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2.1 Theory

This section covers the derivation of the elastic modulus and hardness from the
load-displacement curve. An example of a typical load-displacement curve along with the
main parameters used in the following calculations are presented in Figure 2.3a

The hardness is defined as the maximum applied load B,,, divided by the

corresponding contact area A.

H_ Pmax 22
= Aho) @2)

While B,,,, is directly measured from the load-displacement curve (Figure 2.3a),
the contact area A is calibrated empirically as a function of the contact depth h.. The
calibration of the area function is covered in the Section 2.2.

The estimation of h. is based on the assumption that contact periphery of the
indented area behaves as a rigid punch on a flat elastic half-space, sinking in during
penetration, as illustrated in Figure 2.3b [47]. Thus, the contact depth is given by the
displacement at maximum load h,,,, and the total amount of sink-in hg = €Py,,, /S, Where
€ is a constant that depends on the tip geometry - €=0.75 for the Berkovich tip - and S is
the slope of the unloading curve during indenter removal.

he = Rypgy — h (2.3)

Notice that not all materials behave this way. For ductile materials, instead of

sinking down, the surface around the indenter sometimes is squeezed out upwards around

the indenters. This effect is discussed in detail in Section 2.3.3.
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Figure 2.3. (a) Schematic of the load-displacement curve. (b) Contact geometry
parameters [47].

In order to calculate the contact stiffness S, the upper portion of the unloading curve

is first fitted by the power-law relationship proposed by [47],

Prie =B(h—he)",

(2.4)
followed by analytical derivation of Py;, at the maximum load,
APy m-1
- dht h=hmax - mB(hmax B hf) ' (2'5)

Finally, the elastic modulus E is given by the contact mechanics expression for the

reduced modulus E,., which takes into account the deformation of both indenter and sample.

1 1-v?2 (1-v}
v a-v) (2.6)
E, E E;

While the properties of the indenter (v;,E;), and the Poisson ratio v of the sample

are known, E,. is derived from the test data as follows

SVm
E, = BT 2.7)
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where £ is a known dimensionless constant that depends on the geometry of the

indenter tip.

2.2 Area function calibration

The area function defines the relationship between the cross-sectional area of the
indenter to a distance of its tip. This function is calibrated empirically to account for non-
idealities on shape of the indenter. The mathematical form presented below is used in the
calibration for its ability to fit data over a wide range of indentation depths and a number

of indenter geometries [47].

n
A(hy) = Cyh? + z cl-h?. 2.8)
i=0

The coefficients € and number of terms n are selected to best fit the experimental
data of a standard material of known properties. For this work, the calibration is performed
on fused silica. The area function is fitted for a range of indentation depths as shown in
Figure 2.4, where each point corresponds to one indentation. The data shows an average
elastic modulus and hardness approximately constant over the depth range of 50 nm to
1900 nm, that match standard values for fused silica of 72.5 GPa and 9.95 GPa, respectively
[48]. The data scatter increases significantly for tests performed below 100 nm depth. Even
though data is more scattered at shallower indentations, 16 tests performed at 100nm still
display a reasonable estimate of the both modulus and hardness of 73.5 GP and 9.15 GPa,

respectively.
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Figure 2.4. Area function calibration test on fused silica.

2.3 Sources of error
2.3.1 Creep

It is important to analyze the shape of load-displacement curves in order to verify
the deformation mechanisms. During unload, a viscoelastic material may display additional
penetration due to the continued creep, leading to a bowing out effect in the load-
displacement curve as shown in Figure 2.5 by Bushby et. al [49]. This behavior leads to an
overestimation of the elastic modulus, since it translates into an increased value of the
stiffness constant S. To prevent time-dependent behavior from interfering with calculations,
the material can be allowed time to creep prior to unload, by holding the peak load constant
for a sufficient period of time. The creep rate decreases with the hold time. According to

the International Organization for Standardization (ISO) 14577, the creep rate at the end of
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the hold period should be less the 1/10th the unloading rate. In order to determine if the
creep displacement is saturated during the peak hold, different hold times can be tested and

compared to confirm the same material response [50].

Load / mN

o = N W B ;o
M i M n " M I

0 200 400 600 800 1000

Penetration b/ nm

Figure 2.5. Solid line (no peak hold time) shows elbow in the unloading curve due to
continued creep. Dashed lines (120s and 240s peak hold time) with creep saturated during
the peak hold time [49].

2.3.2 Thermal drift

Another factor that can contribute to the variation of the penetration depth during
constant load is the drift due to thermal expansion. The drift can be minimized by placing
the equipment inside an enclosure that blocks air flow, however, it cannot completely
prevent it. Thus, it is necessary to perform a correction in the test data in order to account
for this effect. The drift correction procedure is explained in Figure 2.6 by Wheeler et al.
[51], which shows the tip displacement as a function of time. During unload, the load is
held constant at 10% of the peak load (solid line) for several seconds. The rate of change
of the indentation depth during the hold time is recorded (red dashed line), and the slope is

calculated and assumed to be constant throughout the entire test (green dashed line). The
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raw displacement data (red dashed line) is then corrected with the calculated drift (blue
dashed line). The corresponding load-displacement curves before and after the drift

correction are shown in the inset figure.
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Figure 2.6. Standard thermal drift correction procedure [51].
2.3.3 Pile-up

As described in Section 2.1 and Section 2.2, in instrumented indentation (depth-
sensing indentation), the contact depth h. and contact area A are estimated from the load
displacement curve via Equation (2.3) and Equation (2.8). In this approach, it is assumed
that the surface around the indenter sinks down during test. However, there are cases where
the periphery of the surface may pile up instead of sinking down. In those cases, if no
correction for pile-up is performed, the contact area is underestimated and, consequently,

the mechanical properties are overestimated.
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by 2 nm [88], corresponding to only 5% the maximum indentation depth, satisfying

recommendations by 1SO 15477 covered in Section 2.3.5.

Figure 4.4. Thickness of SEI layer on silicon thin film as a function of equilibrium
potential for 1.2M LiPFg in PC during the first two cycles [88].

4.4 Results and discussion

Mechanical and electrochemical analysis were performed simultaneously on a three
electrode cell configuration, composed of amorphous silicon and lithium metal, in a LiPFe-
PC electrolyte solution. The electrochemical profile for lithium insertion into amorphous
silicon during the first galvanostatic discharge is shown in Figure 4.5. The low C-rate of
approximately 1/29 should allow sufficient time for diffusive equilibrium across the film.

The specific capacity at the cut-off potential of 0.01 mV was 3469 mAh/g.
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Figure 4.5. Electrochemical profile for lithium insertion into amorphous silicon (blue)
and constant discharge current (red).

Figure 4.6 shows the measured mechanical properties as a function of the state of
charge. Each point represents the result of one indentation test. It is noticeable that the
results are highly consistent, following a smooth trend without apparent discontinuities.
Pure lithium metal is softer than amorphous silicon, thus it was expected that both modulus
and hardness will decrease with lithium content. The results from tests performed during
galvanostatic discharge (red) and tests performed at open circuit (blue), at the beginning
and at the end of the discharge, are practically the same, indicating that the rate of volume
expansion was sufficiently low in order to not affect measurements. Figure 4.6a shows that
the elastic modulus decreases linearly with capacity. This elastic softing is explained by
considering the the charge-density and atomic bonding in lithiated alloys as predicted by

DFT (density functional theory) calculations in the work of Shenoy et al. (2010). In Figure
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4.6b, the hardness drops more steeply from pure silicon up to a Li concentration
approximately equal to the Si concentration (LiSi), followed by a gradual decrease for
further lithium insertion up to ~Lis 7Si. The R-squared value indicates the quality of the fit,
where R?=1 represents a perfect fit. The fitted functions of the hardness and modulus (y=
H(x) and E(x)) are given on the left-lower corner of Figure 4.6a and Figure 4.6b,
respectively. This functions can be implemented in constitutive models in order to generate

realistic predictions of mechanical behaviors in real silicon electrodes
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Figure 4.6. Nanoindentation tests performed during discharge (red) and during OC (blue).
(@) elastic modulus and (b) hardness as a function of the capacity.

The elastic modulus was calculated assuming a constant Poisson ratio
corresponding to the value of amorphous silicon (v=0.22). First-principles DFT studies
have found evidence that the Poisson ratio is either independent [76] or fluctuates very
little with Li concentration [75]. Other studies assume that the Poisson ratio obeys the

general rule of mixture: v(x;) = vpost * (1 — x1;) + vy * x1;, Where v and x are,
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respectively, the Poisson ratio and the fraction of atoms [35] [84]. The elastic property
measured by nanoindentation is not significantly affected by the estimated Poisson ratio.
This is verified by comparing results showed previously where the Poisson ratio is
considered to be constant (v=0.22) versus calculations assuming a linear variation of v
between that of pure silicon (vg; = 0.22) and that of pure lithium (v,; = 0.36). The overall

difference in the elastic moduli calculated for both scenarios is not significant, as presented

in Figure 4.7.
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Figure 4.7. Elastic modulus assuming constant Poisson ratio with lithiation (red) and
variable Poisson obeying the rule of mixtures (blue).

The load-displacement curves from tests performed at different ranges of the state-
of-charge (SOC) are grouped and presented in individual plots in Figure 4.8. It can be
observed that the load-displacement curves are fairly consistent within each range and do

not show any obvious sign of crack or creep. Notice that the maximum load drops by half
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its value during the first 30% of the discharge (roughly from 2 mN to 1 mN), compared by
a drop of less than half its value during the rest of the 70% discharge. This explains the
steep drop in the hardness properties observed in Figure 4.5b during the same capacity
range, followed by a more gradual softening.

As covered in Section 2.3.3, the probability of pile-up can be estimated from the
ratio between final indentation depth and maximum indentation depth ( hs/h;,4,) and the
tendency of the material of work harden. A strong indication that the material is not to

exhibit significant pile up is if h¢/hp,q,< 0.7, whether or not the material work hardens.
Looking at the load-displacement curves below, it is possible to see that the h¢ /4, ratio

ranges from roughly 0.6 for tests on pure silicon up to roughly 0.7 for tests on fully lithiated

silicon. Thus, one should not expect errors associated with pile-up.
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Figure 4.8. Batches of load-displacement curves obtained in different ranges of state-of-

charge.

Figure 4.9a and Figure 4.9b show the same test data, however as a function of

lithium fraction for comparison with theoretical and experimental literature data. The

lithium fraction is given by x/(x + 1) in LixSi. It can be observed that the modulus
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decreases mildly with lithium fraction, up until the composition of 50% lithium. Further
lithiation leads to a slightly steeper decrease in the modulus properties and the properties
of lithium start to dominate over the properties of silicon. This behavior is similar to the
one observed by Berla et al. [84] shown in a black line. The hardness for pure amorphous
silicon, 7.21GPa, decreases linearly as function of lithium fraction, down to 1.4 GPa at
fully lithiated state (Lio.78Sio.22). Overall, our results are in reasonable agreement with
literature data [75] [83] [84], in addition to being more detailed and showing a more
consistent trend. Our approach also has the advantage of being high-throughput; in a single
batch, with no interruptions, hundreds of data points are acquired and an accurate and
continuous description of the mechanical properties dependence on lithium content can be

achieved with a curve fitting.
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Figure 4.9. (c) Elastic modulus and (d) hardness as a function of Li fraction compared to
results by Shenoy et al., [75] Hertzberg et al. [83] and Berla et al. [84].
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45 Summary

In summary, an in-situ mechanical characterization platform consisting of a
nanoindenter, a fluid cell, and a potentiostat are integrated inside a glovebox. The closed
system prevents contamination from air and moisture and does not require removing the
electrode from the fluid cell to perform indentation tests. In fact, indentation tests can be
performed during slow charging or discharging without compromising the accuracy of the
measurements. The fluid cell design allows full capability of the nanoindenter including
using the microscope to evaluate the sample surface before running tests. Preliminary
results are generated for silicon thin film. Overall the test data is highly consistent and it is
in agreement with literature data. Young’s modulus is found to decrease linearly with the
state-of-charge (LixSi), from 92.3 GPa at 0% SOC (Si) to 37.5 GPa at 100% SOC (Li3.7Si).
Hardness, on the other hand, decreases linearly with lithium fraction (Lix+xSi), obeying
the general rule of mixtures, from 7.21 GPa at 0% SOC to 1.40 GPa at 100% SOC. This
high-throughput approach allows testing hundreds of different Li concentrations
automatically. In conclusion, this real time electrochemical and mechanical
characterization enables practical and reliable quantitative analysis of electrochemically-

induced changes in the mechanical properties of electrode materials.
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5. CONCLUSIONS AND OUTLOOK

This thesis presented two mechanical characterization techniques for LIBs that
allow for: (1) the characterization of multiple material phases in composite electrodes, and
(2) measurement of the mechanical property evolution with the state-of-charge. The main
conclusions are summarized below:

(1) Characterization of composite electrodes - the grid indentation technique coupled
with statistical deconvolution was employed to measure the mechanical properties
of individual constituents ina NMC cathode of high heterogeneity at the microscale.
The extracted elastic modulus and hardness of the NMC particles and the
surrounding CB/PVDF matrix are in good agreement with tests by selective
indentation. Therefore, this combinatory technique provides a practical and reliable
route to determine the mechanical properties of composite electrodes provided that
the indentation depth is carefully chosen.

(2) In-situ characterization - an in-situ nanoindentation platform was designed,
implemented and validated for simultaneous mechanical and electrochemical
characterization of electrode materials. The technique overcomes practical issues
related with environment requirements and instrument limitations, and enables
comprehensive and consistent data acquisition. A preliminary study on silicon thin

film was carried out to measure the mechanical properties dependence on lithium
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concentration. Indentation tests performed during slow discharge are validated
against indentation tests at open circuit and literature data. This high-throughput
approach allows automatic characterization of hundreds of compositions across the
entire range of lithiation without interruptions. Therefore, the in-situ
nanoindentation technique serves as valuable tool in the characterization of
mechanical behaviors of energy materials, as well as in the design of high-

performance rechargeable batteries.

This thesis work focused on the development and validation of experimental tools
that aid comprehensive mechanical characterization of electrode materials. In a future
work, these tools will be employed in the rational design of electrode materials that mitigate
mechanical degradation induced by lithiation. The investigation will allow for tuning active
material composition to optimize performance in terms of capacity, cyclic rate,
electrochemical stability, and lifetime. More specifically, the in-situ nanoindentation setup
will be employed in the evaluation of mechanical properties of NMC electrodes as a
function of the state-of-charge and in the course of electrochemical cycles. Finally, the
relationship between mechanical property retention and capacity retention will be study in

NMC electrodes with different compositions of Ni, Mn, and Co.
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