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We performed high-pressure synchrotron x-ray diffraction experiments on nanocrystalline (nc-)

MgO compressed both under quasi-hydrostatic and non-hydrostatic conditions in a diamond-anvil

cell. Data obtained under hydrostatic conditions show that nc-MgO (average crystallite size of

20 nm) is 8-9% more compressible than “bulk” MgO. Analysis of our results collected under

non-hydrostatic conditions yields a bulk modulus that is about 27% larger than the one derived

from the quasi-hydrostatic compression experiments. Thus, the apparent bulk modulus strongly

depends on the experimental stress conditions. VC 2011 American Institute of Physics.

[doi:10.1063/1.3662491]

I. INTRODUCTION

The properties of nanosized materials may differ from

those of coarse-grained (“bulk”) materials, because of their

reduced crystallite size and large fraction of surfaces/interfa-

ces, where the atomic arrangement is disordered as compared

to the perfect crystal lattice (e.g., Refs. 1 and 2). The effect

of very small crystallite sizes on the elastic properties of the

crystalline cores is still not well understood, particularly at

high pressure. Several studies used synchrotron x-ray diffrac-

tion on nanocrystalline powders at high pressures to derive

both the isothermal bulk modulus KT0 and its pressure deriv-

ative at zero pressure (@KT/@P)T0 (e.g., Refs. 3–9). However,

most of these studies were conducted under strongly non-

hydrostatic conditions to also reveal the interplay between

crystallite size and compressive strength.10–13 Unfortunately,

these experiments are not well suited to quantify any

crystallite-size effect on the elastic compressibility11,14 and

controversial results are reported in the literature. Some stud-

ies suggest that the compressibility of a nanocrystalline ma-

terial significantly differs from its bulk counterpart,4,8,9

whereas others do not observe any change.5–7,14,15

In this study, we performed high-pressure synchrotron

x-ray diffraction experiments on nc-MgO powder com-

pressed under quasi-hydrostatic conditions using either

neon or argon (with different mechanical properties)

as pressure-transmitting media or under strongly non-

hydrostatic conditions (no pressure-transmitting medium).

A Birch-Murnaghan equation of state16 was fitted to the

pressure-dependent unit cell volumes to quantify the effects

of crystallite size and non-hydrostaticity on the elastic com-

pressibility of MgO. In addition, the observed x-ray line

broadening was used to derive information about the aver-

age crystallite size at high pressures.

II. MATERIALS AND METHODS

MgO powder with an average crystallite size of about

20 nm was used as starting material (American Elements,

99.9% purity). Transmission electron microscopy (TEM)

images are shown in Fig. 1. The TEM micrographs were

acquired on a FEI Tecnai F20 X-Twin with a field emission

gun operated at 200 kV. The presented images are energy fil-

tered applying a 10-eV window to the zero-loss peak using

the Gatan Tridiem Imaging filter. The nc-MgO powder was

loaded in symmetric piston cylinder diamond-anvil cells

(DAC, Ref. 17), where either diamonds with 300 lm or

400 lm-sized culets were employed. Rhenium was used as

gasket material. Pressure was generated either by screws or

by a membrane system. The applied pressure was determined

by ruby fluorescence using existing calibrations for both

quasi-hydrostatic and non-hydrostatic stress conditions.18,19

Four different experimental runs at varying degrees of non-

hydrostaticity were performed to high pressures to test the

effect of different stress conditions on the apparent equation

of state. In the first experimental run, the nc-MgO powder

was compressed without a pressure-transmitting medium. In

runs two and three, argon and neon, respectively, were

employed as a pressure-transmitting medium to create differ-

ent quasi-hydrostatic sample environments. The fourth

experiment was conducted on the recovered sample material

from the non-hydrostatic experiment, which was re-loaded

with neon as pressure-transmitting medium. In the two runs

with neon, particular care was taken to ensure that the sam-

ple material was surrounded by the pressure-transmitting me-

dium and no bridging between the diamond anvils occurred.

These runs displayed the most hydrostatic conditions as indi-

cated by the width of the ruby R1 fluorescence line.

High-pressure synchrotron x-ray diffraction experiments

were performed at DESY/PETRA III beamline P02.2

(Extreme Conditions Beamline) using x-rays with an energy

of 42.7 keV (0.29036 Å wavelength) and a focusing spot

of� 2.0 (H) � 1.8 (V) lm2 (Ref. 20). The sample-detectora)Electronic mail: hama@gfz-potsdam.de.

0021-8979/2011/110(11)/113512/5/$30.00 VC 2011 American Institute of Physics110, 113512-1

JOURNAL OF APPLIED PHYSICS 110, 113512 (2011)

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.3662491
http://dx.doi.org/10.1063/1.3662491
http://dx.doi.org/10.1063/1.3662491


distance was calibrated using a CeO2 standard (NIST 674 a).

Diffraction images were acquired on a Perkin Elmer XRD

1621 flat panel detector using the software qxrd (G. Jen-

nings, Advanced Photon Source) with exposure times rang-

ing from 30 to 90 s. Up to nine diffraction lines were

recorded at high-pressures. The program fit2d (Ref. 21) was

used to convert the images to integrated diffraction patterns.

An additional powder diffraction pattern was collected at

ambient conditions using a STOE Stadi P diffractometer

equipped with a CuKa x-ray tube. In the latter experiment, a

silicon standard (NIST 640 c) was mixed together with the

nc-MgO to directly calibrate the x-ray spectrum and detect

slight changes in the unit cell parameter of nc-MgO as com-

pared to “bulk” MgO. Each peak in the integrated diffraction

patterns was background-corrected and fit with a four param-

eter pseudo-Voigt function using the program PeakFit (ver-

sion 4.11). The unit cell volumes at the corresponding

pressures were calculated from the positions of the refined

diffraction peaks. The reported 1r-uncertainties are reflect-

ing the differences in unit cell volumes calculated from the

different hkl-reflections. After correcting for instrumental

broadening, the x-ray line widths were used to derive the av-

erage crystallite size by applying the identity given

below,10,13,22 which represents an extension of the Scherrer

equation23,24 to high-pressure DAC experiments:

2whklcoshhklð Þ2¼ k=dð Þ2þ 4pmax=Ehklð Þ2sin2 hhkl; (1)

where 2whkl refers to the full width at half maximum

(FWHM) of a specific reflection hkl, k is the x-ray wave-

length, d is the apparent average crystallite size and Ehkl

refers to the (high-pressure) Young’s modulus along [hkl].10

2pmax denotes the difference between the maximum and min-

imum stress applied to the crystallites.10,11,22 A previous

high-pressure x-ray diffraction study13 suggests that 2pmax

derived from Eq. (1) is a reliable measure of compressive

strength r. This conclusion was based on the good agreement

between the compressive strength of gold derived by apply-

ing Eq. (1) and the results from hardness measurements.

However, for the purpose of this study, 2pmax is not analyzed to

extract information about the strength of nc-MgO at high pres-

sures. The apparent average crystallite size was derived from

the intercept in a (2whkl cos hhkl)
2 versus (sin hhkl/Ehkl)

2 plot and

multiplied with a shape factor of 0.9, which has been derived

for cubic materials,25,26 to determine the “true” average crystal-

lite size. Elastic constants from a computational study27 were

used to calculate Young’s modulus at high pressure.

III. RESULTS AND DISCUSSION

The analysis of our x-ray diffraction pattern collected

outside the DAC resulted in an apparent zero pressure unit

cell volume of 74.90 (6 0.03) Å3 for nc-MgO. This observa-

tion is consistent with our measurements in the DAC before

non-hydrostatic compression (run #1), where we determined

the unit cell volume to be 74.91 (6 0.04) Å3 (Fig. 2). The

increased unit cell volume as compared to “bulk” MgO

(74.71 6 0.01 Å3, Ref. 28) indicates that the nc-MgO is in a

state of lattice expansion, probably due to excess volume in

the surface/interface regions (e.g., Ref. 29). Such a lattice

expansion has previously been reported for different nano-

materials.30,31 We extracted an average crystallite size of

19.7 (6 0.2) nm from analysis of the x-ray linewidth broad-

ening of the starting material (Fig. 3). The reported uncer-

tainty reflects the statistical 1r-standard deviation obtained

from the least-square fit. We estimate the stated crystallite

size to be accurate within a few nanometers.

The behavior of nc-MgO under quasi-hydrostatic com-

pression is apparently different from that of “bulk” MgO

(Ref. 28) and the difference becomes clearly visible at pres-

sures above roughly 20 GPa in Fig. 2. The decreased incom-

pressibility of nc-MgO in comparison to coarse-grained

FIG. 2. (Color online) Pressure-dependence of the unit cell volume of nc-

MgO. Solid curves are third order Birch-Murnaghan equation of state fits to

the experimental data. Error bars indicate 1r-uncertainties. Open symbols

denote data collected during or after decompression.

FIG. 1. TEM micrographs. Bright field image of a representative area of the

powder sample. The inset in the lower right corner shows dark field image

of a larger region using part of the [002] diffraction ring.
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MgO can likely be attributed to the large fraction of atoms

within the nc-material that are affected by interfaces between

crystallites, which leads to a reduced atomic density and

hence a softening of the material (e.g., Refs. 8 and 32).

Least-square fits of a third order Birch-Murnaghan equation

of state to our data constrain the bulk modulus of nc-MgO to

a range between 145.8 (6 0.1) GPa and 146.7 (6 0.1) GPa

(Table I), which is 8-9% lower than the bulk modulus of

coarse-grained MgO (160.2 GPa, Ref. 28). For better com-

parison of KT0 of nc-MgO and KT0 of its “bulk” counterpart,

(@KT/@P)T0 was fixed to 4 for this analysis. A second fit,

where (@KT/@P)T0 was not constrained, yielded KT0 values

between 150 (6 0.3) GPa and 152.2 (6 0.6) GPa, with

(@KT/@P)T0 between 3.47 (6 0.05) and 3.72 (6 0.03). To

verify these findings, we also analyzed our data by consider-

ing each x-ray line individually (“apparent lattice parame-

ters” analysis, e.g., Refs. 33 and 34). For our analysis, we

chose the five strongest x-ray reflections (200, 220, 222, 400,

420) collected in the second hydrostatic run (run #4), which

we could fit well over the entire experimental pressure range.

The calculated bulk moduli range from 146.2 (6 0.4) GPa to

149.2 (6 0.6) GPa when fixing (@KT/@P)T0 to 4 and from

149.3 (6 1.0) GPa to 153 (6 2.8) GPa with (@KT/@P)T0 values

of 3.52 (6 0.1) to 3.77 (6 0.1), see also Table II. In contrast

to a previous work on nickel,8 we could not detect any clear

dependence of KT0 or (@KT/@P)T0 on the scattering vector Q.

Our results indicate that the compression behavior

strongly depends on the stress conditions in the DAC (Fig.

2), consistent with previous studies.35,36 Fitting a third order

Birch-Murnaghan equation of state (with (@KT/@P)T0¼ 4) to

our data indicates that the zero pressure bulk modulus

increases by about 27% from 145.8 GPa under hydrostatic

conditions (neon as pressure-transmitting medium) to

185.8 GPa under non-hydrostatic conditions (Table I). This

value, however, represents an “effective” bulk modulus, i.e.,

in the plane perpendicular to the experimental compression

direction. A pronounced dependence of apparent bulk modu-

lus on the stress conditions in the diamond-anvil cell has also

been observed for “bulk” MgO (e.g., Refs. 35 and 36), where

the bulk modulus determined from non-hydrostatic compres-

sion experiments is 12-13% larger than the one derived from

hydrostatic experiments. Comparison of these results with

our data indicates that the effect of deviations from hydro-

static stress condition on the “effective” compression behav-

ior is markedly enhanced in nc-MgO compared to “bulk”

MgO. In addition, the spread of derived bulk modulus KT0

based on the “apparent lattice parameters” analysis is signifi-

cantly larger for the non-hydrostatic experiment compared to

the measurements performed in quasi-hydrostatic conditions

(Table II). Our general findings on the compressibility of nc-

MgO are consistent with a previous comparative study on

the hydrostatic compressibility of nc- and “bulk” Ni, where

the bulk modulus of nc-Ni (10 nm) was found to be reduced

by about 10% as compared to coarse-grained Ni,8 a finding

also supported by computational results.37

We could not resolve any difference in the hydrostatic

compression behavior between the starting material and the

compression behavior of a sample recovered from the non-

hydrostatic experiment, which underwent previous crystallite

size reduction to about 11 nm (Fig. 4). This implies that,

within our experimental resolution, the bulk modulus does

not change between nc-MgO samples with about 20 and

11 nm starting crystallite size. In contrast to our findings and

a previous study on nickel,8 no significant difference was

found between bulk and nc-3C-SiC under hydrostatic com-

pression conditions.14 The crystallite size in the latter study14

was about 30 nm. We note that the previous experiments on

3C-SiC (Ref. 14) were limited to pressures below 20 GPa,

while in our experiments the difference in compression

behavior between nc-MgO and its bulk counterpart, becomes

clear above roughly 20 GPa.

From the x-ray line broadening analysis (Fig. 3), we can

derive the change of crystallite size with increasing pressure.

FIG. 3. (Color online) Typical examples of the x-ray line broadening analy-

sis (e.g., Refs.10 and 11). Linear fits of Eq. (1) to the data points at a specific

pressure are performed to determine the average crystallite size from the

intercept.

TABLE I. Experimental conditions and fitted parameters of the third order

Birch-Murnaghan equation of state. V0 was always constrained to 74.9 Å3 in

the least-square fitting. Uncertainties represent 1r- estimated standard devia-

tions (from the fit).

Reference

Crystallite

size

Pressure

medium Pmax

KT0

(GPa) (@KT/@P)T0

This study (run #1) 20 nm no 46 GPa 185.8 (60.4) 4.0 (fixed)

183.9 (61.2) 4.18 (60.1)

152.2 (fixed) 7.53 (60.05)

This study (run #2) 20 nm argon 66 GPa 173.9 (60.2) 4.0 (fixed)

168.6 (60.8) 4.3 (60.05)

152.2 (fixed) 5.32 (60.01)

This study (run #3) 20 nm neon 45 GPa 145.8 (60.1) 4.0 (fixed)

152.2 (60.6) 3.47 (60.05)

This study (run #4) 11 nm neon 42 GPa 146.7 (60.1) 4.0 (fixed)

150.0 (60.3) 3.72 (60.03)

Ref. 39 “bulk” no 227 GPa 177.0 (64.0) 4.0 (60.1)

Ref. 28 “bulk” helium 52 GPa 160.2 (60.2) 3.99 (60.01)
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Figure 4 shows the change of crystallite size with pressure in

the hydrostatic compression experiments. Even though the

data scatter significantly, it appears that the crystallite size

remains unchanged upon hydrostatic compression, at least

within uncertainties. The data obtained during decompres-

sion are not shown, because the crystallite size determination

is likely biased by residual stresses in the sample chamber of

the DAC.

Upon non-hydrostatic compression, the crystallite size

decreases from 19.7 (6 0.2) nm at ambient pressure to about

7 nm at high pressures (Fig. 4). Most of the crystallite size

reduction takes place upon initial compression (until

10 GPa), qualitatively consistent with previous studies on nc-

MgO.10,12,38 We argue that the observed decrease in apparent

crystallite size originates from two distinct features: (1)

Actual mechanical reduction of the crystallite sizes and (2)

nonhydrostatic stress effects, i.e., crystallites are subdivided

into smaller coherently scattering domains upon compression

as a result of microstresses (see also Refs. 11 and 13). The

first effect results in a permanent decrease of crystallite size,

whereas the latter effect is reversible upon decompression.

The data collected in run #4 (where the pre-compressed sam-

ple was re-loaded in a hydrostatic pressure medium) indicate

an average crystallite size of about 11 nm (average value

over all pressures), implying that most of the crystallite size

reduction as determined by x-ray diffraction peak broaden-

ing analysis is permanent.

This finding is supported by a previous work,38 where

high-resolution transmission electron microscopy (HRTEM)

was used to derive average crystallite sizes from a decom-

pressed sample of nc-MgO (from above 20 GPa) to comple-

ment in situ determinations of crystallite size using Eq. (1).

Excellent agreement was found between the HRTEM meas-

urements on the decompressed sample and the determination

from x-ray line broadening analysis at high-pressure,38 con-

firming that the observed crystallite size reduction is mostly

permanent.

IV. CONCLUSION

We find that nc-MgO (20 nm crystallite size) is more

compressible than “bulk” MgO under quasi-hydrostatic com-

pression. The apparent compressibility of nc-MgO, however,

strongly depends on the experimental stress conditions. Our

observations indicate that this dependence is more pro-

nounced for nc-MgO compared to its coarse-grained counter-

part. Finally, we would like to emphasize that the elastic

strain derived from x-ray diffraction experiments is mostly

related to the crystalline cores; it does not necessarily repre-

sent the bulk elastic behavior of a nanocrystalline

aggregate.38
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(@KT/@P)T0,

KT0¼ 152.2 GPa
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1r-uncertainties. The dotted curve is a guide to the eyes.
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