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Introduction

The main purpose of this work is to inves-
tigate the mechanical properties of a lith-
ium rechargeable battery cathode'-? by
using both the classic XP CSM and the
new DCM Express Test method. Scan-
ning Electron Microscopy (SEM) analysis
is used as a support to understand the
obtained results and gain information on
the differences between the two adopted
nanoindentation methods.

In particular, the attention is focused on

the analysis of the mechanical and elas-
tic properties of new generation lithium/
polymer electrodes, with the final aim of
correlating the life cycle and the number
of charge and discharge cycles with the

mechanical properties of the electrodes.

Using the an improved grid nanoin-
dentation method*-8, it was possible to
perform a statistical deconvolution of the
mechanical properties and to understand
which and how many heterogeneous ma-
terial phases are there and how they in-
teract between themselves. A last aspect
of interest, related to the lithium/polymer
batteries, is to investigate the mutual
mechanical interaction among the dif-
ferent components, in order to gain
information on the correlation between
chemical and mechanical properties.

A lithium/polymer battery'-® is made of
lithium-polymer conductive composite
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Figure 1. (a) Example of a microstructure of a lithium/polymer battery cathode. (b) Principle of property
deconvolution using the Cumulative Distribution Function (CDF).

materials, obtained by embedding lithium
salt solutions in opportune polymeric
matrix. The polymeric cells have a flexible
sheet structure, so external pressure is
not needed since the electrode sheets
and the separator (dielectric) are lami-
nated one on top of the other. This kind
of batteries has the significant advantage
to be realized in any form or dimension
and, since the lack of usefulness of any
metal container, they could be lighter
and shaped to fill the space reserved to
it. An example of a cathode’s microstruc-
ture is reported in Figure 1a.

However, the main critical issue related
to the functional behavior of such devices
is intrinsically related to the strong dif-
ference, in terms of mechanical proper-
ties, between the two main components

of the composite material.

In view of this, evaluating the mechanical
properties of such materials, by us-

ing proper nano-mechanical testing, is
extremely important.

In this work, mechanical properties

have been investigated by the use of an
improved statistical nanoindentation
method, which is described in the next
chapter. The developed procedures allows
for the accurate determination of the elas-
tic and plastic properties of each single
phase, together with a careful analysis

of the gradients of the same properties
within single particles, an aspect which
becomes more important when analysing
the mechanical property loss after several
charge/discharge cycles.
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Statistical Nanoindentation Method

The statistical (or grid) nanoindenta-
tion method was originally proposed for
cement-based materials*. The method
consists of the realization of grids of
hundreds of indentation tests, coupled
with a statistical analysis (deconvolution)
of either the elastic modulus or hardness
data for the identification of the different
mechanical phases and their distribution
over the sampled area.

The deconvolution process is applied to
the Cumulative Distribution Function (CDF)
of obtained data, and used to get the
weighted sum of hoarded curves that best
fit the empirical cumulative probability
distribution.

A generic cumulative distribution function
(CDF) is given by:

F(x)=3 f,D,(x); J=ln
J=1
where Dj(x) is the hoarded probability
distribution of the j phase :
i 1
D(X)=——-——
(%) N 2N
being: Y f, =1
J=1

with i € [1,N]

There are 3n-1 unknowns which are
calculated imposing that the theoretical
function has a minimal square deviation
compared with the empirical cumulative
probability curve showed from the inden-
tation tests :

L] _ 2
(1,5, f;) from min Z(EF#, i=1,m

where Fi are the empirical values of the
cumulative probability corresponding to
the i-class.

The principle of the method is reported in
Figure 1b.

Using the cumulative function is extremely
useful when the number of phases in the
material under investigation is mostly
unknown; in fact, when the cumulative
experimental function is built, it is possible
to find the polynomial that best fits the cu-
mulative curve (see Fig.1). The number of
the phases can be correlated to the poly-
nomial order of the CDF function which
best fit the experimental cumulative curve.
In particular, if nis the polynomial order of
the CDF, the number of real phases will be
equal to n-2 (i.e. the number of flexes).
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Figure 2. (a) XP-CSM Nanoindentation Grid. (b) DCM Express Nanoindentation Grid. (c) XP CSM Standard
- Hardness [GPal, calculated at depth 100nm. (d) DCM Express - Hardness [GPal. (e) XP CSM Standard -
Modulus [GPa], calculated at depth 100nm. (f) DCM Express - Modulus [GPal.

Experimental Details

A Lithium-ion battery cathode, composed
by a mixture of active particles (LiMn204)
and carbon black in a polymeric matrix

of Polyvinylidene fluoride (PVDF), was
embedded in epoxy and mirror polished
before mechanical testing. The cath-

ode thickness is about 150 um. Lithium
particles, exhibit significant variance in
their size and internal porosity, as shown in
Fig.2; this leads to a different response in
terms of mechanical properties.

The methodology that was developed in
this work is mostly based on the combined
and synergic application of several experi-
mental techniques, i.e.:

- Scanning Electron Microscopy (SEM)
morphological analysis before and after
nanoindentation testing

- Nanoindentation tests with standard XP
CSM mode and DCM Express Test mode

- Improved Statistical analysis, consist-
ing of:

- 2D mapping of mechanical properties
(Elastic Modulus E, Hardness H)

- Deconvolution of the cumulative
distribution functions (CDF) for the
analysis of single-phase mechani-
cal properties

The deconvolution process is performed
using a Matlab-based routine.

XP CSM tests were performed using a
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Cumulative Distribution Function (CDF) Analysis
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Figure 3. (a) CDF analysis (for the hardness) on 400 indents obtained by the conventional CSM method at
100nm depth. (b) CDF analysis (for the elastic modulus) on 400 indents obtained by the conventional CSM
method at 100nm depth. (c) CDF analysis (for the hardness) on 900 indents obtained by the DCM Express
method at 80nm depth. (d) CDF analysis (for the elastic modulus) on 900 indents obtained by the DCM Express

method at 80nm depth.

Berkovich tip, with a frequency of 45Hz,
amplitude of oscillation 2nm, constant
strain rate of 0.05s-1, maximum penetra-
tion depth 150nm (which roughly cor-
responds to 1.0um of lateral dimension of
indents). In this way, the results allows for
the statistical analysis of obtained data at
different penetration depths.

A grid of 20x 20 indentations was realized,
being the spacing between indents is fixed
at 10um. In this way, any mutual interac-
tion among contiguous indentation marks
can be assumed to be negligible. Shallow-
er indentations would be required in case
of a finer mesh. A full week-end session
was required to complete one single matrix
(400 indents).

DCM ultrafast tests were performed by us-
ing the Keysight Express Test method and a
Berkovich tip, by fixing a maximum depth of
80nm and a spacing of 1.5um and an area of
analysis of 50x50 um?. Six different matrices
were performed in a single session (roughly
two hours to realize more than 5000 indents).
The instrument was completely re-cali-

brated (area function and frame stiffness)
before and after testing, by performing a
series of indentations on a certified amor-
phous fused silica reference sample.

Detailed microstructural and compositional
observation of the same areas of the tests
were finally performed by SEM analysis.

Results and Discussions

The obtained mechanical maps (Fig.2c-f)
show a good representation of the actual
microstructure and phase distribution,

in comparison with the SEM images (Fig.
2a-b). After a careful analysis of both

the load-displacement curves and the
SEM images, all the out-of-range tests
were clearly correlated to the presence
of micro-cracks or porosity in correspon-
dence of the indentations.

The CSM approach mode used in the tests
with the XP head is useful to highlight that
the mechanical maps at the three differ-
ent depths (50, 100, 150nm) show, with
qualitative agreement, different values of

hardness and elastic modulus. This is due
to the effects of the surrounding compliant
matrix on the stiffer particles

Modulus and hardness values increase
(in average) with decreasing indentation
depth when looking at the CSM data.

The gradients of hardness and modulus
over a single particle are reduced with
decreasing penetration depth. This is a
direct consequence of the relevance of the
edge effects, which obviously are reduced
as the penetration depth is reduced.

Using the XP CSM method it is possible to
choose, for the calculation of the average
value of Hardness and Elastic Modulus,
the range of displacement into the sur-
face. In this work the ranges selected are
45-55,95-105 and 145-155. This method
permit to discriminate the artifacts of the
roughness effects, that affect the lower
displacement, or the substrate influence,
that affect the higher displacement. This
second effect is particularly significant in
the evaluation of the Elastic Modulus that
is a massive property.

However, using the CSM data resulted to
be not sufficient in order to get reliable
deconvolution of the actual mechanical
properties, due to the limited number of
valid tests that can be obtained in a rea-
sonable time.

The use of the Express Test method was
then required in order to gain more reliable
information on the single-phase hardness
and modulus.

With this in mind, the optimization of the
CDF results in the identification of 4 most
representative phases (see Figure 3):

- A phase representing the lithium
particles (the higher values of hard-
ness and the lower values of elastic
modulus)

- A phase representing the matrix (the
lower values of hardness and the high-
er values of elastic modulus)

These first two peaks are characterized
by a relatively small standard deviation,
as a direct suggestion that they really
represent the properties of the two main
constituents
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- Two phases representing the matrix
influence for the smaller particles,
the edge effect, the defects in the
particles (the intermediate values) and
roughness effects.

These last two peaks are characterized

by a relatively higher standard deviation, as
a direct suggestion that they represent the
properties of various artefacts.

It is interesting to note how the Elastic mod-
ulus value achieved with the DCM Express
Test is higher than the values obtained with
the XP CSM, due to the higher strain rate
applied during indentation and the visco-
elastic properties of the polymer matrix.
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