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Anoptimizednanoindentation pillar splitting technique is used for the fracture toughnessmeasurement of spinel
LixMn2O4 cathodematerial under different states of charge (SoC), alongwith the high-speed nanoindentation re-
sults for nanomechanical propertymapping. High-speed nanoindentation enables for a robust and efficient eval-
uation of elasticmodulus and hardness as a function of the SoC on strongly heterogeneousmaterials. The fracture
toughness decreases linearly upon de-lithiation, with an overall reduction of 53% from 0% to 100% SoC. Decrease
in fracture toughness is associatedwith the volume change, increase of defect density and stresses related to dif-
fusion of lithium upon de-lithiation.
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Lithiummanganese oxide (LixMn2O4) is the most widely used cath-
ode material in commercial Li-ion batteries because of its high voltage,
low cost and environmental compatibility [1–3]. Over the lifetime of
battery, Li intercalation and de-intercalation result in diffusion-
induced strain as well as structural changes. In the case of LixMn2O4,
this continuous removal and insertion of Li, due to diffusion, also brings
a significant volume change, which induces the stresses and hence the
onset of fracture [4]. Since key degradation mechanism in lithium ion
batteries is usually associated with stress-induced mechanical failure,
predicting the evolution of fracture toughness of the material upon
cycling is an extremely critical issue, not yet solved, for controlling the
performance and lifetime of these materials. The mechanical deforma-
tion in battery composites during electrochemical cycling is studied
through various numerical models [5]; however, the quantitative utility
of such models strongly depends upon the realistic measurements of
elastoplastic and fracture properties, including toughness, as a function
of lithium concentration in the electrode. Although there is plenty of lit-
erature which provides insight into the relationships among electrode
microstructure, electro-chemical cycling, crystallographic changes in
the active materials and resulting mechanical stresses, yet there are
few reports on the composition dependency of the key physical proper-
ties [4,6]. In particular, no experimental quantitative and accurate
astiani).
measurements of fracture toughness evolution as a function of SoC
have been reported so far, and hence provides a gap in understanding
the extent to which fracture toughness and other elastoplastic proper-
ties of ion storage materials vary with lithium concentration.

In case of conventional indentation-based methods, the fracture
toughness can be calculated from the measurement of crack lengths
originating at the edges of micro-indentation impressions [7–9]. Reli-
ability and accuracy of those methods is strongly related to the knowl-
edge of crack geometry beneath the indentation mark and has been
demonstrated to be a function of material properties and indenter ge-
ometry [7,10–13]. In addition, the presence of a compressive residual
stress make it impossible to have crack growth in some cases [14,15].

Another approach involves the quantification of the energy dissipat-
ed during a pop-in event during the loading segment of a nanoindenta-
tion experiment [4,6]; suchmethod requires the accuratemeasurement
of the displacement associated to the pop-in event, which is extremely
difficult to quantify due to artifacts coming from the dynamic response
of the nanoindenter head [14,15]. In addition, the application to lithium-
based composite electrodes is also challenging because of the significant
influence of the surrounding soft/compliantmatrix on the displacement
that is measured during the test.

In the present report, a novel and relatively simple method for mea-
suring the fracture toughness of lithium cathode micro-particles is used,
which relies on sharp indentation testing on FIB-milled micro-pillars on
the compact LixMn2O4 grains. Themethod does not requiremeasurement
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of crack length, and substrate compliance effect is almost negligible, as
demonstrated in recent papers [14,15]. Fracture toughness can be com-
puted by only measuring the splitting load, pillar radius and hardness/
modulus ratio of thematerial. The following equation shows the relation-
ship used for calculating the fracture toughness values [14,15].

Kc ¼ γ
Pc

R3=2 ð1Þ

where Kc is the fracture toughness (MPa·m1/2), Pc is the critical load
at failure by splitting (mN) and R is the pillar radius (μm). The coeffi-
cient γ is a material specific constant that has been recently evaluated
for a wide range of materials' property combination by using
Cohesive-Zone Finite Element Modeling (CZ-FEM). More details on
the relationship, modeling and method applications can be found in
author(s) previous publications [14,15].

LixMn2O4-based cathodematerials at different states of charge (SoC)
are extracted from the commercial cells. The lattice parameter of each
sample was determined by X-ray diffraction. This parameter has been
demonstrated to be inversely proportional to lithiation in a previous
publication [16]. The charging/discharging conditions for these samples,
as well as extraction, polishing and XRD procedures are described else-
where [16]. As mentioned in a previous paper [16], the experimentally
calculated lattice parameter is smaller than the expected value for pris-
tine spinal like LiMn2O4 sample (0.822–0.824 nm) [17,18]. It has been
demonstrated previously, that not only the electrolyte decomposition
at high voltage lowers the realistic deintercalation limit of Li ions, but
also the oxygen molecules generated from charging activation reduced
electrochemically, which can lead to extra discharge capacity [19] and
lowers the realistic intercalation of Li [20]. For such reasons, the mea-
sured lattice parameter can be used to establish the evolution of the
toughness upon lithiation, rather than the nominal SoC.

Literature modulus values for LixMn2O4 composite cathodes vary
from 80 GPa to 200 GPa and largely depend upon the indentation
Fig. 1. (a) SEMmicrograph highlighting the nanoindentation area for 0% SoC and (b) 100% SoC
and (d) 100% SoC.
method, post-processing of the data as well as the condition of the sam-
ple (cathodematerial aged over time) [21–25]. In a recent paper, a statis-
tical nanoindentation has been successfully applied to LixMn2O4

composite cathodes [26]. Briefly, it involves taking several hundred in-
dentations and filtering through various functions to separate the result
of LiMn2O4 particles from the polymermatrix [26]. This process requires
considerable post-processing of the data.

In this work, a novel high-speed nanoindentation mapping protocol
is used. In contrast to standard quasi-static indentation mapping [26],
this method allows to perform a significant number of complete load–
unload experiments in a very small time [27]. In this way, maps with
more than 3000 valid measurements with a penetration depth of
100 nm were performed in less than 1 h on strongly in-homogeneous
battery composites. The tests were performed on a G200 Keysight
nanoindenter equipped with express-test option and calibrated on
a fused quartz reference sample. Finally, statistical deconvolution
on the cumulative distribution functions of hardness and elastic modu-
lus are performed [26]. No filtering tools were required in this case, be-
cause of the higher signal-to-noise ratio of the high-speed data, in
comparison with the standard tests [26].

Pillars of ~5 μm diameter were milled using an FEI Helios Nanolab
600 focused ion beam (FIB) system [14]. The pillars were FIB milled in
a single outer to inner pass using a current of 0.92 nA. For each sample,
at least 5 pillars were milled on dense particles with the aspect ratio (h/
D) of N1.2, where h is the pillar height and D is the top diameter. It has
been shown previously that this method provides complete residual
stress relaxation on the top surface of the pillars [28–30]. All pillar nano-
indentation tests were performed using a Berkovich indenter using a
strain rate of 0.05 s−1 [15]. The instrument frame stiffness and the in-
dentation area function are calibrated on a certified fused quartz sam-
ple. As reported in a previous paper [16], the single particles are
composed by multiple grains with an average size larger than 10 μm.
In this paper, only 5 μmpillars produced inside a single-grainwere con-
sidered for the fracture toughness experiments.
. (c–d) 2D nanoindentation modulus maps on the same areas (units in GPa) for (c) 0% SoC



Fig. 2.Modulus variationwith SoC using two different nanoindentation techniques. Lattice
parameter data was taken from a previous publication [16].
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Fig. 1a and b shows the SEM micrographs for the 0 and 100% SoC
along with the statistical contour plots of elastic modulus (c, d),
highlighting the area where high speed nanoindentation was carried
out [31].

Fig. 2 shows the modulus values as a function of state of charge ac-
quired through two different nanoindentation procedures. The data ac-
quired using the standard nanoindentation procedure is shown as black
squares and reported in author(s) previous publication [16]. Themodu-
lus values for 0 and 100% SoC acquired through express test are also
shown in the same graph as red circles. The results are comparable
Fig. 3. FIB-milled micro-pillars after nanoindentation splitting with different SoC; (a) 0%, (b) 25
(e). All micrographs are acquired at 52° tilt (5 kV, SE, ETD, 5000×) except (e) which is taken a
and are within the range of standard deviation. The observedminor dif-
ference between the two sets of data can be explained by the fact that
our previous experiments involved the filtering procedure, while no fil-
tering was applied to high-speed data. Nevertheless, the modulus
values achieved through this method are very comparable with the
ones reported in the previous publication.

Fig. 3 shows the representative images of the fractured pillar after
nanoindentation as SoC. Different failure mode mechanisms are ob-
served, in particular between fully charged and discharged samples.
The analysis of fracture surfaces reveals that in fully discharge state, pil-
lar split in number of fragments showing a small amount of plastic de-
formation and hence requires a higher energy to fracture. (Table 1).
Looking at the SEM images of the split pillars, Fig. 3a–e, a continuous
trend from damage-tolerant to fully brittle behavior is observed as a
function of the SoC. An image of a pillar before splitting is also shown
in Fig. 3d.

The load displacement curves obtained on pillars as a function of
SoC% are presented in Fig. 4a. A clear and reproducible displacement
burst is observed in all cases, due to unstable crack propagation in the
pillars. One noticeable feature is that the loading segments are very re-
producible up to a penetration depth of the order of 150 nm. Then, de-
viations are observed, probably due to substrate's effects during
indentation of the stiff pillar over the compliant polymer matrix. As
demonstrated in a previous paper [15], the effect of compliance sub-
strate on the critical splitting load (which was ~11% in the worst case
considered), can be corrected by evaluating specific values of γ coeffi-
cient in Eq. (1), by using ad-hoc CZ-FEM simulations [15]. Table 1 re-
ports the experimental pillar radius, critical load at failure, the
hardness and modulus values that were used for γ calculation and frac-
ture toughness values of lithium ion battery samples under different
states of charge.

Fig. 4b summarizes the results for the fracture toughness as the lat-
tice parameter (and SoC) in LixMn2O4 cathodematerial. A very clear lin-
ear decrease of fracture toughness upon delithiation (charging) is
% and (c) 75%. (d–e) Two images for 100%: FIB milled pillar (d) and after nanoindentation
t 0° tilt.



Table 1
Material properties and experimental results.

Nominal state of charge (SoC) % 0 25 75 100

Lattice parameter “a” (nm) [20] 0.8178 0.8158 0.8112 0.8092
Critical load at failure, Lc (mN) 8.33 ± 2.15 6.75 ± 1.31 5.07 ± 0.81 4.21 ± 0.46
Pillar radius, R (μm) 2.35 ± 0.1 2.35 ± 0.1 2.35 ± 0.1 2.35 ± 0.1
Experimental modulus, E (GPa) 86.67 ± 11.29 89.66 ± 6.23 102.78 ± 6.92 104.24 ± 10.26
Experimental hardness, H (GPa) 6.95 ± 0.76 6.51 ± 0.44 7.59 ± 0.62 7.95 ± 0.79
E/H 12.47 13.77 13.54 13.11
Substrate corrected finite element γ (Eq. (1)) 0.212 0.229 0.229 0.221
Fracture toughness, Kc (MPa·m1/2) 0.49 ± 0.13 0.43 ± 0.08 0.32 ± 0.05 0.26 ± 0.03
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observed. From lithium ion battery stand point, the lithium concentra-
tion changes during charging and discharging and is known to change
material properties, mostly the elastic modulus [4].

Recent works on lithiated silicon [32,33] and germanium [34] have
shown a similar increase of fracture resistance after electrochemical
lithiation, especially in the case of crystalline germanium, which
shows the increase in fracture resistance upon lithiation due to the iso-
tropic expansion. It is found that the germanium shows anisotropy in its
lithiation-induced expansion and is due to the preferential lithiation
along the b110N direction, they further explain that the increase in di-
mension along the b110N direction is 10% larger than the b100N direc-
tion. Despite of all these reports, a quantitative measurement of the
effect of lithium content on fracture toughness was not possible, and
this is the first time we systematically report the fracture toughness
with the state of charge.
Fig. 4. (a) Representative load displacement curves of LixMn2O4 with different SoC and
(b) fracture toughness as a function of lattice parameter (a) in LixMn2O4. Lattice
parameter data was taken from a previous publication [16].
In the specific case of LixMn2O4, the removal of Li during the
delithiation process results in a proportional increase of Mn+ ions in
the particles; however, overall change in the elasto-plastic behavior de-
pends upon the percentage of Mn3+ and Mn4+ ions. Lee et al. demon-
strated that there are ten possible interactions involving; Li+, Mn3+,
Mn4+ andO2− ions during the charge and discharge [4]. Among various
combinations, Mn4+–Mn4+ interaction dominates at small SoC, while
Mn+3–O2− and Li+–O2− interactions become important as the amount
of Mn3+ increases as compared toMn4+ ions. During the lithiation pro-
cess (discharge), the percentage of Mn4+ increases as compared to the
Mn3+ and sinceMn4+–O are stronger thanMn3+–O, the ratio ofMn4+/
Mn3+ will result in stiffer structure and hence the higher values of frac-
ture toughness. This change can also be seen by the fact that the bond
length is shorter and hence gives rise to a lower lattice parameter as re-
ported by theXRDmeasurements [16] showing a regular decrease upon
delithiation. This observation suggests that different concentrations of
Mn4+ and Mn3+ ions upon lithiation play the major role during the
cracking of the particles. Lee et al. further demonstrated that Mn4+–
O2− interaction dominates the decline in the stress and the magnitude
decreases as the value of x increases.

The effects of crystal anisotropy on fracture behavior may also have
an effect on fracture behavior, which is not considered in this paper and
will be the objective of future works.

Finally, the fracture toughness values obtained in this study for
LixMn2O4 spinal cathode material lie in the range of 0.26–0.49 MPa·m1/

2. Although there are no systematic literature reports on the analysis of
fracture toughness of LixMn2O4 to date, the calculated values can be com-
pared to similarmaterials used in other studies. Jessica et al. uses LixCoO2,
as a cathode material and reported the fracture toughness values
dropping from 1.0 MPa·m1/2 to 0.3 MPa·m1/2 upon charging [6].
Wolfenstein et al. reported the fracture toughness of Li-olivine cathodes
(LiCoPO4) between0.4–0.5MPa·m1/2 [35].Woodford et al. showsan elec-
trochemical shock map to provide the fracture safety and fracture likely
conditions, which strongly depend upon the particle size, they predicted
the fracture toughness values in the range of 1–3MPa·m1/2 [22]. These lit-
erature reports are in good accordancewith the fracture toughness values
reported in the present study and provide an indirect confirmation of the
results.

In conclusion, we have reported the fracture toughness values of
LixMn2O4 spinal cathode material, as a function of state of charge. The
fracture toughness decreases as the SoC increases with an overall de-
crease of 53% from 0% SoC to 100% SoC, with a robust linear trend. The
reason for the decrease is associated with the reduction of Li+ and
Mn4+ ions. The fracture toughness (~0.26–0.49 MPa·m1/2) results are
in very good agreementwith the reported values of similar cathodema-
terials. These change in fracture toughness values with respect to the
state of charge could be really useful for micromechanical models to
predict the life cycle and hence to improve the overall performance of
these cathode materials.
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