fig. 7).The inset
shows the evolution of the domain/grain orientation of Au nanocrystallinity. We can see a
relatively rapid grain-size reduction at pressures below 10 GPa, consistent with the results of PDF
(Fig. 4b) and peak broadening (Fig. 5) analyses. Because of the formation of new grains and grain
boundaries, the pressure response of n-Au in this pressure range is mainly controlled by the
nucleation and motion of lattice dislocations, i.e. similar to the dominant deformation mechanism
of coarse-grained metals. Smaller grains, which increase the likelihood of dislocations running

into grain boundaries, are very strong dislocation barriers. This dislocation-related hardening
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mechanism associated with the formation of small grains is called the Hall-Petch hardening, or
grain-boundary strengthening. In general, smaller grain size will make the material harder, which
may be the reason of the observed stiffness in n-Au and EOS starting to bias from the bulk Au (Fig.
3a). The remaining deviatoric stress at high pressure [43] would be the driving force, leading to
the substantial reduction in the grainsize in n-Au, similar to the non-hydrostatic condition [5].

As pressure increases, the grain size inside n-Au decreases and forms a minimum at ~40
GPa, and then increases slowly with further compression. This slow increase in grain size should
reflect a slight ordering process during the additional strain occurring at above 40 GPa in n-Au
(Fig. 6a)

We can estimate the the number of grain/domains inside the nanoparticle using volume

relation,

3m(D/2)?

where D and Dy is the measured gran/domain size and the initial nano-particle size following the
EOS rule under compression (red line, lower panel, Fig. 4). Fig. 7b shows the evolution of the
number of grain/domains with pressure. At low pressures, n-Au mainly comprises of single
grain/domain particles. Before 20 GPa, the grain number increases slowly, but rapid change to a
maximum of six at 40 GPa, suggesting an octahedron-like structure with six domains formed at
40 GPa. At higher pressures, the grain number decreases unexpectedly, which may reflect the
stability of n-Au with certain grain numbers. Above 55 GPa, it roughly keeps a twin grained
structure.

The above investigations reveal that a nearly single-grain/domain microstructure of n-Au

at ambient pressure changes to multiply twinned grains above 20 GPa. The material is composed
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of particles of twinned grains in the region where the microstrain shows little dependence on the
applied external pressure (Fig. 6a). The nanoparticle meso-structure commonly observed in fcc
metals can be divided into two categories: single and twinned nanocrystals [17]. Single crystalline
structures bounded by low index facets represent simple polyhedra (cube, octahedron) and their
truncated modifications, while the twinned nanocrystals rather assume the forms of decahedra or
icosahedra [17,63]. It is known that noble metal nanoparticles, such as Ag, Cu, Pd, and Au, at
sizes of 10 nm often possess multiply twinned grains that allow them to adopt shapes and atomic
structures not existing in bulk materials [63,64]. The properties exhibited by particles with multiply
twinned polycrystalline structures are often far different from those of single-crystalline particles
or from the bulk [63-65], as the observed distinct stiffness in the EOS of n-Au reveals (Fig. 3).
The nearly single grain microstructure of n-Au at pressure below 10 GPa makes the, size-
induced effect on the structure of bulk Au negligible (Fig. 1), and is consistent with the observed
similarity of the mechanical properties of microcrystalline and n-Au at low pressures (Fig. 3). The
maximum grain number is close to six (Fig. 7b) around 40 GPa. Due to the spatial confinement
imposed by the spherical initial particle, each grain would have an environment approaching five-
fold coordination formed by neighboring grains. These grain clusters frequently feature five-fold
twin junctions which yield structures that are ideally described as decahedron or icosahedron with
irregular tetrahedral grains [63,66]. It is reported that icosahedral structures in Ni, Ar, Cu, Au, Pb,
and Ag have the general feature that the strain within each tetrahedron is non-uniform giving rise
to a convex deformation of the outer facets [67]. Since these structures are intrinsically strained,
addition of pressure should alter the relative energetics of strain and surface energies which could
have a large impact in the structural behavior of these particles [63]. When the maximum of grain

number is reached (35—45 GPa), the grain boundary—mediated processes are the prominent
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response to external pressure for n-Au, as supported by the low rate of stacking fault generation
above 20 GPa (Fig. 6b). This change in the deformation mode arises from the grain size—dependent
competition by nucleation and motion of dislocations [7,62].

The inset of Fig. 7a shows the evolution of textures evaluated for n-Au by refinement with
the E-WIMYV model in MAUD. With the increase of differential stress for n-Au in the Ar medium,
individual grains rotate and deform preferentially on slip planes, leading to texture development.
Although the observation of grain rotation during deformation of micrometer-sized crystals is
feasible, in situ probing of grain rotation of ultrafine nanocrystals is difficult [7,9]. As shown in
Fig. 7a, the texture formed in the 20 nm Au sample is a <110> fiber texture typical of FCC metals
under compression [68]. Dislocation glide results in crystallite rotations, generating lattice
preferred orientation or texture. The anisotropic physical properties of a polycrystalline material
are strongly related to the preferred alignment of its crystallites. The observations of pressure-
promoted texturing indicate that under external pressures, grain rotation activities exist in n-Au
(Fig. 7a). Grain rotation is suggested to be a dominant mechanism of plastic deformation for

ultrafine nanomaterials [7,9].

IV. Summary

Using high-energy monochromatic X-ray micron beam, we have studied the
compressibility of nano gold (n-Au, 20 nm) by X-ray total scattering and profile refinement in the
diamond anvil cell under quasi-hydrostatic conditions up to 71 GPa. The grain size drops rapidly
with pressure increasing (<10 GPa), exhibiting a Hall-Petch hardening progress. After
compression, the initial single large grain breaks down and forms a few smaller grains. Detailed

analysis reveals pressure-induced variation in grain size, orientation and texture formed in n-Au at

18

Page 18 of 31



Page 19 of 31 CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT JPCM-105094.R1

high pressure. We have directly observed a transition of compressional mechanism from a
dislocation-mediated to a grain boundary-mediated compression in nano gold. The present studies

reveal that internal microstructure beneath the surface of nanoparticle, such as the grain size, grain

©CoO~NOUTA,WNPE

11 boundary and orientation, plays a critical role for the macro-mechanical properties of nano-Au.
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Figure Legends

FIGURE 1. Measured pair distribution function (PDF) of n-Au using high-energy X-ray
microbeam (wavelength of 0.15231+0.00004 A or 81.400+0.024 keV). (Upper panel) Reduced
total scattering function F(Q) obtained from the nano Au powder at ambient pressure. (Lower panel)
Points are the corresponding PDF function G(r) obtained with an upper limit for the Fourier
transform of Qmax = 20 A'!. Lines are the simulated PDFs for a structure solution of 22 nm n-Au
with a fit residual, Rw, of 0.094. The bottom curve is the difference between measured and

simulated PDFs with offset for clarity.

FIGURE 2. (upper panel) Rietveld refinements of the diffraction patterns of n-Au at 71
GPa using Jana2006 software [53]. The inset shows an image of the gold samples (dark field)
suspended in Ar pressure medium (bright field) illuminated by a green laser used for pressure
measurement. (lower panel) High pressure PDF fit for n-Au at 2.1 GPa with a fit residual, Rw, of

0.167.

FIGURE 3. Pressure dependence of the unit cell volume of n-Au compared to previously
reported data for 300nm Au (dashed line) [4] and the bulk material (solid line) [34]. Vinet EOS fit
is shown for the PDF data of run-1 and run-2. Inset shows an expanded view of the region at low

pressure.

FIGURE 4. (Upper panel) Pair distribution function, g(r), at pressures of 2, 20, 39,71 GPa
and after quenching (but with sample still in the diamond cell). It should be noted that the g(r)

oscillation decrease above rmax =30 A for 20 and 39 GPa, but recover slightly at 71 GPa and fully
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recovered upon quenching. (Lower panel) Evolution of the average size of the Au nanodomains
determined from fits to ranges of data of the pair distribution function in the FCC Au structure

with pressure. Unfilled square and circle indicate data on pressure release.

FIGURE 5. (Right axis) Full width at half maximum (FWHM) of the Au 111 diffraction
peak; (Left axis) Percentage of original grain size as a function of pressure based on peak-

broadening analysis. Unfilled square and circle indicate data on pressure release.

FIGURE 6. (a) Full-profile refinement for azimuthally (0 to 360°) unrolled diffraction
images of n-Au (above: fit, below: binned data). (b) Evolutions of microstrain and (c) twin-fault
probabilities refined by MAUD as a function of pressure, showing a turning point at 17.5 GPa and

a factor of approximately seven -fold reduction in twin-fault probabilities.

FIGURE 7. (Upper panel) Evolution of the average size of the nano-domains determined
from MAUD fits as a function of pressure. The inset shows the evolution of the domain/grain
orientation of Au nanocrystallinity. (Lower panel) Evolution of the number of nano-domains with

pressure, suggesting an octahedron of six domains formed at 40 GPa.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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