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Yield strength enhancement of MgO by nanocrystals
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Behaviors of nanomaterials have been increasingly at-
tracting the interests of scientific and industrial re-
searchers in the past decade because many of their
properties—such as magnetism, catalysis, and optics—
are very distinct from predictions based on the behavior
of coarse materials [1–8]. The study of nanomaterials’
properties therefore holds the promise of revolutioniz-
ing traditional materials’ design in many applications.
On the other hand, the predicted behaviors of materi-
als at the nanometer-scale based on the properties of
coarse materials are sometimes more desirable; which
includes changes in the mechanical properties at the
nanometer scale. Here we report an experimental result
on comparative studies of yield strengths of nano-size
and micron-size MgO crystals by using energy disper-
sive powder X-ray diffraction. Our study indicates a
significant enhancement of yield strength in nanocrys-
tal MgO: yield strength of MgO with 10 nm average
crystal size is about 35% higher than that with 1 mm
average grain size.

Traditionally for most metals, the mechanical
strength σ is believed to be largely controlled by the
grain size P, following the Hall-Petch relation [9, 10]

σ = k P−1/2 + σ0

where k and σ 0 are experimentally determined con-
stants, due to the grain boundary enhanced obstacles
on the generation and/or motion of dislocation. This
relation predicts great increases in strength as grain
size decreases to the nanometer scale. However, the-
oretical studies indicate that the high volume fraction
of interfacial regions results in significant deformation
by grain boundary sliding in metals at very small grain
sizes, only tens of nanometers [11]. Furthermore, a
computer simulation of the deformation of nanocrys-
talline copper actually shows a reverse Hall-Petch ef-
fect (softening with decreasing grain size) [12]. Exper-
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imentally, both normal and reverse Hall-Petch effects
have been observed in some metals and alloys [13–
19]. As the strength measurements were carried out
on bulk sample made of nanosize grains, the reverse
Hall-Petch effect was attributed to increased porosity
at small grain sizes from experimental point of view
[13, 19]. However, some measurements with improved
dense-specimen still show a tendency of softening at
very small grain sizes [13, 20–22]. The study of the
mechanical property of nanocrystalline oxides is much
less extensive than that of metals and alloys. A signifi-
cant inconsistency to the normal Hall-Petch effect has
been observed in sintered bulk specimens of TiO2 [23–
25] as the grain size decreased from coarse grain to the
nanometer size. Here we report an application of energy
dispersive X-ray diffraction to measure both the aver-
age differential stress and the grain size of powdered
MgO, and the result indicates a significant increase in
MgO yield strength as its grain (crystal) size decreases
from micrometers to nanometers.

The experiments were conducted using the syn-
chrotron X-ray beamline X17B [26] at the National
Synchrotron Light Source and the GSECARS [27] at
the Advanced Photon Source. High purity (99.99%)
powdered MgO sample was packed (1 mm in diameter
and 0.5–1.0 mm in length) into a pressure cell and was
subjected to loading in a multi-anvil press [26]. Upon
loading, grain-to-grain contacts generated elastic dif-
ferential strain (grain distortion) amongst themselves,
in addition to the hydrostatic compression [28]. This
elastic strain increases linearly with load until the stress
for generating such strain reaches the yield strength of
the grains. As the load was increased stepwise, in-situ
X-ray diffraction patterns were taken using a white X-
ray beam with an energy range of 20–120 keV and a
size of 100 µm × 100 µm to monitor the elastic strain
and grain size. The differential stain and the small crys-
tal size are the two major causes of line broadening
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in X-ray diffraction pattern of powder samples [29].
The diffraction peak width (B: FWHM—full width at
half maximum) is described as [30, 31] B2 − B2

i =
B2

d + B2
s where Bi is the instrumental broadening, Bd

is the differential strain broadening, and Bs is the
grain size broadening. In the case of energy dispersive
diffraction [32] Bd = 2eE and Bs = K ( 1

2 hc)/(P sin θ0)
(K: Scherrer constant, h: Planck’s constant, c: the veloc-
ity of light, P: the average grain size, 2θ0: the fixed scat-
tering angle, e: the average elastic differential strain, E:
the X-ray photon energy). As the instrumental broaden-
ing can be measured using a strain-free sample with a
nearly ideal grain size (∼1 µm), the differential strain
and grain size are derived by fitting the peak broad-
ening (B2−Bi

2) of all observed peaks in a diffraction
pattern to a linear equation as a function of the photon
energy (E2) of each peak. For a conventional energy dis-
persive diffraction setup (2θ0 ∼ 7◦), K(1/2)hc/sinθ0 =
91.5 keV nm. The high energy resolution (R = 200 eV)
of the Ge solid state detector used in this study sets
an upper limit of ∼500 nm for accurate grain size
measurements.

The measurements were conducted on two samples
with average grain size of 30 nm (from Nanopowder
Enterprises Inc.) and 1 µm (from Alfa Aesar) respec-
tively. Fig. 1a illustrates the broadening of diffraction
peaks in the diffraction patterns of the nano-grain-size
sample as it is compressed. Three diffraction peaks
(111), (200) and (220) are used in deriving average

Figure 1 (a) Powder X-ray diffraction patterns (Intensity—left axis vs.
Energy—top axis) of nano-grain-size MgO before and during loading.
Significant peak broadening is observed once the sample is under load-
ing. (b) Diffraction peak broadening (B2-Bi

2—right axis) as a function
of energy (E2—bottom axis). Solid lines represent a linear fit to each data
set. Increase in the slope of the linear function upon loading is caused
by internal stress. Bars attached to the symbols represent experimental
uncertainties.

grain size and stress for the nano-grain-size sample,
whereas two additional peaks (311) and (222) are
also used for the micro-grain-size sample because the
diffraction patterns were of a higher quality. Fig. 1b
shows the peak broadening (B2−Bi

2) of (111), (200)
and (220) as a function of photon energy (E2) in the
diffraction patterns of the nano-grain-size sample at
ambient condition, load = 2.3×105 N and load = 8.2 ×
105 N respectively. Each set of data can be fit into
a linear function, and differences in the slope and y-
intercept of the linear function at different conditions
are caused by the change of grain size and differen-
tial stress of the sample, respectively. Upon loading,
the samples experienced a slight grain size reduction
(Fig. 2). The average grain size of nano-sample reached
∼10 nm. The grain size variation in micron-sample
could not be accurately measured due to the limitation
of detector resolution, but measurements indicate that
the gain size was greater than 500 nm throughout the ex-
periment. Fig. 3 shows the derived differential stresses
(product of differential strain and Young’s modulus) in
the two samples as a function of load. Stresses in both

Figure 2 Variation of grain sizes during loading. Diamond symbols
represent the average grain sizes of the nano-sample derived from X-ray
diffraction using Warren-Averbach method. The shaded area indicates
the maximum variation in grain size of the micron-sample, due to limited
resolution of Warren-Averbach method for large grain size. Bars attached
to the symbols represent experimental uncertainties.

Figure 3 Differential stress in micron-grain-size sample (open squares)
and nano-grain-size sample (open diamonds) as a function of load. Bars
attached to the symbols represent experimental uncertainties. Lines are
drawn just for easy recognition of yielding.
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samples increased rapidly as the load increased before
the stress reached the yield strength of each sample.
Once the sample began to yield (the stress reached the
strength of the sample), stress in the sample did not
increase even with further increases of load. The
micron-grain-size sample yielded when the differen-
tial stress reached 4 ± 0.3 GPa, whereas the nano-
grain-size sample did not yield until the differential
stress reached 5.4 ± 0.3 GPa. Beyond this yield point,
the stress vs. load curve of each sample approached a
plateau. This result demonstrates a significant increase
(35%) in the yield strength in MgO as the grain size
was decreased from about 1 µm to 10 nm.

In these experiments, the two samples had very dis-
tinct grain sizes (1 µm vs. 10 nm). While observations
from the two samples clearly demonstrate an enhance-
ment of yield strength by reduction of grain size, further
systematic measurements of yield strength as a function
of grain size are essential to reveal grain-size depen-
dence of yield strength of MgO at a finer scale. If we
fitted the Hall-Petch relation σ = kP−1/2 + σ 0 to the
current two data points, the constants k and σ 0 were
estimated to be k = 4.9 GPa·nm1/2 and σ 0 = 3.8 GPa.
Hulse et al. [33]. studied the plastic deformation of
single crystal MgO and their results indicates that the
single crystal MgO with the (111) loading axis is much
stronger than those with other orientations, with a yield
strength greater than 3.6 GPa. In Hall-Patch relation,
σ 0 can be considered as the strength when the grain
size approaches infinity. The derived value of σ 0 from
our experiment is consistent with the single crystal data
along the strong orientation of MgO.

The study reported here is a direct measurement of
the average yield strength for individual grains using
X-ray diffraction, which avoids the influence of a bulk
sample quality (porosity) on indentation or deforma-
tion experiments. This method has been widely used in
measuring residual stresses in materials [34]. The tech-
nique was extended here to measure the stress in a pow-
der sample during loading. Since stresses are generated
by grain-to-grain contact (self-indentation), the method
has been applied to measure the strength of superhard
materials, such as diamond [35] and moissanite [36], as
well as materials that are stable only at high pressures
[37]. Measurement of grain sizes using X-ray diffrac-
tion is also a classic technique in material studies.
This technique is often referred as Warren-Averbach
method [31, 38], and used to measure the average
grain size of nanocrystalline metal samples [21]. For
the first time, we simultaneously measured the stress
and grain size during loading on the sample to study the
grain-size dependence of the yield strength using X-ray
diffraction.
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