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Abstract

Background Failure of polymer/active material interfaces, in commercial composite electrodes, is one of the mechanisms by
which batteries loose capacity. In spite of the importance, no systematic study to characterize and understand the interface
failure behavior of battery electrodes exists at present.

Objective The objective is to develop an experimental method to characterize the fracture behavior of polymer/active mate-
rial interfaces in rechargeable battery systems.

Methods Axisymmetric blister test samples were prepared by depositing PVdF (polyvinylidene fluoride) polymer on SiO,
surface with a series of nanofabrication processes. The PVdF/SiO, samples were then pressurized in a novel electrochemical
cell until the film delaminated from SiO,. The mechanical response of the pressurized film was measured, and the PVdF/
SiO, interface fracture was characterized in terms of critical energy release rate G,. The fracture surfaces were analyzed to
determine failure mechanism.

Results The X-ray photoelectron spectroscopy and scanning electron microscopy analysis of the fracture surfaces showed
that the crack path was predominantly at the PVdF/SiO, interface, i.e., the mechanism of failure was adhesive. Hence, the
measured G, = 2.46 J/m? can be considered as the energy required to break the bonds to separate PVAF from Si0,. Using
this G, value in a finite element model, the failure pressure of plane strain blister samples has been predicted successfully.
Conclusion We have experimentally demonstrated that G, is a fundamental fracture parameter, and G = G, as a failure cri-
terion can be used to predict PVdF/SiO, interface failure irrespective of sample geometry, which can be extended to battery
electrodes.
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Introduction

Rechargeable batteries such as Li-ion batteries are the pri-
mary choice as energy storage devices in wide range of
applications including automotive, aerospace, defense, bio-
medical, and clean energy production because of their high-
power density and energy density. In spite of rapid advances
in recent years, the capacity and cyclic life of batteries is still
not sufficient to meet the growing energy demands [1]. For
example, two to five times higher specific capacities and
longer cyclic life than that of current batteries are necessary
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to meet the performance and range requirement of hybrid
and all-electric vehicles for transportation applications [2].

Replacing the conventional electrode materials, e.g.,
graphite which has a theoretical specific capacity of 372
mAh g~!, with alternative high-performance materials such
as Si, Sn, and Ge can improve the capacity. For example,
replacing graphite with Si, which has a theoretical specific
capacity of 3579 mAh g~ !, can result in 30% increase in the
capacity of the state-of-the art Li-ion batteries [3]. How-
ever, the high-performance anode materials suffer from
poor cyclic performance and rapid capacity fade primarily
due to their volume expansion behavior. For instance, Si,
Sn, SiO,, and Ge expand by more than 300% upon reacting
with Li, and a recent experimental study on Na-ion electrode
by Rakshit et al. [4] showed that a similar volume change
behavior occurs in Na-ion electrodes. This level of defor-
mation not only generates more than 1 GPa of stress in the
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electrodes [5—8] but also applies significant strain on the
polymer/active material interface causing interface fracture
leading to rapid capacity fade. It should be noted that the
passive layer (or solid electrolyte interphase) formation on
the electrode particles is one of the capacity fade mecha-
nisms [9-11], but here the focus is on the polymer/active
material interface failure.

A strong and stable polymer/active material interface is
critical not only for successful battery operation but also for
longer cyclic life of a battery, because an intact interface
enables the polymer binder in composite electrodes to con-
nect all the active particles (i.e., graphite or Si in a com-
posite electrode) and provide electrical network necessary
for sustaining chemical reactions [12—17]. The electrical
isolation of active particles due to polymer/active particle
interface failure is one of the leading mechanisms of capac-
ity fade [13-15, 17-19]. Studies on composite electrodes
[13,20-25] showed that a stronger bonding between binder
and active particles (i.e., a stronger binder/active material
interface) improved the cyclic performance of the electrodes.
Similarly, in situ stress measurements in composite elec-
trodes by Sethuraman et al. [26] and Nadimpalli et al. [23]
demonstrated, experimentally, that polyvinylidene fluoride
(PVdF) binder, when used in Si-based composite electrodes,
showed poor cyclic performance compared to carboxym-
ethyl cellulose (CMC), and it was attributed to the nature of
bonding. Hence, understanding and characterizing the inter-
face failure behavior is critical for improving the durability
of high-performance battery electrodes.

In spite of the importance, very few studies [13, 22-25,
27, 28] exist on the binder/active material interface fail-
ure and all of them are qualitative in nature. For example,
scratch tests [27, 29], and peel test [21, 28, 30] can only
provide relative ranking of interface strength and do not
measure fundamental mechanical properties that can be used
to predict the failure of the interfaces under other configu-
rations or loading conditions. More recently, Ebner et al.
[31] and Muller et al. [32] carried out X-ray imaging of
composite electrodes to understand the interface degrada-
tion mechanisms. However, a systematic study on the direct
measurement of fundamental mechanical property that char-
acterizes the interface failure in battery electrodes is still
missing. The challenges associated with measurements on
micro or nanoscale samples (typical dimension of binder
bridges in composite electrodes) and the lack of mechani-
cal characterization of active materials [5, 7, 33, 34] and
polymer binders [13, 16, 22, 24, 25], until recently, could be
one reason for the lack of systematic study on the interface
failure characterization.

The objective of this study was to develop an experimen-
tal method to characterize the fracture behavior of polymer/
active material interfaces in rechargeable (Li-ion and beyond
Li-ion) battery systems. To this end, an optical setup based

on Michelson interferometer principle has been designed
and fabricated; a sample that mimics the interfaces in com-
mercial battery electrodes and a novel electrochemical cell
have been designed. The conventional and most widely used
polymer binder, polyvinilydene fluoride (PVdF), and SiO,
as active material was chosen as a model system for interface
fracture characterization due to their practical importance.
The mechanical behavior of the free standing PVdF film on
SiO, substrate was characterized thoroughly and analyzed
using analytical and finite element methods. The PVdF/
Si0, interface fracture was characterized in terms of criti-
cal energy release rate G, by using axisymmetric (circular)
sample in a blister test method. Using the measured G, as
a failure criterion, failure behavior of pressurized rectangu-
lar plane strain membrane has been predicted. It should be
noted that despite the challenges associated with the diffu-
sive surface characteristics and transparency of PVdF films,
for the first time, the PVdF/SiO, interface fracture has been
characterized in terms of critical strain energy release rate
successfully. This study lays the foundation for fundamental
understanding of binder/active material interface failure in
rechargeable batteries. Characterizing the interface failure
in terms of energy release rate brings the robust thermody-
namic framework of fracture mechanics into multiphysics
battery models, i.e., to simulate interface degradation behav-
ior of electrodes.

Experimental Methods
PVdF-SiO, Sample Preparation

Figure 1(a) shows a schematic of the interface fracture sam-
ple which consists of a uniform thin film of PVdF bonded
to SiO, surface, and the schematic in Fig. 1(b) shows a
sequence of micro and nanofabrication processes used to
fabricate the samples. An optical micrograph of the actual
(axisymmetric or circular) sample is shown in Fig. 1(c).
First, a single side polished Si wafer (4 in diameter, 550 pm
thickness) with a 500 nm of thermally grown SiO, layer
was rinsed with acetone and isopropyl alcohol to remove
any contaminants on the surface. Using a standard photoli-
thography process (Karl Suss MA/BA6 mask aligner) and
SPR220 photoresist (Megaposit™), a circular (1000 pm
diameter) pattern was created on the rough side of the wafer.
The exposed circular areas of SiO, were etched using induc-
tively coupled plasma-reactive ion etching (ICP-RIE, SPTS
Technologies) to remove the oxide; this was followed by
through etching of Si using deep reactive ion etching (DRIE,
SPTS Technologies) to create the trench below free-standing
area of the film. After these etching steps, the samples were
thoroughly cleaned with acetone, isopropyl alcohol, and
nanostrip (a stabilized mixture of sulfuric acid and hydrogen
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Fig.1 (a) Schematic of the
cross section view of PVdF/
Si0, sample showing geometric
details, various system param-
eters, and the coordinate system
that will be used throughout

the paper, (b) the sequence of
steps in sample preparation
process, and (¢) a micrograph
of the axisymmetric sample
with 1000 pm diameter used for
PVdF/SiO, interface fracture
property G, measurement
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peroxide) to remove any organic residue on surface of SiO,
(on the polished side of the wafer) that will be bonded to
PVdF.

A uniform solution of 10 wt% PVdF in NMP (1-Methyl-
2-pyrrolidone) was spin coated on the free-standing SiO,
surface at 600 rpm for 30 s using a spin coater (VTC-
100 A, MTI Corp.) and dried at 100 °C for 1 h to obtain a
6.0+ 1.0 pm PVdF film on the SiO, surface. The free stand-
ing SiO, film supporting the PVdF was removed using reac-
tive ion etch (or RIE etch, Nordson March RIE-1701) to
create a free standing PVdF film as shown in Fig. 1(c). Since
the PVF film is translucent, a 130 nm Cu was sputter depos-
ited on the lower surface of PVdF, also seen in Fig. 1(c), to
enable light reflection and optical measurements.

Experimental Setup and Test Procedure

Figure 2(a) shows the schematic of the experimental setup
which consists of four components: (1) blister test cell, (2)
pressure transducer, (3) mass flow controller, and (4) an
interferometer. All these components are controlled and
monitored by a computer via a LabView program; the pro-
gram controls the sensors, records the data, acquires images,
and synchronizes the data with images obtained during frac-
ture test. The samples (prepared as per Fig. 1) were placed in
the custom-made blister test cell and clamped with gaskets
above and below the sample to prevent leak. The current
cell design and clamping method produced a leak free cell
up to a pressure of 250 kPa (as shown in Fig. S1), which is
significantly higher than the critical pressures expected in
the current experiments.
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After assembling the cell and clamping the sample, the
free standing PVdF film was pressurized using ultra-high
purity Ar gas through an orifice located below the freestand-
ing film area as shown in Fig. 2(a). A constant mass flow
rate of 0.8 cm®*/min (SCCM) or 1.33 x10™° m>/s of Ar gas
was maintained throughout the test using a mass flow con-
troller (Alicat MC-1SCCM-D) which can control the flow-
rate to within 1% of the setpoint value. This mass flowrate
resulted in a constant 0.43 kPa/min of pressure loading on
the PVdF film during the test. The pressure in the test cell
chamber was measured using a pressure sensor (Omega
PX309-050a5v) with a resolution of ~ 1 kPa. The pressure
on the film was increased monotonically until the film com-
pletely delaminated from the SiO, surface. Images of the
pressurized film were captured (using an optical system with
a~5 pm spatial resolution) at an interval of 400 ms through-
out the test. The pressure value corresponding to a 50 pm
(of crack) delamination is considered as the crack initiation
pressure (P,). Figure 3(b) shows an example of a sample
with significant delamination. For clarity, a portion of the
boundary between intact region and delaminated region is
highlighted with a dotted line. Since, the mechanical prop-
erties (including the adhesive properties) may change with
temperature, all the experiments were conducted at room
temperature under isothermal conditions.

In addition to pressure, the deflection profile of the
PVdF film was measured during the test using the inter-
ferometer setup that was designed and fabricated in-house.
The setup is based on the Michelson interferometry prin-
ciple and Fig. 2(b) shows the details of the interferometer.
A green light spectrum with 550 nm + 10 nm wavelength
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Fig.2 (a) Schematic of the experimental setup used for characterization of binder/active material interface fracture, and (b) the details of the
interferometer used for the measurement of out-of-plane displacements of pressurized PVdF film. The synchronization of data from the pressure
transducer and images from the camera enable identification of the critical pressure at the onset of delamination
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Fig.3 (a) An axisymmetric sample with typical interference pattern formed on the surface is shown prior to delamination, and the symbol ‘x’
indicates a pixel (at the center of the circular region) chosen for further analysis. (b) A sample after some delamination of PVdF from SiO, sur-
face is shown, where a portion of delamination/crack front is highlighted with a dotted-line for clarity

was employed, and it was obtained by passing white light
through a bandpass filter. A combination of collector lens
and condenser lens was used to produce a collimated beam
of green light (whose light ray remains parallel) and an even
illumination of the sample. A beam splitter directs the col-
limated beam towards a 2x Mitutoyo objective as shown in
Fig. 2(b). The objective was selected to have a field of view
big enough to see the full sample and have enough work-
ing distance to accommodate optical and sample clamping
components. A second beam splitter, located between the
objective and the sample, splits the light beam into two and
directs one towards a fixed reference mirror and the other
towards the sample surface. The reflected beams from the
sample and the fixed standard (flat) mirror create an interfer-
ence pattern due to the slight variations in the optical path
lengths travelled by the two beams. Figure 3(a) shows typi-
cal interference patterns formed on an axisymmetric sample.
The images of the interference pattern are recorded using
a CMOS-based monochromatic camera (2MP Basler ace,
Edmund Optics Inc.). As the coherency length of the light
used is small, it would be difficult to produce interference
pattern if the optical path lengths of the beams (travelling
from sample surface and the standard mirror) deviate signifi-
cantly. As a result, a glass window was placed at the refer-
ence mirror (Fig. 2(b)) with the same thickness and refrac-
tive index as that of the window near the sample surface to
balance the optical path lengths.

The displacement profile of the pressurized PVdF film
was obtained by analyzing the interference patterns recorded
at a regular interval of 400 ms during a test. A typical
interference pattern formed on the samples can be seen in
Fig. 3(a). The passage of each fringe (i.e., the center of one

bright (dark) fringe to the next bright (dark) fringe) is equal
to 275 nm of an out-of-plane displacement of sample sur-
face, i.e., half of the wavelength of the green light used in
the setup (i.e., Fig. 2(b)). Hence, in principle, the height
profile of the sample surface or pressurized PVdF film at
any given time can be obtained by simply counting the num-
ber of fringes from the edge of the free-standing area to the
center. Such a fringe counting method has been previously
used to obtain out-of-plane displacements [35-38], and it
works well for specularly reflective surfaces for which fringe
patterns are clear and regular (such as the PVdF/SiO, inter-
face in Fig. 3(a)). However, rough diffuse surfaces might
complicate the fringe counting method; for example, the
fringe pattern formed on free-standing PVdF area (i.e., the
circular region in the middle of Fig. 3(a)) is not well defined.
Hence, fringe counting method to obtain spatial displace-
ment profile is relatively more challenging.

Due to this challenge, a slightly modified method was
implemented to analyze the fringe patterns to obtain the dis-
placement profile of the pressurized PVdF film. Instead of
counting number of fringes formed on the entire surface area
of the free-standing PVdF film, number of fringes passing
a given point on the sample was counted. For example, the
intensity of each pixel such as the one indicated with “x”
in Fig. 3(a) was obtained as a function of time throughout
the test by analyzing all the images of a particular test with
an image processing code written in Matlab software [39].
Figure 4 shows the normalized intensity as a function of time
of the pixel (or the point) indicated as “x” in Fig. 3(a). The
normalized intensity is the ratio of intensity recorded to the
maximum intensity (which for an 8-bit image is 256). The
intensity reaches a peak every time a fringe passes the point;
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Fig.4 Intensity of the pixel (or point) indicated as ‘x’ in Fig. 3(a)
is plotted as a function of time during the experiment. The triangle
symbol (corresponding to intensity peaks) represents the out-of-plane
deflection of the point ‘x’ as a function of time. In this example, the
total out-of-plane displacement is ~2.75 pm (as 10 peaks passed the
point in 200 s)

hence, the number of peaks in Fig. 4 represent the number of
fringes that passed the point ‘x” in 200 s, which is equal to an
out-of-plane displacement of ~2.75 pm (i.e., 10X 275 nm).
The filled triangle symbol represents the out-of-plane dis-
placement of the point ‘x’ as function of time. It should be
noted that the resolution of the system shown in Fig. 2 is /4
=137.5 nm, i.e., peak to valley distance in Fig. 4. With this
procedure, one can obtain out-of-plane displacement of each
point on the sample surface during the experiment, even if
there are no well-defined and clearly identifiable fringes as
seen on the free-standing PVdF surface Fig. 3(a), i.e., on
the circular area.

Theoretical Methods
Finite element analysis

Abagqus finite element (FE) software [40] was used to simu-
late the mechanical behavior of pressurized PVdF film and

the PVdF/SiO, interface fracture. It should be noted that the
deformation behavior of pressurized films consists of small
strain but large rotations [41]; hence, NLGEOM ON option
in Abaqus that simulates the large deformation kinematics
was prescribed. Figure 5 shows the finite element mesh (of
sample in Fig. 1) along with the boundary conditions of the
PVdF film on SiO,. The substrate was fixed by constrain-
ing nodes on the bottom surface. A symmetric displacement
boundary condition was prescribed for the nodes on the left
edge of the film at x=0 pm. The thickness of the substrate
does not affect the stresses either in the PVdF film or at the
PVdF/Si0, interface, hence, it was adjusted to 100 pm to
optimize computation time. Similarly, the stresses in PVdF
film, in SiO,, or at the interface far from the crack tip in the
radial distance tend to be negligible (as shown in Fig. S2);
hence, only a portion of the sample dimension was modeled.

The PVdF film was discretized with 8-noded quadrilat-
eral elements CAX8R, and at least ten elements were
included across the thickness of the film with the smallest
element size being 125 nm. As per the sample, a Cu coating
of 130 nm below the free-standing PVdF was included in the
model. Similar to PVdF, the SiO, and Si was discretized
with CAXS8R elements, with the size of smallest element
being 125 nm. As per the experiments, a 50 pm crack was
modeled at the interface, and to capture the stress singular-
ity, the region around the crack tip, i.e., the first ring of
elements shown within the circle around crack tip in the
inset of Fig. 5, is modeled using special 6-noded triangular
elements called singularity elements formed by collapsing
3 nodes of 8 node CAX8R element. The mesh grading and
the element sizes in Fig. 5 were optimized through mesh
sensitivity study, and further reduction in element size did
not produce any significant change in the results. The strain
energy release rate was obtained by evaluating contour inte-
gral (or J-integral) around the crack tip. The method involves
defining the crack tip, crack flanks, and the direction of
crack growth as shown in the inset of Fig. 5. The J-integral
[42, 43] was evaluated for several contours sufficiently far
from the crack tip, to ensure that the evaluated J-integral
values are path independent. Since the crack is at the inter-
face, besides the energy release rate, one has to evaluate the

Fig. 5 Finite element mesh »
and boundary conditions of the
blister test sample. The inset

shows the mesh details near the

t f/ I)C
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crack tip and a typical contour
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J-integral (or energy release
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phase angle which provides a measure of shear to opening
stresses near the crack tip. The phase angle is given by
1

w =tan~ < %) where G, and G/, are the energy release

1
rates corresponding to opening and shear mode of fracture,

respectively. I. S. Raju [44] proposed a virtual crack closure
technique (VCCT) for 6-noded singularity elements to cal-
culate energy release rate and corresponding phase angle for
linear elastic materials; the method was implemented for
axisymmetric elements by Figiel and Lauke [45]. This
method was used here to determine the phase angle and to
verify if the energy release rate obtained from VCCT
matches with that obtained from J-integral.

The PVdF polymer was modeled as a rate dependent iso-
tropic hardening model with the flow rule given as,

-p _ "
e = <%_1>, (1

where Zp is the equivalent plastic strain rate, D and n the
temperature dependent material parameters, 6° the static

yield stress, and o= %S:S the equivalent stress, where S

is the deviatoric stress tensor. As the experiments were con-
ducted under isothermal conditions, no temperature depend-
ence is considered in the model. The experimental true-
stress and true-strain data of PVdF from Santimetaneedol
et al. [24] was provided directly as input to the model. The
Si0,, Si, and Cu coating are modeled as linear elastic mate-
rials. The elastic properties of these materials are outlined
in Table 1.

Analytical methods

The deformation response and fracture parameters of the
pressurized films were also evaluated using closed form
analytical expressions proposed in the literature. Although
PVdF exhibits time-dependent material behavior [24], it was
assumed as linear elastic material to ascertain if this sim-
ple model can capture the mechanical behavior of the film
prior to the onset of delamination. When the deflections of
the film increase to values on the order of film thickness,

Table 1 Mechanical properties of materials used in the finite element
simulation

Material Parameter Values References

SiO, Young’s Modulus 71 GPa [41]
Poisson Ratio 0.16

Cu Young’s Modulus 130 GPa [41]
Poisson Ratio 0.34

Si Young’s Modulus 160 GPa [46]
Poisson Ration 0.28

as in PVdF films here, the films behave more like a mem-
brane [41]. Using the membrane theory assumption, Small
et al. [47] derived the pressure - central deflection relation
for pressurized circular membranes as,

Etl
2A1=vat

@

where, P is the pressure applied and w, = w; + w,, the cen-
tral deflection as per Fig. 1. Here the central deflection (WO)
is sum of the initial height (wi) for non-flat films and meas-
ured deflection (wm) The geometric parameters of the sam-
ple are: the radius of the free-standing film a, the film thick-
ness t., and the geometry dependent constants C; and C, are
4 and 2.475 [38, 47], respectively, for a circular membrane.
Since these equations are for linear elastic membrane, the
necessary material properties are E, the Young’s modulus of
the film and o the Poisson ratio. The oy, is the residual stress.

Since a layer of Cu is deposited below PVdF, the elastic
modulus of the PVdF/Cu composite film is obtained by fol-
lowing the method proposed by Small et al. [48]. The biaxial
modulus of the composite film is obtained as

tf tCu
Mc = EMf + ZMCM 3)
where, M is biaxial modulus and the subscripts f, Cu, and
c refer to PVdF film, Cu and composite, respectively. The
Iy Lews and?, = (tf + t,) are the thickness of PVdF, Cu, and
composite, respectively. Since Poisson’s ratio of PVdF and
Cu are similar referring to Table 1, the Young’s modulus of
composite film was determined to be 4.1 GPa by using M,
value from (equation (3)) in £, =M, (I - v). The correspond-
ing energy release rate for pressurized circular membrane
[38] is given as,

5  Etwy?

2c —eo 0)

G =
8 2 at

The G, can be evaluated analytically by substituting the
central deflection w corresponding to the onset of crack
growth and other parameters in (equation (4)). The critical
w, corresponding to the critical pressure P, can be obtained
by solving the (equation (2)) using the Newton-Rhapson
method.

Results and Discussion
Characterization of PVdF/SiO, Interface Failure

Mechanical response and crack-tip conditions

The mechanical response of a pressurized film is a func-
tion of the initial height w;, film thickness #,, mechanical

&
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«Fig.6 (a) The profile of circular PVdF film measured under zero
applied pressure, (b) the cross section of free-standing PVdF film
obtained by FIB milling, (¢) prescribed pressure loading on the film
(the critical pressure associated with onset of delamination is indi-
cated with “x”), (d) comparison of experimentally measured film
profiles at various levels of pressure with those obtained from finite
element analysis, and (e) comparison of pressure-central deflection
response (p-w,) of the film measured from experiments and those
obtained from analytical and finite element models

properties, and residual stress o. Hence, it is important
to measure these parameters to characterize the mechanical
behavior of the PVdF film and PVdF/SiO, interface fail-
ure. Figure 6(a) shows the typical profile of a free-standing
circular PVdF film measured (using Zygo NewView5000
optical profilometer) before pressurizing the film. Note
that the film is not flat at the start of the experiment, i.e.,
under zero applied pressure, and this is true in all the sam-
ples tested here. This is expected because (during the sam-
ple preparation process, Fig. 1(b)) the thermally grown
Si0, film releases its compressive residual stress by buck-
ling out-of-plane when the substrate is etched away; this
out-of-plane buckling is inherent to SiO, films [49]. The
spincoated PVdF film assumes the shape of the relaxed
out-of-plane buckled configuration of SiO,, resulting in the
profile shown in Fig. 6(a).

Figure 6(b) shows the cross-section image of the free-
standing PVdF film obtained using FIB (focused ion beam)
milling method. This shows that the thickness of the free-
standing PVdF film is ~6 pm which matches with the thick-
ness of the PVdF film measured far from the free-standing
area, providing confirmation that the sample processing steps
(etching processes shown in Fig. 1) did not alter the film
thickness. However, the PVdF/Cu interface, which primar-
ily contributes to the light reflection and interference pattern
formation in the free-standing area, became relatively rough
compared to PVdF/SiO, interface. This explains the reason
why the interference patterns in the free-standing area are
not well defined when compared to those from PVdF/SiO,
surface in Fig. 3. The residual stress o in the film not only
affects the mechanical behavior but also affects the delamina-
tion behavior of the PVdF film [50, 51]. Using a Multibeam
optical sensor (MOS) setup shown in Fig. S3 the residual
stress in PVdF thin film on SiO, was measured and it was
~3 MPa tensile stress ( Fig. S3).

Figure 6(c) and (d) show the prescribed pressure loading
and the evolution of the film profile at various levels of pres-
sure, respectively. The critical pressure at the onset of film
delamination is indicated with a symbol ‘x’. The open circle
symbols in Fig. 6(d) represent the experimental data and the
solid curves represent FE results. The deflection-pressure
data corresponding to x=0 pm from Fig. 6(d), i.e., at the
center of free-standing film, is plotted in Fig. 6(e), which is
commonly referred to as pressure-central deflection response

(p-w,) of the PVdF film. Although pressure is monitored and
recorded continuously throughout the experiment, the dis-
placement data is available only until about 30 pm, due to
the characteristic bandwidth of green light source used here.
Note from Fig. 6(d) and (e) that there is an excellent agree-
ment between experimentally measured deflections and film
profile at various levels of pressure and the corresponding
FE data; in other words, the overall mechanical behavior of
the PVdF film on SiO, was captured very well by the finite
element model. This could be attributed to the fact that in
addition to an accurate constitutive model of PVdF, all the
critical system parameters discussed above, i.e., thickness,
initial profile, and residual stress of the PVdF film have been
accounted for in the FE models. The initial (non-flat) profile
of the film, i.e., Fig. 6(a), under zero pressure, was included
in FE analysis by first deforming the mesh until the profile
matched experimental values in Fig. 6(a) and then importing
the deformed mesh as the starting geometry for the sub-
sequent simulation, where pressure-time loading shown in
Fig. 6(c) was prescribed along with the boundary conditions
shown in Fig. 5. The residual stress in the film was included
in the simulation as an initial condition.

It is interesting to note from Fig. 6(e) that the pressure-
central deflection, i.e., (p — wy) response predicted by the
analytical solution i.e., (equations (2) and (3)), (dashed
line) also matches very well with the experimental data.
This is interesting because the analytical equation is
based on the theory of linear elasticity, yet it predicts the
mechanical response of the elastic-viscoplastic PVdF film
successfully. This can be explained by looking at the stress
and strain fields in the PVdF film. Figure 7 shows the
von Mises equivalent stress and equivalent plastic strain
contours of PVdF film at the onset of crack growth (i.e.,
at the critical pressure). Note that the equivalent stress
near the center of the circular membrane (i.e., in the cen-
tral deflection region, inset on the left side in Fig. 7) is
between 12 and 24 MPa which is below the yield strength
of PVdF reported by Santimetaneedol et al. [24], and the
equivalent plastic strain contour (inset on the right side in
Fig. 7) shows that the plastic deformation of PVdF film
occurs in a very small region surrounding the crack tip. As
a result, the deformation of PVdF film is nominally elastic
prior to the onset of crack growth, which explains why
the analytical solution was able to predict the mechanical
behavior of PVdF film reasonably well. This is analogous
to small scale yielding condition in linear elastic fracture
mechanics theory which justifies the application of linear
elastic theory to ductile materials such as steel for example
[42, 43]. Thus, the current experimental setup and testing
method ensure nominally elastic conditions prior to the
onset of delamination which enables the interface fracture
characterization with simple linear elastic properties of
PVdF film and corresponding analytical solutions.
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Fig.7 Deformed mesh of the circular membrane at the critical pressure is shown along with the equivalent (von Mises) stress o contour near the
center of the film (inset on the left side) and the equivalent plastic strain e contour near the crack tip (inset on the right side). This confirms that
the PVdF film remains nominally elastic prior to onset of delamination, i.e., existence of small-scale yielding conditions

PVdF/SiO, interface fracture behavior

The critical pressure at the onset of crack propagation
measured from circular blister tests is used in FE models to
determine the critical energy release rate G, of PVdF/SiO,
interface and is shown in Table 2. It should be noted that, to
measure the linear elastic fracture property, i.e., the interface
fracture energy G, it is extremely important to ensure that
the dissipative mechanisms such as plastic deformation are
limited to a very small region near the crack-tip in a fracture
sample as shown in Fig. 7. The maximum, minimum, and the
average critical energy release rate G, values of PVdF/SiO,
interface are 3.04J m~2,2.02J m~2, and 2.46 J m~2, respec-
tively. As expected, due to the small-scale yielding conditions
in the samples, the G, evaluated from analytical equations
matched very well with the FE calculations. Although the
analytical equation assumes a flat PVdF film under zero
applied pressure, the G, matched with the comprehensive
FE model; hence, the errors associated with an initial non-flat
film profile may be negligible for PVdF films.

In order to understand the potential errors in measured G,
due to the uncertainty associated with the PVdF/SiO, sam-
ple parameters, several finite element simulations were con-
ducted. It was observed that if the initial profile of the film
was neglected (i.e., if the free-standing film was assumed
to be flat), keeping everything else constant, the error in G,
will be 0.03%, i.e., negligible. This is why the analytical data
(with flat film assumption) matched with FE data very well.
The reason for this can be evident from Fig. 6(e), where the
central deflection of the film rises steeply to ~ 12 pm with
negligible pressure; hence, as long as the initial height of the
film is less than 12 pm, error associate with neglecting initial
height of the film is minor. However, neglecting the residual
stress og, on the other hand, will lead to an overestimation
of the G, by 7%. If both the initial profile and residual stress
in the film are neglected, then G, will be overestimated by

8%. Since the initial height and residual stress, film thick-
ness, radius of the film, and critical pressure were measured
experimentally, the variation in the G, values presented are
primarily due to the sample to sample variation.

Figure 8 shows the fracture surface of the sample after
the PVdF film was completely delaminated from the SiO,
surface. To understand the crack path and fracture mecha-
nism, an X-ray photoelectron spectroscopy (XPS) analysis
was performed on the fracture surface (shown in Fig. 8), and
the results are compared in Table 3 with that of bare SiO,
and pure PVdF film. Note that the elemental composition,
except for the fluorine, of the fractured surface resembles

Table2 The critical pressure at the onset of delamination and the
corresponding critical energy release rate G, values of PVdF/SiO,
interface measured from seven circular blister tests. The phase angle
w corresponding to these measurements is 41°. The FE model is com-
prehensive and closely represents the actual experimental conditions.
Although the analytical method assumes the film as linear elastic and
flat under zero applied pressure, the solution matched very well with
that of FE model since the initial height is not a critical parameter and
the small-scale yielding condition existed in these samples

Sample Crack Initiation Critical Energy Release Rate
Pressure (kPa) G,
(J m~2) of PVdF/SiO, interface
Finite Element Analytical
Model (equation (4))
Sample 1 106 3.04 3.18
Sample 2 104 2.92 3.06
Sample 3 81 2.04 2.09
Sample 4 91 2.45 2.55
Sample 5 90 247 2.52
Sample 6 80 2.02 2.04
Sample 7 87 2.28 2.36
Mean + 91+10 2.46+0.40 2.54+0.44
standard
deviation
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Fig.8 Scanning electron microscope backscatter image of the frac-
ture surface (i.e., surface after free standing PVdF delaminated from
SiO,). The table shows the atomic weight fractions of elemental C,
O, F, and Si obtained from the XPS analysis showing nearly identical
stoichiometry of bare SiO, and delaminated region (with some fluo-
rine on the surface)

that of bare SiO, surface quite closely, confirming that the
crack propagation occurred between PVdF/SiO, interface
and not in the PVdF film or in the SiO, substrate. Hence, the
mechanism is predominantly adhesive failure (i.e., delami-
nation of PVdF film from SiO,) rather than cohesive (i.e.,
failure of PVdF film). Since the film was nominally elastic
until the onset of crack growth, the measured G.. values char-
acterize the resistance of PVdF/SiO, interface to delami-
nation, i.e., the energy necessary to break bonds between
PVdF and SiO,. If the crack propagation occurs primarily
in PVdF (i.e., the mechanism becomes cohesive), the energy
required to propagate the crack will be higher. As the G,
values presented in Table 2 are fundamental fracture prop-
erties, they can be used in predicting the failure of PVdF/
Si0, interface systems, irrespective of the electrode geom-
etry (i.e., thin film, particles, nanotubes etc.). Although our
samples showed predominantly interface failure, it should
be noted that several possible crack propagation paths exist
in a composite electrode. For example, depending on the
fracture resistance of the material, crack can propagate in
the polymer binder, in the active material, or at the interface.
Hence, for a comprehensive understanding of electrode deg-
radation, in addition to fracture properties of the interface,

Table 3 Composition of elemental C, O, F, and Si on various surfaces

Sample/Composition (at%) C (0} F Si
Bare SiO, 22.37 44.77 0.00 32.86
PVdF 63.23 0.00 36.77 0.00

Fractured Surface (Fig. 8) 20.17 40.54 7.46 31.83

it is also important to understand the fracture properties of
the materials adjacent to the interface.

When a crack propagates at an interface between two dis-
similar materials (i.e., similar to PVdF and SiO, in Fig. 8),
even a pure tensile remote load leads to a mixed-mode frac-
ture [42, 43, 52]. Depending on the nature of interface and
the adjoining solids, the fracture energy G, of an interface
could be a strong or weak function of the mode-mixity [53,
54]. The degree of mode-mixity is generally character-
ized by the phase angle y which provides a relative ratio
of shear to tensile load on a crack tip. The phase angle y
of the PVdF/SiO, interface in the blister test samples was
evaluated using the virtual crack growth technique (VCCT)
[44, 55], and it was 41°. Since the crack growth occurred at
the PVdF/SiO, interface in all the samples tested here, the
fracture energy presented in the Table 2 should be associated
with a phase angle of 41° for PVdF/SiO, system.

G_ as Fracture Criterion to Predict PVdF/SiO,
Interface Failure

To experimentally validate and demonstrate the predictive
capability of the fracture criterion G = G, samples with a
rectangular PVdF film on SiO, surface, as shown in Fig. 9(a),
were pressurized until failure, and the critical pressure of
failure was recorded. Figure 9(b) shows the comparison of
critical pressure obtained from experimental measurements
and finite element fracture analysis using the average G, =
2.46 J m~2 measured from circular blister samples presented
in Table 2. The finite element mesh of the rectangular plane
strain sample shown in Fig. 9(a) was created in Abaqus
following a similar procedure outlined in "Finite Element
Analysis" section. The PVdF film was modeled as elastic-
viscoplastic material with continuum plane strain elements
(CPES8R). The residual stress in the PVdF film and the initial
profile of plane strain sample (Fig. S4), recorded using Zygo
NewView5000, were considered in the FE analysis.

Note from Fig. 9(b) that the failure pressure predicted
by the finite element model matched reasonably well the
experimental measurements in five different samples. The
slight difference in the measured and predicted pressure val-
ues in Fig. 9 can be attributed to the fact that an average G,
was used in the predictions and the phase angle of the plane
strain samples at failure is 46° which is slightly different
from the circular blister samples. Since the average value
of measured G, was used to predict failure, the average or
the mean failure pressure was predicted remarkably well.
This prediction verifies that the measured energy release
rate G, (presented in Table 2) is independent of geometry
and supports our argument that G, is a fundamental fracture
property of the binder/active material interface and can be
used in the battery models to predict mechanical degradation
of electrodes. It is important to note that G, in general, is a

&



374

Experimental Mechanics (2023) 63:363-376

Fig.9 (a) Rectangular PVdF
film sample prepared following
the fabrication process outlined
above, (b) bar chart showing the
experimental failure pressure
from 5 samples and their aver-
age along with predicted failure
pressure using G =G, as failure
criterion

(a)

function of y; hence, measuring G, for a range of practically
relevant phase angles y will improve not only the accuracy
of failure predictions but also the utility of fracture criterion.
The ability to predict the binder/active material interface
failure, as demonstrated above, will be a useful tool for bat-
tery engineers in designing durable battery electrodes.

Conclusion

An experimental methodology to characterize the failure
behavior of binder/active material interfaces in battery elec-
trodes is established using PVdF/SiO, as a model interface.
A blister test sample that mimics the PVdF/SiO, interfaces in
commercial batteries was fabricated using a series of nanofab-
rication processes. The samples were then assembled in a cell
to pressurize the PVdF film until it delaminates from the SiO,
surface. The pressure and deflection behavior of the film was
measured during the experiment; an in-house built Michelson
interferometer was used to measure film deflections.

The critical pressure measured at the onset of crack
propagation was then used in a finite element model to
evaluate the critical strain energy release rate G, of the
PVdF/SiO, interface. The FE model accurately accounted
for all the experimental conditions including the initial
profile of the PVdF film (which was not flat under zero
applied pressure) and the residual stress in the film which
was measured (to be ~3 MPa) using a well-known sub-
strate curvature measurement technique. The sample
design and current testing method ensured small-scale
yielding conditions in the PVdF/SiO, sample, i.e., the sam-
ple was nominally elastic throughout the test, and the plas-
tic deformation of the PVdF was confined to a very small
region near the crack tip. As a result, the critical energy
release rate values and the overall mechanical behavior
evaluated from a simple analytical solution, based on the
theory of linear elasticity, matched very well with those
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determined from the FE model, which accounted for large
deformation and non-linear material behavior.

The average and standard deviation of the critical strain
energy release rate G, of PVAF/SiO, interface, measured
from seven circular blister samples, is 2.46 +0.40 J m~2.
The XPS and SEM analysis of the fracture surfaces showed
that the crack path was predominantly at the PVdF/SiO,
interface, i.e., pure delamination, and the mechanism of
failure was adhesive. Hence, the measured G, can be con-
sidered as the energy required to break the bonds to sepa-
rate PVdF from SiO, surfaces. Since the crack propagation
occurred at the interface, fracture is mixed-mode and the
measured G, in general, is a function of the phase angle
y. The phase angle in the axisymmetric (circular) samples
used here is 41°, hence, the G, =2.46+0.40J m~2 should
be associated with this phase angle. It should be noted that
the G, values reported here were measured by accounting
for the residual stress in the film, but if the residual stress
in the film was not measured and ignored, the error in the
G, measurement will be 7%.

Since the measured G, is a fundamental fracture param-
eter that characterizes PVdF/SiO, interface failure, one
can use G = G, as a failure criterion to predict interface
failure irrespective of sample geometry, including the
interfaces in a composite battery electrode. To validate and
demonstrate the predictive capability of the fracture crite-
rion G = G, rectangular (plane strain) samples with PVdF
films on SiO, surface were tested and failure pressure was
recorded. Using the measured G, in a finite element analy-
sis, the failure pressure of the rectangular samples was
predicted successfully. The predictions agreed remark-
ably well, demonstrating that the critical energy release
rate G, measured is a fundamental fracture property that
characterizes the PVdF/SiO, interface failure. This study
paves the way for the implementation of fracture mechan-
ics ideas in multiphysics battery models to simulate and
predict the degradation behavior of batteries.
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