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Nanomechanical Quantification of Elastic, Plastic,
and Fracture Properties of LiCoO,

Meng Qu, William H. Woodford, John M. Maloney, W. Craig Carter, Yet-Ming Chiang,

and Krystyn J. Van Vliet*

LiCoO, is an important lithium storage compound that adopts
a distorted rock-salt structure of the o-NaFeO, type. After the
discovery of reversible lithium (de)intercalation in this layered
host compound by Mizushima et al,[l this material became
central to the introduction and subsequent development of
lithium-ion batteries (LIBs) of high energy and power density.
The advantages of LiCoO, as a lithium-ion positive electrode
material are numerous and include high specific capacity and
energy density,"! high electronicl?! and ionicl*~! conductivities,
long cycle life,® and relatively modest structural distortion
with varying lithium concentration.”! A broad range of iso-
structural compositions within the pseudoquaternary system
Li(Co,Ni,Mn,Al)O, remain at the forefront of lithium battery
research and development.[®!

Despite the relatively modest structural distortion induced
by electrochemical cycling (=1.9 vol%),”! LiCoO,-type active
particles experience heavy mechanical damage after a modest
number of electrochemical cycles. Fractured particles and
large dislocation densities have been observed in transmis-
sion electron microscopy (TEM) studies of LiCoOQ,,°!1
LiAly 55C0g.750,,M and LiNij;3Mny3Co4,30,.11) We have previ-
ously described this phenomenon of electrochemical cycling-
induced fracture as electrochemical shock, due to the close
analogy with thermal shock of brittle materials.['3! Electrochem-
ical shock has been demonstrated to correlate with impedance
growth and capacity fade in lithium-ion batteries.[¥

Following initial work by Huggins and Nix,!"” there have
been many recent analytical and numerical studies aimed at
identifying operating conditions, materials, and/or microstruc-
tures that prevent or limit electrochemical shock.['*16-23] Experi-
mentally measured elastic and fracture properties are essential
to enable the use of these models as battery engineering tools.
LiCoO, is a model system to study the mechanical behavior
of lithium-storage compounds, and is widely used in both
materials research and industrial LIB applications. However,
the mechanical properties of LiCoO, are still not well estab-
lished. For example, there exists a wide range of Young’s elastic
moduli E reported from both experiments and simulations.
Wang et al.2¥ reported the bulk elastic modulus B of LiCoO,
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as 149 *+ 2 GPa from high-pressure synchrotron X-ray powder
diffraction (XRD) experiments; this value was corroborated
by density functional theory (DFT) calculations in the local
density approximation (LDA) and generalized gradient approx-
imation (GGA) with calculated bulk moduli of 168.5 and
142.9 GPa, respectively. Hart and Bates*’! used an atomistic
empirical potential model to estimate the anisotropic elastic
constants of single crystals; these estimates give the Young’s
elastic modulus E = s;;7! in the range 315-516 GPa, depending
on crystallographic orientation. Finally, Kramer and Ceder!?®l
calculated the equilibrium surface energies of several LiCoO,
surfaces by DFT with the GGA+U exchange correlation func-
tional; this relates to fracture resistance, as the energy required
of bond cleavage along fracture planes depends generally on
the magnitude of surface energy. To the best of our knowledge,
experimental measurements of fracture toughness for LiCoO,
have not been reported previously.

Here, we measured the Young’s elastic modulus E, hard-
ness H, and fracture toughness Kj. of individual grains in
polycrystalline LiCoO, (Figure 1a) via instrumented nano-
indentation.”’-3* These experiments were conducted on dense,
sintered polycrystalline compacts of 100 um average grain
diameter, such that the strain volume of indentation was small
compared to grain volume. This sample format and grain size
gave access to mechanical properties reasonably interpreted as
those of a single grain, and also enabled acquisition of several
replicate experiments within each grain. To quantify K, we
calibrated and implemented the pop-in method by which large
probe displacements are related to fracture events (Figure 1b).
This provided an efficient way to determine the critical stress
intensity factor (hereafter, fracture toughness) K. directly from
instrumented nanoindentation load-displacement responses
without the requirement of direct imaging of each indentation
to estimate crack length. We compared the crack length from
the pop-in method with the direct imaging method, the latter
achieved via atomic force microscopy (AFM) imaging (Figure 2),
and obtained comparable results.?:3>3¢ Finally, we considered
the possibility of crystallographic anisotropy as a source of the
grain-to-grain variations in Kj. by examining a preliminary cor-
relation with grain orientation.

The measured E obtained on 21 individual grains of polycrys-
talline LiCoO, was 174 GPa £ 25 GPa (mean * standard devia-
tion). This magnitude ranged from 151-236 GPa among all rep-
licate measurements, with a coefficient of variation (standard
deviation/mean =~14%) that is typical for elastic moduli of crys-
tals as determined via nanoindentation. Average hardness of
these individual grains was H = 11.7 £ 3.8 GPa. At this max-
imum indentation load (2 mN), there was no detectable crack
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Figure 1. a) Optical micrograph indicating average grain diameter of LiCoO, > 100 um.
b) Load-displacement data acquired within individual grains indicates displacement bursts or
pop-ins that are indicative of fracture events. Below the fracture threshold, these data provide
access to the elastic modulus and hardness of each grain. Beyond this threshold, curve fit-
ting to calculate h, and h,, provides direct access to fracture toughness, K. (see Experimental

Section).

formation. This measured elastic modulus is comparable to the
only other experimentally measured value of elastic modulus
for LiCoO, powder (E = 171 GPa); this value of Young’s elastic
modulus was calculated from the reported bulk elastic modulus
B (and assumed Poisson's ratio v = 0.3), which was obtained
from high-pressure synchrotron XRD experiments.?¥ Although
Poisson’s ratio has not been measured directly for these mate-
rials, v for similar metal oxides ranges 0.2-0.3.37] We note that
the elastic moduli extrapolated from XRD and measured in the
present work are considerably lower than what is indicated by
the atomistic model of Hart and Bates?”! (E = 315-516 GPa).
That model was based on an empirical potential that was bench-
marked against only the unit cell parameters, and the calculated
elastic moduli are apparently overestimated as compared to ab
initio calculations, estimations from XRD,?* and our direct
measurements.

In these same grains, indentations of higher maximum
load (up to 9 mN) were conducted to induce cracking. The
measured modulus E and hardness H (at Py,, = 2 mN) cor-
responding to each individual grain were used to calcu-
late the fracture toughness Kj. in that grain. AFM images
were acquired on the indentations in each individual grain
(Figure 2a). These images revealed that some indentations

.

grain beundary

Figure 2. a) Atomic force microscopy contact-mode imaging of nanoindentation grid span-
ning two adjacent LiCoO, grains. Scale bar =5 um. b) Measuring crack length ¢ via the direct
imaging method enabled validation of the pop-in method of fracture toughness calculation for

higher throughput and statistical analysis. Scale bar = 0.5 pm.
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near or on sintered grain boundaries were
larger than the indentations located well
within the grains; this suggests that, as
expected, these sintered grain boundaries
were weaker than the grain interior. While
it is interesting and important to charac-
terize intergranular fracture toughness for
[ certain cathode formats, we presently seek
to determine the transgranular or single-
crystal fracture toughness. To analyze Kj. of
the grains, only indentations located more
than 5 um away from the grain boundaries
visible on the surface were considered fur-
ther. Figure 3a shows the fracture tough-
ness Kj. measured among these grains,
which ranged from 0.2 + 0.02 (arithmetic
mean * standard error) to 6.5 £ 0.7 MPa
m!/2, with an average K;. = 1.7 £ 0.4 MPa m!/? and a median
value of Ki. = 0.9 + 0.4 MPa m'/2. Two-thirds of the measured
grains (14 out of 21) exhibited K;. less than 1.1 MPa m!/?
with a mean value among that population of grains of 0.6 £
0.1 MPa m'/2, Another four grains exhibited an average Kj. of
2.5 £ 0.1 MPa m'/2, and three grains exhibited Kj. exceeding
4 MPa m'/2. This indicates a wide distribution of fracture
toughness among the different grains, with high repeatability
of measurements within each grain.

The present measured average fracture toughness for
LiCoO, is in agreement with crystal chemical expectations for
a transition metal oxide based on a close-packed oxygen anion
sublattice. Absent R-curve effects that modulate fracture tough-
ness (e.g., crack deflection, bridging, transformation tough-
ening, etc.) similar materials typically exhibit Kj. in the range
1-4 MPa m!/2384 We expect that the range in the present
fracture toughness data is in part due to crystallographic ani-
sotropy. In magnesium aluminate spinel (MgAl,O,), crystal-
lographic anisotropy results in a range of measured fracture
toughness spanning 1.2-1.9 MPa m'/2*l [n single-crystal sap-
phire (0-Al,O;), the range is 2.4-4.5 MPa m!/2.*2l Combining
the surface energy data of Kramer and Ceder®)] with the ani-
sotropic elastic data of Hart and Bates,”! we estimate a factor
of two disparity between the maximum and
minimum cleavage plane fracture tough-
nesses in LiCoO,. Residual thermal stresses
from cooling of the sintered sample may
also broaden the range of measured fracture
toughness. Tensile and compressive residual
thermal stresses, which are expected from the
processing of other oxides of noncubic sym-
metry,*Y will respectively promote and sup-
press crack growth during indentation. We
believe that the lowest (=0.2 MPa m'/?) and
highest (=6.5 MPa m'/?) values reported here
are likely influenced by residual stresses. To
our knowledge, the thermal expansion asym-
metries and residual stress magnitudes of
LiCoO, have not yet been reported.

To evaluate the reliability of the pop-in
method of fracture toughness estimation,
we measured the radial crack length of
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then leads to an underestimation of the frac-

1 a 5 L L) 1 13 15
grain number

17 19 21

ture toughness.**l Thus, the pop-in method
may also provide a more accurate estima-
tion of Kj. as compared to the direct-imaging
method.

The layered structure of LiCoO, invites
the expectation of crystallographically ani-
sotropic properties. The tensor elastic prop-
erties of LiCoO, estimated by atomistic
modeling reflect this expected anisotropy.?!
To determine whether there exists a correla-
tion between Kj. and crystal orientation, we
measure the orientation of six individual
grains using electron backscatter diffraction
or EBSD (see Experimental Section). The
grain misorientation relative to a laboratory
reference is reduced to a scalar metric by

Kyc (MPa:m??)
L7~] E o] fri]

L]

.l

taking the absolute value of the dot product
between the unit vector along the crystallo-
graphic c-axis direction and the sample sur-
face normal unit vector (légrain'ilabl)' Figure 3b
shows variation of Kj. with this grain orienta-
tion metric for these six grains. The collected
EBSD pattern of each grain is shown in the
inset of Figure 3b, with corresponding colors.
The data shown in Figure 3b suggest a mini-
mized fracture toughness K. might exist at
Cgrain - Ziabl = 0.6-0.7. However, further experi-
ments are required to statistically confirm
this correlation. This is due to the low sample
set n in the current comparison. Here # is the
number of grains that were tested for both Kj.
and grain misorientation (n = 6), and reflects

0.1a 0.52

%

0.03

Figure 3. a) Fracture toughness K| calculated via the pop-in method. b) K. as a function of
grain orientation, measured by electron backscatter diffraction and quantified by a grain miso-
rientation metric. No statistically significant correlation was identified between fracture tough-
ness and grain orientation. The inset images are the area diffraction patterns used to index the

crystallographic orientation of the corresponding grain.

the indents in two individual grains using the direct-imaging
method (see Experimental Section). The crack tip was imaged
carefully by using the line trace in each AFM topography image
(Figure 2b). The measured average crack lengths ¢’ of the two
grains shown in Figure 3b were 720 + 52 nm and 1231 + 59 nm.
These measured crack lengths are slightly smaller, although
still comparable to, the crack lengths ¢ calculated via Equation
5 (791 £ 77.5 nm and 1571 + 372 nm). This good agreement
between methods to estimate the key crack length parameter is
encouraging, in that the direct-imaging method requires very
time-consuming AFM imaging of each individual indentation,
as well as subjective estimation of the crack length based on
image analysis. Thus, the pop-in method provides an efficient
and reliable approach to measure the crack length and calcu-
late the fracture toughness without requiring post-indentation
imaging. Further, others have noted that the direct-imaging
method may tend to overestimate the real crack length, which
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0.54 the challenge of acquiring nanomechanical
and diffraction data on the same grains. This
low n value limits conclusions on statistically
significant differences. That is, although the
current data suggested an alternate hypoth-
esis of minimized fracture toughness near
|Cgrain-Zabl = 0.6-0.7, the p-value of these test
is p = 0.26, which is significantly higher than
p = 0.05 (95% confidence for significant dif-
ference). Thus, the evaluation of this hypothesis awaits further
experimental data. At present, no statistically significant con-
clusion can be drawn to indicate a correlation between Kj. and
crystal orientation. Further experiments require careful map-
ping of the grain orientation using EBSD, as well as measuring
the fracture toughness in each individual grain. As our goals
in this paper were to measure E and Kj. within different grains
of polycrystalline LiCoO,, and to quantify potential differences
in these mechanical properties among grains, detailed correla-
tions between crystallographic orientation and fracture tough-
ness are beyond the scope of the present study.

In conclusion, we report the Young’s elastic modulus, hard-
ness, and fracture toughness of LiCoO,, all obtained directly
by measuring the indentation response of individual grains in
sintered compacts of polycrystalline LiCoO,. We compared two
methods to calculate fracture toughness Kjc based on nano-
scale measurements of crack extension and found these to be
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comparable, enabling many replicate experiments within and
among grains via the more expedient method. K;. varied over
an order of magnitude among LiCoO, grains, with a mean and
median fracture toughness of 1.7 + 0.4 MPa-m'/? and 0.9 + 0.4
MPa-m'/2, respectively. Although we considered possible corre-
lations between fracture toughness Kjc and crystal orientation,
no conclusive correlations were identified. These experimen-
tally measured elastic, plastic, and fracture properties can serve
as useful input for the modeling of electrochemical-mechanical
coupling in LiCoO,, and also inform the design of operating
conditions and microstructures that limit or prevent mechanical
damage during electrochemical cycling of lithium-ion batteries.
Further, we anticipate that the experimental methods demon-
strated herein can be applied to study the elastic and fracture
properties of isolated LIB particles and of other dense ceramics,
including but not limited those under development for energy
storage applications.

Experimental Section

Sample Preparation: Two dense LiCoO, ceramic pellets were prepared
from commercial, battery-grade LiCoO, powder (AGC Seimi Chemical Co.
Ltd, Kanagawa, Japan) by pressing =1.8 g of powder into a die (0.5 inches
(1 inch = 2.54 c¢cm) diameter) under an applied uniaxial compressive
stress of 100 MPa. Pellets were sintered at 1060 °C for 8 h with a
heating rate of 9 °C min~" and furnace cooled, yielding an approximate
grain diameter of 10 um. To coarsen the grains, the samples were fired
a second time at 1100 °C for 12 h with the same heating and cooling
rates. Optical microscopy showed that the average grain diameter in
the coarsened samples exceeded 100 um (Figure 1a). The density of the
pellets was found to be 4.80 g cm= (96% relative density), as determined
by Archimedes’ method in isopropanol; this measurement was repeated
three times for each sample. Coarsened samples were polished using
silicon carbide sandpaper of decreasing grits (500, 1200, and 4000) and
diamond polishing pads (UltraPrep, Buehler Limited, Lake Bluff, IL); grit
sizes of 3 and 1 um were used for the final polishing steps to achieve
a mirror-like finish on the LiCoO, surface. Samples were cleaned with
ethanol between each polishing step and additionally with acetone
between final polishing and measurement.

Measurement of E, H, and K The Young's elastic moduli E of
21 individual grains from two identical samples were determined
via instrumented nanoindentation (Tribolndenter, Hysitron, Inc.,
Minneapolis, MN). Thirty indentations were conducted on each individual
grain, with an integrated optical microscope enabling placement of an
indentation grid in each grain that was distant from grain boundaries. A
Berkovich diamond indenter (probe semiapex angle = 65.3°) was used
to achieve maximum indentation loads P, of 2 mN. The continuity of
the load-displacement responses indicated that there was no detectable
crack formation at this maximum load. Loading and unloading times
were 10 s, with a 10 s dwell period at maximum load. The center-to-
center indentation spacing was 10 um, which was large compared to the
typical maximum indentation depth of 100 nm. Reduced elastic moduli
(E,) were calculated ast*#e]

_dp11/®m )
"" dh2h,BY 245

where hj is the calculated contact indentation depth and the geometric
constant B = 1.034 for the Berkovich pyramid. The Young's elastic
modulus of the sample E was calculated from E, as

1T 1—=v 11—
E-EF TTE )
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assuming the Young's modulus and Poisson’s ratio of the diamond
probe to be E; = 1070 GPa and v; = 0.07, respectively; we assumed v =
0.3 for LiCoO,. Hardness H was calculated using Equation 3144l

_ Pmax 3
H= (3)

where A is the contact area at the maximum indentation load P,,,. The
measured elastic modulus E and hardness H that were determined at a
maximum load of 2 mN were used to calculate K. at higher maximum
loads (3—9 mN), since cracking beneath the indenter occurred at those
higher loads as required to extract K.

A second series of indentations with intended maximum loads P,,,, of
9 mN was used to measure the fracture toughness in the same grains.
Center-to-center indentation spacing was 20 um, which was again large
compared to typical maximum indentation depths of 250 nm. The load at
which large displacements (so-called “pop-ins”) occurred varied among
individual load-depth responses, and thus the load used to calculate K.
for each indentation varied from 3-9 mN. K. was calculated using the
pop-in method proposed by Field et al. as?:2

Kic =k (f])m <c3%) (4)

where k is a constant of 0.036 for the conditions of this study,?*3"32 and
¢ is the crack length calculated from

¢ = Vahn + (ngﬁ) h (5)

where Q is a material-independent constant of 4.55.3" The displacements
h,, and h, were determined by fitting the load-displacement responses
at so-called pop-ins (displacement bursts indicating putative fracture
events), as described by Field et al.3"l The curve fitting procedure used
to estimate h,, and h, is illustrated in Figure 1b, and was conducted
using a custom Mathematica 7.0 (Wolfram) code. This method has
been validated to calculate the fracture toughness of brittle materials for
which pop-ins are associated with the development of radial or median
cracks. Postindentation AFM topography images were acquired to locate
the grains and indentations; contact mode imaging was conducted
on the MFP-3D AFM (Asylum Research, Inc., Santa Barbara, CA). Any
indentations that were located close to any pores/surface defects and
were less than 5 um away from the grain boundaries were excluded from
further analysis. Therefore, although 30 indentation experiments were
conducted on each grain, only 12-16 indentations were used to calculate
K\ for each grain. Figure 3a shows an AFM image for a 3 x 3 array of
indentations on two adjacent grains.

To compare the pop-in method of K. estimation with that obtained
from direct measurement of surface crack length, AFM topography
images were also acquired for a subset of these indentations; radial
crack length ¢” was measured directly (Figure 3b). The crack length
was obtained by carefully tracing the crack tip from the center of the
indentation. The measured crack length ¢’ was compared to the crack
length ¢ calculated using Equation 5.

EBSD Measurement of Grain Orientation: Electron backscatter
diffraction (EBSD) was performed to study possible effects of crystal
anisotropy of fracture toughness in LiCoO, by comparing measured
K\ values with grain orientation. EBSD measurements were made on a
Helios Nanolab 600 with HKL Flamenco software. Background correction
was collected at 60 ms/frame with a 64 frame static background over
a 400 um x 400 pum area. Patterns were collected at a 70° incidence
(52° from stage, 18° tilt). The diffraction patterns were binned in a 4 x
4 scheme using a 20 kV accelerating voltage, 10 mm working distance
and 1.5 nA beam power. EBSD patterns were indexed using LiCoO,
crystallographic data from literature.*’] The space group R-3m (SG#166)
was used in the hexagonal setting. The lattice parameters are a =
2.8166 A. ¢ = 14.045 A and the Wyckoff positions are Li @ 3a (0, 0, 0),
Co @ 3b (0,0,1/2), 0 @ 6c (0, 0, 0.26).

The measured Euler angles for each grain (reported according to the
Bunge convention) were used to calculate the angular grain misorientation
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of the crystallographic c-axis (threefold symmetry direction) relative to
the sample surface normal. We use the absolute value of the dot product
between the unit vector along the crystallographic c-axis direction and the
sample surface normal unit vector (|€g,ai,,-z’|ab|) as a scalar metric for the
grain misorientation. While the crystallographic point group symmetry
of LiCoO, does not require elastic isotropy in the a—b plane, atomistic
calculations of the elastic properties show negligible anisotropy in the
a-b plane.>] Therefore, we expect that the c-axis misorientation is
most significant in determining the anisotropic mechanical behavior of
individual grains. When the misorientation dot product is equal to one,
the c-axis is normal to the sample surface; when this quantity is zero,
the c-axis lies in the plane of the sample surface.
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