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Pressure induced increase of particle size and resulting weakening
of elastic stiffness of CeO , nanocrystals
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We demonstrate that the compressibility of cubic fluorite-structure ,Qedocrystals(10 nm)
increases at pressures abov20 GPa. At ambient pressure, Ce@anocrystals exhibit larger cell
parameters than micro-sized samples, and initially exhibit a higher bulk modulus (f23Z8Pa.
However, above 20 GPa, the bulk modulus is reduced t§1ZB@Pa. Thus, a critical pressure of
~20 GPa was determined that signifies the onset of size-induced weakening of elastic stiffness in
nanocrystalline Ce® Comparison of the x-ray diffraction peaks widths between the platinum
standard and CeQOndicates that a significant increase of particle size in Capears at a pressure

of ~20 GPa. It is suggested that the initial large value of the bulk modulus is a result of either an
enhanced surface energy or from the pressure induced stiffness of Young's mo8ulasd
Poisson’s ratio(u); while the weakening of the elastic stiffness above 20 GPa is due to a
pressure-induced increase of particle size2@4 American Institute of Physics

[DOI: 10.1063/1.1768298

Relevant to the engineering of materials with enhanced The sample of Ce®used in this study has a nearly
mechanical properties, the examination of nanocrystals undepherical particle size of 10 n(®—11 nn), on average. Ra-
high-pressure conditions has recently been of great intereshan spectroscopy and x-ray diffraction confirmed the cubic
Previous studies indicate that a decrease of particle size réluorite structure for Ce@® High-pressure x-ray diffraction
sults in a dramatic increase in the elastic moduli relative taneasurements were performed at room temperature by using
bulk sampled;® but recent investigations demonstrate thata gasketed high pressure diamond anvil cell. A mixture of
the enhanced elastic modulus significantly weakens or cone5% CeQ nanopolycrystals and 5% platinum without pres-
pletely disappears above a critical pressut@he enhance- sure medium was placed in a T301 steel gasket holgii0
ment of the elastic modulus was previously explained by ann initial thickness and 12@:m in diameter. Platinum served
increased surface energy contribution but its weakening  both as a pressure calibrant and a standard for marking pres-
and disappearance above a critical pressure are still not wedlire induced stress variation of the sample. Such an experi-
understood. Several considerations have been used to explaifental design allows one to collect x-ray diffraction patterns
this observed phenomené‘ﬁ,however no direct evidence of both CeQ and platinum from one spot, in which the simi-
has been experimentally observed to this end. Moreover, ar strain characteristics should be observed. Energy disper-
ambient conditions, when particle sizes are decreased to fve synchrotron radiation at Cornell High Energy Synchro-
critical size(<15 nm), the corresponding Poisson ratio and tron  Source (CHESS was used for x-ray diffraction
elastic modulus start to exhibit a significant softening, simi-measurement.Energy calibrations were made using the
lar to those of their bulk counterpaff® Thus, we expect well-known radiation sourceg>Fe and'®8Ba), and angle
that nanocrystals with particle size below 15 nm may displaycalibrations were made from the six peaks of standard Au
a pressure-induced behavior similar to that of the bulk counpowder. Powder x-ray diffraction patterns were collected at
terpart, such as bulk modulus. In order to explore possiblg@ressures te-38 GPa for refinement of cell parameters and
mechanisms for ultrafine nanocrystés15 nm), and also to  evaluation of the variation of lattice strain and particle size.
look at direct evidence for weakening and disappearance of The x-ray diffraction patterns of bulkmicro-size and
nanosize induced enhancement of elastic stiffness, a mixturganocrystalline Ce@collected at one atmosphere are shown
of ultrafine cubic fluorite-structure cerium dioxid€eO,)  in Fig. 1. Nanocrystalline CeQexhibits significant size in-
and cubic structure platinuras a pressure standandere  duced broadening of the observed peaks compared to bulk
studied by synchrotron x-ray diffraction to 38 GPa. Our re-CeQ,. Using the observed positions of the x-ray diffraction
sults explicitly demonstrate that Ce@anocrystals with a peaks, cell parameters of nanocrystalline and bulk £eO
particle size of 10 nm still exhibit an enhanced bulk modu-were calculated to be 5.41@ and 5.414(3) A, respec-
lus, and its weakening above a critical pressure unambigutively. This indicates that nanocrystalline Ce®xhibits a
ously results from a significant increase of particle size.  significantly larger lattice, different from the nanosize in-

duced lattice contraction that is observed with most nanoc-
Jauthor to whom correspondence should be addressed; electronic maifystals. Previous studies suggest that such an increase in lat-
z wang@Ilanl.gov tice dimensions is caused by the reduction of'e Ce™,
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FIG. 1. Comparison of x-ray diffraction patterns of bulk and nanocrystallineFIG. 3. Linewidth broadening of the x-ray diffraction plat&ll) and its
CeO,. FWHM for the platinum standard under pressure.

when the particle size is reduced to 20 Ari.Correlations ~ extremely high bulk moduli of 6885) and 3812) GPa,
that were previously obtained between lattice size increastespectively:®> These results signify that the nanosize in-
and reduced ration of C&Ce** suggest that about 0.8% duced enhancement of elastic stiffness in ge@nocrystals
molar Cé€" in the CeQ sample was reduced to & sur-  apparently weakens at a critical pressure~&f0 GPa.
face energy contributions usually lead to a contraction of the  In order to clarify the resulting mechanism for the ob-
particle shell layer, in which the largkspacings display the served high-pressure properties, we compared the pressure-
greatest deviations. Thus, two controversial effects comperinduced variation of peak broadening of platinum and £eO
sate and result in the sardespacing value for the diffraction in order to analyze the pressure profiles of the lattice strain
planes(111) and(200) with the largestd spacings for nano- and particle size. Since both platinum and Géfave cubic
size and bulk Ce@(Fig. 1). But, the smalld spacings of structures that are elastically isotropic, each of the lattice
nanocrystalline CeQapparently shift to higher values rela- planes is subject to the same strain. Therefore, we only use
tive to those of bulk Ce® Since the determination of the the (111) peak, which is strong and does not overlap with
cell parameter is mostly influenced by the values of the smalpther peaks, to evaluate the pressure-induced variation of
d spacings, it is reasonable to observe a lattice expansion iparticle size and lattice strain. Line broadening of the x-ray
the nanocrystalline CeQ diffraction peaks is related to the reduction of particle size
Average cell parameters were calculated from the oband enhancement of lattice strain. The peak width variation
served diffraction patterns of nanocrystalline Ges® each of the (111) plane of platinum and its Full width at half
pressure. A third-order Birch—-Murnaghan equation of statemaximum (FWHM) profile as a function of pressure are
(EOS was fit to the observed pressure—volume data. Ashown in Fig. 3, which indicates that elevation of pressure
shown in Fig. 2, a noticeable discontinuity appears agradually enhances lattice strain of the sample. Since the
~20 GPa. Therefore, we fit the—V data with two distinct x-ray diffraction pattern of nanocrystalline Ce@as col-
EOS curves that appear to be reasonably constraffigd2).  lected at the same spot as that of platinum, the lattice strain
It is notable that the curve fit to the data above 20 GP#rofile of the Ce@ sample should exhibit similar character-
matches previous data collected from bulk Qébupon istics, assuming that equal strain is generated in the two co-
compression, the bulk modulus below 20 GPa isexisting compounds at the same pressure conditions. How-
32812) GPa with K’=4, which is greater than that of ever, as shown in Fig. 4, the peak variations of ¢f#&1)
micro-size polycrystalline Ceg{230(10) GPd.'*> Such an plane of CeQ and its FWHM values display quite different
high bulk modulus is likely due to the nanocrystalline effect, Pressure-dependent profiles. A Significant decrease of the
as also observed for nanocrystallingN& and GgN, with FWHM value occurs at a pressure R0 GPa. As observed
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FIG. 4. Linewidth broadening of the x-ray diffraction plaf&Ll) and its

FIG. 2. Room temperature equation-of-state data for nanocrystalling. CeOFWHM for the CeQ nanocrystals.
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for platinum, no significant discontinuity of lattice strain terpretation can also be used to explain the observed phe-
variance appears as pressure increases from 1 atm t@mena of other nanocrystals. It is suggested that the size-
38 GPa, so the observed kink of line broadening in €e&h  induced effect plays a vital role in the particular properties of
only result from an enlargement of particle size of GeO nanocrystals over a wide range of particle size only below a
nanocrystals. This further suggests that a significant increasgitical pressure, and correspondingly results in an enhance-
in the particle size of CeDtakes place at a pressure of ment of the bulk modulus; upon additional pressure, the par-
~20 GPa. These results imply that nanosize-induced effecigcle size apparently increases, leading to the same weaker
in CeQ, result in a significant increase of bulk modulus be-jncompressibility as observed in the bulk counterpart. Fur-
low 20 GPa; upon additional compressier20 GP4, the  thermore, our result can also explain why the two types of
nanosize-induced effect appears to be suppressed by pressyghavior were observed for nanocrystals in previous
induced increase of particle size, resulting in a considerablgy,gies!-313-15An important consideration is whether previ-

weakening of the elastic stiffness of CgO ous experiments reached the required critical pressures or
Previous high-pressure studies identified two types of,ns |t is pointed out that the resulting mechanism for the
behavior in nanocrystalline materials: one is associated W'“&brupt increase of particle size near 20 GPa still remains

a larger bulk modulus upon reduction in particle size; mysterious. This cannot be interpreted by the simple fusing

while the other assoctaltses the same compreSS|b|I|ty.as that i particles together that is commonly observed in pressure
the bulk counterpar™® For the first type, all previously : ; . : : )
studies, since the resulting particle coarsening would in-

studied  materials were investigated only at IOWercrease radually with pressure. Thus, one consideration ma
pressures;® and all the bulk materials exhibit phase transi- 9 y pr ' ) D LETISILE nay
e due to the pressure-induced cold welding in which a criti-

tions at relatively low pressures. In contrast, the second typ | dition is th call ded f ing th
of nanocrystals was studied under extreme compred&ioh, ¢&! condition is theoretically needed for overcoming the en-

since their bulk counterparts are stable over a wide range ¢'9Y 9ap- _ o

pressure. Recent studies of spinel structugdlSand GgN, In summary, we have carried oun situ synchrotron
nanocrystals indicate that the size-induced enhancement fray diffraction to explore the size-induced compressional
the bulk modulus is weakened or disappears above a critic&ffect in nanocrystalline CefXo pressures of 38 GPa. Re-
pressuré";s which exp|ains the Compressiona| properties eX_SUItS indicate that at a critical preSSUre’eﬂo GPa, there is
hibited by the two types of nanocrystals, but the resulting? significant weakening of the size-induced effect in nano-
mechanism for such an observed phenomenon still remairystalline CeQ. Below and above this pressure, the bulk
ambiguous. Moreover, a large number of studies indicate thanoduli were calculated to be 3@&) and 23Q10) GPa, re-
surface energy contribution leads to a contract effect of latspectively. Thus, it is suggested that the initial enhancement
tice and enhanced elastic properties, but below the criticabf bulk modulus may result either from an enhanced surface
size(<15 nm), a lattice dimension increase and elastic soft-energy contribution or from a pressure induced stiffness of
ening effect were observéd® Therefore, it is expected that Young’s modulusE) and Poisson’s ratiéu). The observed
different high pressure behavior may occur in these ultrafinglecrease in the bulk modulus at a critical pressure of
nanocrystals compared with those observed previously from-20 GPa appears to be a consequence of particle size en-
nanocrystals with particle size above 15 FMThis further  |argement. This result provides a reasonable explanation for
implies that the nanocrystalline effect may not alter the bulkihe existing irreconcilable compression behaviors of different
modulus. Several studies demonstrate that Jedocrystals  nanocrystals.
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