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ABSTRACT

A key question in nanomechanics concerns the grain size effects on materials’ strength. Correct solution to this question is critical to design
and tailor the properties of materials for particular applications. The full map of grain sizes-hardness/yield stress relationship in metals has
been built. However, for ceramic materials, the similar studies and understandings are really lacking. Here we employed a novel technique to
comparatively study the mechanical features of titanium dioxide (TiO 2) with different crystallite sizes. On the basis of peak profile analysis of
the X-ray diffraction data, we determined yield strength for nanocrystalline and bulk TiO 2. Our results reveal a remarkable reduction in yield
strength as the grain size decreases from 30 −40 µm to ∼10 nm, providing the only evidence of a strength weakening by nanocrystals relative
to their bulk counterparts. This finding infers an inverse Hall −Petch effect, the first of its kind for ceramic materials, and a dramatic strength
weakening after the breakdown of classic Hall −Petch relation below a characteristic grain size.

The classic Hall-Petch relation1,2 predicts that the strength
of a polycrystalline material increases with decreasing grain
size. Although this relation is empirically established, it holds
well in many crystalline metals and alloys with grain sizes
ranging from tens of nanometers to micrometers.3-5 The
Hall-Petch effect is generally attributed to the piling up of
dislocations against the grain boundaries, which eventually
retards the plastic deformation.1,2,6 Therefore, in materials
of smaller grain size, the increase in the grain boundary
concentration would lead to a greater hindrance to the
dislocation mobility, and in macroscopic manifestation, an
enhanced strength or hardness. The Hall-Petch relation,
however, fails in some metals and alloys with grain sizes in
therangeof3-20nm,asdemonstratedbothexperimentally7-13

and through molecule dynamics simulation.14-17 In such
materials, the strength increased with increased grain size, a
phenomenon that is usually referred as aninVerse Hall-
Petch effect. Even though a number of mechanisms have
been proposed to explain this effect (see later discussion), it
is shown18 that in several instances, the observed inverse
Hall-Petch effect could be the artifacts of conventional
indentation measurements, primarily due to the presence of
porosity and/or amorphous inclusions in nanocrystalline
materials. Because of the high brittleness and low ductility,
the conventional indentation and tensile testing methods are
both not suitable to study the size effect on ceramic materials
and that is the reason why the error-free results concerning
ceramics in this topic are real scarcity.

The peak-width analysis of diffraction data for materials’
strain/strength is a classic approach widely used in the

scientific community, commonly referred as the William-
son-Hall method or its variation.19-22 This method will
overcome the sample porosity or impurity problems com-
monly faced in the traditional indentation or deformation
experiments. Generally speaking, the polycrystalline diffrac-
tion profile is a convolution function of instrument response,
grain size distribution, and crystal lattice deformations along
the diffraction vector. During high-pressure compression
experiment, the breaths of diffraction peaks broaden and the
amount of peak broadening indicates the distribution of
differential strains along the diffraction vector,23 which is
typically owing to different crystalline orientations relative
to the loading direction and particularly to the stress
concentration at grain-to-grain contacts during the powder
compaction. The diffraction peak widths reach the maximum
as the deviatoric stress approaches the ultimate yield strength
and the sample material begins to flow plastically. By
monitoring the peak width variation of differenthkl diffrac-
tions as a function of pressure, one can derive the differential
strain, thus the yield strength of the sample materials. In the
present study, we conducted in situ synchrotron X-ray
diffraction experiment under high pressure and temperature
conditions on both nanocrystalline and bulk TiO2. The
experimental results reveal an unusual reduction in yield
strength as grain size decreases from micrometer to nano-
meter.

The experiment was carried out using a cubic-anvil high-
pressure apparatus, which was interfaced with energy-
dispersive synchrotron radiation at the beamline X17B2 of
National Synchrotron Light Source, Brookhaven National
Laboratory. The experimental methods are similar to those
described previously.24-27 The high-purity (>99%) powdered
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nanocrystalline (∼10 nm) and bulk (30-40 µm) TiO2

(anatase) were commercially obtained from Sigma-Aldrich
and were studied simultaneously in a single high-pressure
experiment. The two samples were loaded in a boron nitride
sleeve, separated by a layer of NaCl, which also serves as
an internal pressure standard. Such a comparative technique
can effectively eliminate the systematic errors of the experi-
ment and allows direct and accurate comparison of materials
properties between the sample pair.

Plotted in Figure 1 are the observed X-ray diffraction
patterns of nano- and micrometer-TiO2 at ambient conditions.
The initial peak broadenings of nano-TiO2 are mainly
attributed to the grain size reduction and residual/surface
strains.20 During the experiment, the two samples were
compressed to 8.5 GPa by steps of 0.3-0.5 GPa. Figure 2
(top) displays the diffraction peak (101) for nano- and
micrometer-TiO2 at selected pressure conditions. It shows
that the peaks of both samples become broadened with
increasing pressure. However, the rates of peak broadening
are quite different for nano- and micrometer-TiO2, which
are illustrated in the bottom panel of Figure 2. At 8.5 GPa,
the highest pressure of the experiment, micrometer-TiO2

shows 3× increase in the fwhm (full width at half-maximum)
relative to that at ambient conditions. For comparison, nano-
TiO2 displays only 1.5× augmentation under the identical
pressure. This simple comparison indicates that micrometer-
TiO2 can support a much higher level of deviatoric stress
than its nanocrystalline counterpart.

Following our previous work,4,28 we express the fwhm of
diffraction peaks in a length scale of Å,∆d(fwhm), which
can be used to quantify differential strain (ε) introduced by
stress heterogeneity, lattice deformation, and dislocation
density at highP-T. They can also be used to quantify the
contributions of instrument response (∆dins) and grain sizes
(∆dsize),4,28 in the form of

Here, ∆dobs and ∆dins are the observed peak width and
the peak width at a stress-free state, respectively,d is the

d-spacing of a given lattice plane, andL the material’s grain
size, obtained through the incorporation of the Scherrer
formula. Note that eq 1 is essentially equivalent to the classic

Figure 1. X-ray diffraction patterns of nanosized (dark-blue lines) and bulk TiO2-anatase (dark-red lines) at ambient conditions. Inset:
Blow-up of the two patterns in the smallerd-spacing range. The evident peak broadening of nanosized TiO2 primarily results from the grain
size reduction.

∆dobs
2 /d2 ) (ε2 + ∆dins

2 /d2) + (κ/L)2‚d2(P,T) (1)

Figure 2. Top panel: the (101) diffraction peak of nanosized (dark-
blue symbols) and bulk TiO2 (dark-red symbols) at selected pressure
conditions. It shows the peak broadening with increasing pressure.
Bottom panel: variation of the observed full width at half-
maximum,∆d (fwhm), for the (101) diffraction line with increasing
pressure. The∆d0 refers to the fwhm at the initial state (i.e., ambient
conditions). The figure shows that the rate of peak broadening in
bulk TiO2 is significantly higher than that in nano-TiO2. As a result,
micrometer-TiO2 can support a much higher level of deviatoric
stress than its nanocrystalline counterpart.
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Williamson-Hall method and its subsequent variations.4,28

With the fwhm expressed in the length unit of Å, however,
eq 1 can be applied to any diffraction data, independent of
detecting modes (energy dispersive, angular dispersive, and
time-of-flight). Equation 1 is a typicalY ) a + b‚X plot.
Therefore, one can derive the apparent strainεapparent

2 ) (ε2

+ ∆dins
2 /d2) as well as average grain sizeL from the

ordinate intercept and slope of the∆dobs
2 /d2 versusd2(P)

plot, respectively. Examples of such derivation from dif-
fraction data at 0.3 and 3.83 GPa are illustrated in Figure 3.
The apparent strains (also referred as nonuniformed strain)
described here are derived from the peak broadening, which
are different from the regular strains (uniform strain)
expressed as∆V/V usually obtained from the peak shift of
X-ray diffraction patterns. Such defined apparent strain is
determined by the materials strength; the higher the material’s
strength, the more peak broadening and hence more strains
under a given stress level. The detailed description was
published somewhere else.23

The strains determined from Figure 3 can readily be
converted to stresses via the relationship:σ ) E‚ε, whereE
is the Young’s modulus and can be calculated from the
equationE ) B3(1-2 ν). For nanosized and bulk TiO2
anatase, the bulk moduli (B) are 240 Gpa,29,30and 180 Gpa,31

respectively. With a Poisson’s ratio ofν ) 0.28 for TiO2,32

we obtain the Young’s modulus values of 316 GPa for nano-
TiO2 and 238 GPa for micrometer-TiO2. The calculated
apparent stresses (microscopic deviatoric stresses) are plotted
as a function of pressure in Figure 4 to elucidate the
comparison between nano-TiO2 and micrometer-TiO2. The
initial difference observed between nano-TiO2 and micrometer-
TiO2 is due to residual stress, surface strain, and grain size
effects. As pressure increases, we observe two obvious yield
(kink) points for nano-TiO2, one atP ) 0.5 GPa in the elastic
deformation stage and the other atP ) 2.8 GPa. We consider
that the first yield represents “micro/local” grain-to-grain
contacts and hence local plastic deformation due to high
stress concentration. The second yield represents the onset
of “macro/bulk” plastic deformation of the entire sample,

and the corresponding stresses are the yield strength. The
“macro/bulk” yielding is also well defined for micrometer-
TiO2 at a higher pressure ofP ) 4.0 GPa. The two-stage
yielding phenomenon, however, is not observed in the
micrometer-TiO2, as the data exhibit good linearity in the
entire elastic region. In addition, there is an evident work-
hardening for the micrometer-TiO2, where the sample can
sustain additional 1.0 GPa of differential stress after the
yielding when pressure changes from 4.0 to 8.5 GPa. The
nano-TiO2, on the other hand, shows a clear work softening
after the “macro/bulk” yield.

The yield strength at the corresponding yielding pressures
can be graphically determined in Figure 4 by the differences
between the yielding and initial states. The derived yield
strength is 4.2( 1.0 and 7.5( 1.5 GPa, respectively, for
nano- and micrometer-TiO2. These experimental results
indicate a remarkable reduction of yield strength in poly-
crystalline TiO2 as grain size decreases from 30-40 µm to
∼10 nm, which, to our knowledge, represents the only
evidence of a strength weakening by nanocrystals relative
to their bulk counterparts. The variation of yield strength of
TiO2 with grain size, however, cannot be determined from
the present study based on only two distinct grain sizes.
Assuming that the classic Hall-Petch relation holds for TiO2
above a certain characteristic length of grain size,dc, our
finding infers an inverse Hall-Petch effect for TiO2, the first
report of its kind for ceramic materials. Our finding also
indicates a dramatic strength weakening after the breakdown
of classic Hall-Petch relation below thedc.

Figure 3. Plot of ∆dobs
2/d2 vs d2(P,T) according to eq 1 for nano-

TiO2 at selected pressures. It illustrates the determination of strain
and grain size, respectively, from the intercept and slope of the
fitted linear lines.

Figure 4. Plot of apparent stresses vs pressure for nano-TiO2 (dark-
blue solid squares) and bulk TiO2 (dark-red solid circles). A two-
stage yielding is clearly revealed for nano-TiO2, one near 0.5 GPa
in elastic stage and the other around 2.8 GPa. The first yielding is
considered as a “micro/local” yield point,4,28 representing the local
plastic deformation at point-to-point contacts due to high stress
concentration. The second yielding point indicates the onset of
“macro/bulk” plastic deformation of the entire sample. The enlarged
area of stress distribution on grain, from point-to-point contacting
in local yielding stage to the entire grain surface, leads to a flatter
slope in the macro yielding stage. The onset pressure of yielding
in bulk TiO2 is higher and near 4.0 GPa. The apparent stresses
plotted in the figure include both strain and instrument broadening;
the yield strength can be graphically determined by the difference
between the yielding and the initial state, as indicated by∆σnm

and∆σum, respectively, for nano- and bulk TiO2.
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In spite of extensive research, the mechanisms leading to
the inverse Hall-Petch effect in nanocrystalline materials
remains poorly understood. Several models, however, have
been proposed, including enhanced Coble creep,7 invalidation
of dislocation pile-ups,33 dislocation migration through
grains,34 different atomic structures between grain boundary
and grain interior phases (core-shell models),35,36and grain
boundary sliding.16,17 Other publications suggested that the
nanocrystalline material softening was caused by either the
deformation in grain boundaries37,38 or sample preparation
methodology.39 In most of these models, the generation and/
or mobility of dislocations in nanocrystalline materials with
grain sizes below thedc are found to be distinct from those
involved in materials with larger grain size. Clearly, there
is a transition of deformation mechanisms from intragranular
to intergranular when grain size is below thedc. Recently,
Louchet et al.40 revisited Hall-Petch law in terms of the
collective motion of interacting dislocation, and they at-
tributed the Hall-Petch law breakdown for nanometric-sized
grains to the loss of collective effects of dislocation
avalanches; instead, the grains are deformed by successive
motion of individual dislocations. All these theories, how-
ever, are formulated to interpret the observations for metals
and alloys. Whether these interpretations are applicable to
more brittle and stronger ceramic materials have to date not
been explored. Further understanding of our observations for
TiO2, both experimentally and theoretically, is expected to
provide new insight into nanomechanics and possibly open
new opportunities for tailoring the materials’ properties.
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