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An experimental protocol is developed to measure the shear strength of NMC811 single crystals within the cathode of a lithium-ion
cell. The cathode is placed upon a set of thick metallic substrates that possess a wide range of indentation hardness. For each choice
of substrate, the top surface of the cathode is indented by a Vickers indenter to a sufficient depth that the cathode layer is subjected
to an approximately spatially uniform compressive normal traction equal to the hardness of the substrate. The sensitivity of plastic
flow and fracture of the single crystals to substrate hardness is determined by observation of the particles in the indented top surface
of the cathode using a scanning electron microscope. It is found that the shear strength of fully lithiated NMC811 single crystals
along their basal plane is 86 + 12 MPa, and decreases to 39 + 5 MPa upon cell charging (delithiation of the cathode). This implies
that particle slip and fracture will occur under mild mechanical loading, for example by calendering during manufacture and by
electrical cycling of the compacted cathode. The indentation protocol developed here has application to a wide range of single

crystal cathode materials.
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Layered oxides of composition Li,Ni,Mn,Co; _x_0,, (NMC),
in which the lithium content y varies in the range 0 < y < 1, are
widely used as the active storage material in lithium ion battery
(LIB) cathodes."* Typically, NMC cathodes are manufactured by
the tape-casting of a solvent-based slurry of NMC particles,
polymeric matrix and carbon gowder onto an aluminium film, which
serves as a current collector.” Evaporation of the solvent leaves a
porous cathode microstructure, with typical volume fraction of
active storage material (in the pre-compacted state) between 0.40
and 0.60, and carbon-infiltrated polymer of volume fraction less than
0.1. The remaining 30%-50% of the cathode volume is porosity.>*

A calendering operation is often used to increase the particle
packing density (and reduce the porosity) of the cathode. This
reduces both cell volume and cell mass (by reducing the amount of
encapsulation), and thereby increases the storage energy and the
power capacity of the cell, per unit volume and per unit cell mass.
Computed tomography (CT) studies of cathodes that comprise
polycrystalline NMC particles have reported that the calendering
operation can lead to significant particle fracture and
pulverisation.>® For typical NMC cathodes, the increase in achiev-
able charging rate after calendering is ascribed to an enhanced
effective electrical conductivity of the cathode composite.’™
Calendering helps to reduce interfacial resistance between active
material and current collector and hold the whole structure together
during extended cycling.

The need to extend cycle life of NMC cathodes has led to the
recent development of so-called single crystal cathodes, whereby
NMC particles comprise single domain, micron-sized particles (and
bi-crystals).'”'" Previously, NMC cathode material existed in the
form of primary particles of diameter between 0.1 um and 1 pm,
agglomerated into polycrystalline secondary particles of
diameter'>™"> between 3 pm and 20 pm. These secondary particles
suffer from the drawback that lithiation and delithiation induce
intergranular fracture between the primary grains. Intercalation of Li
ions induces anisotropic swelling within each primary grain, and the
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elastic constraint imposed by neighbouring primary grains leads to
stressing of the grains and of the grain boundaries. These self-
equilibrating stresses may be of sufficient magnitude to induce
fracture of the grain boundaries between primary grains over a
charge cycle.'® In contrast, much lower stresses are generated in
single crystal cathodes due to the reduced elastic constraint between
neighbouring single crystals. This might be the reason that single
crystal cathodes have exceptional resistance to degradation,'’
retaining over 90% of their initial capacity over 4,000 full cycles.

A typical single crystal of NMC811 is sketched in Fig. 1a. It has
the R3m space group, and exists as a single phase.'® The prismatic
direction is denoted by the unit vector ¢. The mutually orthogonal a
and b lattice directions of the basal plane sit in the prismatic plane of
the particle. Thus, the orthonormal vectors (a, b, c¢) are aligned
with the principal directions of the lattice. It is generally recognised
that the unit cell dimensions of NMC811 are sensitive to the state of
charge. The lattice parameters a and ¢ are plotted against lithium
occupancy'® y in Fig. 1b; both a and ¢ are normalised by their values
in a fully lithiated state, as denoted by a( and c¢j. There is no need to
consider the third lattice constant b as b/by = a/ay in the basal plane
of the unit cell. During delithiation (decreasing y), ¢/cy initially rises,
and then subsequently falls for y < 0.3, whereas a/a decreases with
decreasing y.

The mechanical properties of NMC single crystals have not been
reported in the open literature to the best of the authors’ knowledge.
Single pillar compression experiments have been performed on other
layered oxides such as Li,CoO, (LCO). For example, Feng et al.'’
have found that the uniaxial compressive strength of an isolated
LCO crystal is on the order of 2—4 GPa in the initial, uncycled state.
They observed two deformation modes of the pristine LCO: (i) a
shear mode on an inclined plane at an axial stress of 2 GPa, see their
Fig. 4b; and (ii) uniform plastic straining by dislocation-mediated
plasticity, at an axial stress of 4 GPa, see their Fig. 4a. A possible
interpretation for these modes is that plastic deformation may occur
via two mechanisms, as follows:

Mechanism (i). Single slip occurs on the prismatic plane of the
layered oxide when the critically-resolved shear stress on a slip
plane, inclined to the loading axis in a single pillar test, attains a
value on the order of 100 MPa, corresponding to an axial stress of
2 GPa. This inclined plane is referred to as a “cleavage plane” rather
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Figure 1. (a) Sketch of an NMC811 single crystal, illustrating the prismatic
direction ¢ and the layered atomic structure. (b) Sensitivity of the normalised
unit cell dimensions'® a/aq and c/cy and cell potential to lithium content y
for single crystal NMC811 cathodes during the first charge at 10 mAh g~ .

than a slip plane.'® This motivates the present study: does single slip
occur in layered oxides at values of shear stress on the order of tens
or hundreds of MPa rather than several GPa? Such slip at low
resolved shear stress is consistent with recent observations and
calculations for NMCB811 single-crystal cathodes under cyclic
electrical loading:*® slip bands were observed in NMC811 single
crystals under electrochemical cycling, and the predicted shear
stresses within the crystals due to charge and discharge did not
exceed a few hundred MPa.

Mechanism (ii). Additional, secondary slip systems can be
envisaged, but these slip systems will be much stronger than the
primary slip system on the basal plane; activation of several of these
additional slip systems gives rise to uniform glastic straining by
dislocation-mediated plasticity. Measurements'® suggest that this
occurs at an axial stress of 4 GPa.

The measured indentation hardness of polycrystalline NMC
secondary particles is in the range 5-8 GPa, but it is a challenge to
relate this macroscopic quantity to the shear strength of the primary
grains. The usual interpretation that the macroscopic hardness of a
polycrystal equals three times its uniaxial strength is only valid for a
crystal that possesses at least 5 slip systems.?? Layered polycrystal-
line ceramics have a much-reduced availability of slip systems, and

15,21

consequently their macroscopic hardness may be dictated by the
activation of secondary slip systems of slip strength much above that
of the basal plane, or by the granular flow of the polycrystalline
ceramic after it has suffered extensive fragmentation along its grain
boundaries.

Scope of study.—In the present study, an indentation-based test
protocol is developed to measure the basal shear strength of a large
number of fully lithiated (y = 1) NMCS811 single crystals in situ
within a cathode layer. The imposed compressive stress on the NMC
single crystals is set by the indentation hardness of the underlying
metallic substrate, and the number fraction of single crystals that
have undergone plastic slip and fracture is observed post-indenta-
tion. The test procedure is then used to determine the sensitivity of
the NMCS811 single crystal strength to lithium occupancy y, by
repeating the experiments on cathodes that have been extracted from
Li ion cells in various states of charge.

Test Protocol: Indentation of an NMC811 Cathode upon a
Substrate of Defined Hardness

Test materia—NMC811 cathodes (obtained from Li-Fun
Technology Corporation Ltd., Hunan Province, P.R. China) comprise
a porous microstructure in the tape cast but uncalendered state. The
cathode active material is cast upon the current collector at an areal
density of 0.167 kg m 2 The as-received, fully lithiated (y = 1)
cathode and aluminium backing are of thickness 65 pm and 15 pm
respectively, as measured by CT scanning (Xradia 520 Versa, Zeiss
Ltd., Cambridgeshire, UK). Upon taking the density23’24 of
LiNip gMng 1Co 10, as 4780 kg m~> it follows that the NMC
cathode particles comprise 54% of the cathode volume; the remainder
is 7% graphite-infiltrated polymer binder, and 39% porosity, which
allows for infiltration by a liquid electrolyte. A plan view of the
cathode microstructure is shown in Fig. 2a, as observed in a scanning
electron microscope (SEM) (MIRA3 FEG-SEM, TESCAN-UK Ltd.,
Cambridgeshire, UK). Many of the particles are prismatic in shape
and it is assumed that the c-axis of the layered crystals is aligned with
the prismatic direction.

The SEM images of the fully lithiated (y = 1) cathode
microstructure reveal that most of the single crystal particles have
a diameter in the range 1 pm to 3 pm. A small proportion of them
contain slip bands or multiple fractures in the pristine state,
examples of which are shown in Figs. 2b and 2c, respectively.
The proportion of cathode particles with slip bands and fractures was
measured by obtaining ten SEM images of the cathode microstruc-
ture at a fixed magnification of x10™: each image contained about
100 particles. From these images, an average number fraction of
0.88 of the particles contain neither slip bands nor cracks. The
number fraction with slip bands, but no indication of fracture, was
0.11, and the remaining number fraction of particles (<0.01) had
either single or multiple fractures, or a combination of fractures and
slip bands.

The lithium content y of the NMC was varied by assembling Li-
ion cells, using the as-received cathode, a graphite anode, and a
liquid electrolyte; full details are reported in a previous study.'® In
brief, additional values of y = 0.58 and y = 0.14 were achieved as
follows. A charging current of 1/20 of the full cell charge capacity per
hour (C/20) was used until cell voltages of 3.8V and 4.4V were
obtained, which correspond to y = 0.58 and y = 0.14, respectively.'®
These two values of voltage were held fixed for 20 h, after which the
cells were disconnected and disassembled, all within a sealed
glovebox under an argon atmosphere. The electrolyte was removed
by rinsing the cathodes with dimethyl carbonate, followed by drying
under vacuum. We shall subsequently show that this procedure,
involving a low charging current to delithiate the cathode, does not
change the number fraction of slipped and fractured grains prior to the
indentation tests.
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Figure 2. Images of individual single crystal cathodes particles obtained with a scanning electron microscope: (a) the microstructure of a fully lithiated (y = 1)
single-crystal NMC811 cathode in plan view. Single crystal cathode particles with evidence of (b) slip planes and (c) fracture.

Indentation tests.—The indentation method used in this study to
measure the yield and fracture response of single crystal NMC811
particles is now discussed. Particles within the cathode were
subjected to a macroscopic uniform compressive stress, as dictated
by the indentation hardness of the chosen substrates. The hardness
was varied by a factor of almost 20 by suitable choice of substrate,
from annealed lead to work-hardened copper. It is assumed that slip
or fracture of any particle occurs when the resolved shear stress on
the basal slip plane of that particle attains a critical value. A
mechanics analysis is used to determine the value of this critically
resolved shear stress, and to estimate the distribution function of
particle orientation. The details are given below.

The stress field created by indentation of an elastic, ideally plastic
solid by a Vickers indenter, with a surface lag/er absent, has already
been detailed by finite element simulations.>?° It is found that the
compressive traction along the flanks of the indenter is almost

uniform in space, and of magnitude about three times the uniaxial
yield strength of the substrate. A small elevation in traction occurs at
the tip of the indenter’” and along the sharp edges between the
facets® but their effects upon the indenter load is negligible.”>* If a
thin film exists between the substrate and the indentation tip, and the
indentation depth is much greater than the film thickness, then the
indentation pressure is hardly perturbed by the presence of the thin
film, 2930

Conical indentation has the advantage that the indenter has no
intrinsic length scale, only a characteristic angle of indenter.’! The
representative strain beneath the indenter is constant: the strain state
of a semi-infinite solid indented by a conical indenter immediately
achieves a steady state that depends only upon the position of a
material point normalised by the current contact radius a. The strain
field has a singularity at the tip of the cone. In contrast, a flat
bottomed indenter (such as a frictionless circular punch) has a
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Figure 3. (a) Image of a fully lithiated (y = 1) cathode after indentation by a load of 120 N upon an annealed aluminium substrate. (b) Image of the cathode
during indentation, along the cross section A—A, as identified in (a). (c) Plot of cathode thickness measured perpendicular to the indenter flank as a function of
distances from the tip, and (d) zones of deformation of the cathode. Image (a) is obtained from SEM, image (b) and the plots (c) and (d) are obtained from in situ

X-ray computed tomography at a fixed load of 120 N.

characteristic length scale defined by the punch radius. Further, a
singular stain state exists at the edge of contact which is identical to
that of a crack singularity. The magnitude of this strain singularity
increases with indentation depth. Likewise, the strain at any point
beneath the punch will increase with increasing indentation depth,
and so a steady state is not attained.

A series of indentation tests were performed with the cathode
supported by flat, polished metal substrates of thickness 6 mm or
greater. The tests were performed using a Vickers diamond
indentation tip (UK Calibrations Ltd., Herefordshire, UK) affixed
to the crosshead of a screw-drive mechanical test machine (5944 test
machine with 2 kN load cell, Instron Ltd., Buckinghamshire, UK).
The test machine and indentation experiments were performed in an

inert argon gas atmosphere within a glovebox (M.Braun Inertgas-
systeme GMBH, Garching, Germany), in which the concentrations
of oxygen and water were both maintained at less than 0.1 ppm. The
diamond Vickers tip has the shape of a square pyramid, in which the
four triangular facets are inclined at an angle of 22° from the base,
and the tip radius equals 2 pm. The indentation tests were performed
at a velocity of 2pums™' until a specified indentation load Py was
obtained; the tip was then withdrawn from the sample.

The hardness of the metallic substrates was varied from 50 MPa
to 946 MPa by a suitable selection of metals and alloys including
lead, tin solder, aluminium and copper, and subjecting them to
various heat treatments and work hardening treatments. Details of
the alloys, their composition, heat treatment, and work hardening
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Figure 4. (a) Variation in the degree of compaction within an indent of a fully lithiated (y = 1) cathode. Images of (b) particles with slip bands, and (c)—(d) of

particles with various combinations of slip bands and fracture.

treatment are listed in Table SI of the supplementary information
(available online at stacks.iop.org/JES/169/040511/mmedia), along
with their measured hardness H absent a cathode layer: H equals the
indentation pressure on the as-measured projected area of indent Ap,
and is related to the indentation load P, by H = B/Ap.

In a preliminary set of tests with an aluminium substrate of
hardness H = 283 MPa, a set of 10 indents were made on a fully
lithiated cathode with fixed indentation load, £, = 155 N. The mean
projected area of the residual indents formed in the cathode was

1.04 mm?; variation was at most 6% of this mean value. This
confirmed that the cathode material was uniform in properties.
Further cathode indentation experiments using substrates of an-
nealed copper (H = 436 MPa) and tin-copper alloy (H = 127 MPa)
revealed that the observed hardness was independent of indentation
depth provided the indentation depth was greater than 2.5 times the
coating thickness. The significance of pile-up vs sink-in is accounted
for by making visual observation of the projected area of the indent.
In all subsequent experiments, cathodes were indented with loads P
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(a) As-received cathode

(b) Sn-Cu Alloy: H=127 MPa

Figure 5. Microstructure of the as-received, fully lithiated (y = 1) cathode (a) and indented cathodes (b)—(d) imaged after indentation upon substrates of
increasing hardness. Images of the indented cathode are obtained at a distance of \/Ap/4 from the apex of each indent and equidistant between two edges. All

images are obtained by SEM.

in the range 25 N < P < 520 N, depending upon the hardness of the
substrate: higher indentation loads were imposed on cathodes that
rested on harder substrates to ensure that the indent displacement
was always between 3.0 and 3.5 times the thickness of the cathode,
and that all indents were of approximately equal area.

Deformation of cathode due to indentation.—An image of a
representative indent in a fully lithiated (y = 1) cathode is shown
in Fig. 3a, for an annealed aluminium substrate of hardness
H =179 MPa and an indentation load P, = 12 N. The thickness
profile of the cathode during indentation was obtained by making use
of a custom-built, in situ indentation rig inside a CT scanner.
Sufficient X-ray penetration for practical imaging was achieved at an
acceleration voltage of 80kV by employing a polished annealed
aluminium cylinder of diameter 10 mm as the substrate. A computed
tomography scan of the cross-section of the cathode during indenta-
tion is shown in Fig. 3b at an indent load of 120 N. The section is
made on plane A—A, as defined in the SEM top view of the indented
cathode surface in Fig. 3a. The thickness /% is plotted against distance
s from the indenter apex in Fig. 3c, and the interpretation of the
deformation state of the cathode layer, sandwiched between the
indenter and the substrate, is given in Fig. 3d. When the indentation

depth of the Vickers indenter exceeds twice the cathode thickness,
the average normal compressive traction® on the layer in contact
with the indenter is close to that of the substrate hardness H. This is
confirmed by the accompanying observation that the indent size of
the substrate beneath the cathode layer is close to the indent size for
indentation of the substrate alone at an identical load. Also, no
delamination of the coating from the current collector was observed
beneath the indenter.

Post-indentation SEM imaging of the compressed microstructure
of the fully lithiated cathode is shown in Fig. 4a due to the
indentation performed as reported in Fig. 3. The degree of compac-
tion of the cathode layer varies from high compaction at the apex, to
a uniform state of moderate compaction along the flanks, to a low
degree of compaction at the periphery of the indent. No compaction
was evident in the pristine cathode material external to the indent.
Examples of individual particles with signs of plastic deformation
are shown in Figs. 4b—4d. The particles may display slip bands alone
(Fig. 4b), or may display a combination of slip bands and cracks
(Figs. 4c and 4d).

Confirmation that the substrate hardness dictates the compressive
stress to which a cathode is subjected in indentation testing is
illustrated by images of indented, fully lithiated cathode
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Figure 6. The measured number fraction F of particles that have slipped and/or fractured counted from images of the indented cathode microstructure are
plotted against the substrate hardness H for a lithium occupancy of (a) y = 1.00; (b) 0.58 and (c) 0.14. Bars included in the plotted data represent one standard

deviation from the mean number fractions.

microstructure, as shown in Fig. 5. All images were obtained at a

radial distance \/E /4 from the apex of each indent, which is
approximately mid-way along the tip flanks of uniform compaction
pressure zone as identified in Fig. 3d. The degree of compaction in
the cathode microstructure at this location increases with increasing
substrate hardness H.

The number fraction of single crystals that yield and/or fracture
as a function of indentation pressure.—The effect of the level of
pressure on the active material particles was assessed by imaging the

microstructure of the indented cathodes at a radial distance /Ap/4

from the apex of each indent. From these images, the number
fraction of particles that possess slip bands, or various combinations
of fractures and/or slip bands, was measured by particle counting.
All images were obtained using the same magnification of x10* as
employed for assessing the fraction of particles with slip bands or
fractures in the pristine cathode. The number of particles counted in
each image was on the order of 100.

To assess the degree of repeatability in these experiments, one
image was obtained of each of the ten indentations made in
preliminary experimentation with load £, = 155 N on an aluminium
substrate of hardness H = 283 MPa. From these images, the mean
fraction of particles that were cracked or slipped was 0.49, and the
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deduced from the fit for F(H/H,).

standard deviation of this fraction was 0.04. For the experiments
detailed below, a single indent was performed for any given choice
of substrate and any given state of charge of cathode. Four images
were obtained from each of these indents for particle counting, one
at the centre of each of the indentation faces.

The fraction of slipped and fractured particles counted from indented
cathodes are plotted in Figs. 6a—6c, against the hardness of the metal
substrate, for cathodes in a fully lithiated state (for which y = 1), and
two other states of charge, y = 0.58 and y = 0.14. The value y = 0.58 is
not at the peak value of ¢/cy but does give rise to a noticeably expanded
¢ lattice parameter whereas the value y = 0.14 is close to the fully

delithiated state. The cell potential, along with the states of y = 1, 0.58
and 0.14, are included in Fig. 1b; the cell potential rises as the lithium
occupancy y decreases during cell charge.

For all cathodes (y = 0.14, 0.58 and 1), the number fraction of
particles that display both slip and fracture increase with increasing
pressure (as defined by the hardness of the substrate). In the case of
the fully lithiated (y = 1) particles (Fig. 6a), the fraction of particles
that possess slip bands alone initially rises with indentation pressure,
up to a pressure of approximately 400 MPa. This number fraction
then decreases under increased indentation pressure, as many of the
slipped particles proceed to fracture. A negligible proportion of
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Figure 8. (a) Sketch of the cathode during indentation, with stresses at the cathode and particle level annotated. (b) The unit normal to the basal plane ¢, and the
angle of basal plane inclination ¢ are relative to the 3-direction along which compressive tractions are applied in the indentation tests.

particles crack without slip. The slip plane is always parallel to the
prismatic direction—that is parallel to the basal plane of the layered
lattice.

A close connection between yield and fracture of the particles is
evident, and consequently we introduce the number fraction F' of
particles that have slipped and/or fractured and write F as a function
of hardness H. The observed response F (H) is plotted in Fig. 7 for
y = 0.14, 0.58 and 1. For all three states of lithiation y, F' equals an
initial value Fy = 0.12 in the pristine state to within experimental
scatter, confirming that charging the cell at C/20 does not induce
fracture/slip in the NMC crystals. The number fraction F is
maintained at F' = Fy as H is increased up to a threshold value H,
and then F increases sharply for H > H,. Note from Fig. 7 that the
value of Hy is sensitive to the value of y, such that Hy = 93 MPa, 51
MPa and 42 MPa for y = 1, 0.58 and 0.14 respectively. It is also
noted that the dependence of F upon H/H, is independent of the
lithiation state y; see Fig. 7b. This observation helps motivate a
mechanics model to explain the micromechanical origins of
F (H/H,) as detailed in the following section.

An Estimation of Basal Plane Shear Strength

It remains to relate the average compressive traction (which equals
the substrate hardness H') on the surface of the cathode layer to the shear
stress on the crystallographic basal plane within the cathode particles.
The cathode microstructure and stresses within it are sketched in Fig. 8a.
The simplest approach is to employ the Reuss lower bound assumption
such that the uniaxial stress ¢ within each crystal is related to the
substrate hardness H and cathode porosity f according to

c=H/(1-f) (1]

The porosity of the uncalendered material is f= 0.46 upon
treating both the 7% carbon-infiltrated polymer binder, and the 39%
air as porosity. The resolved shear stress 7 on any basal plane, with
unit normal ¢ inclined at an angle ¢ to the loading direction (defined
in Fig. 8b is related to the hardness H via

_ Hsin2¢

rT=—"" 2
20 - f) 2
Consequently, the resolved shear stress 7 vanishes for ¢ = 0, z/2
for any finite value of H. Between these limits, 7 rises towards a
maximum value 7™ at a basal plane inclination of ¢ = z/4.

The hardness H is defined as that which gives t™** = 7, where
7¢ is the shear strength of the basal plane. From (2) it follows that the
value of hardness Hy = 2(1 — f)7¢ initiates yield of the most
favourably oriented particles. It is further assumed that the degree
of slip on the basal plane is limited by jamming of the slipped
particle against its neighbours, so that, post-yield, the particle can
bear a shear stress on the basal plane that exceeds z¢. Recall that we
make no distinction between yield or fracture of a particle and
simply refer to a particle as either “slipped” or “unslipped.”

Now consider the application of a pressure H > H,. Then, all
particles of orientation ¢ in the range ¢, < ¢ < ¢y will slip, where
¢ < wl4 < ¢y. The values of ¢, and ¢y are the two solutions for
which 7 = 7¢. The roots of (2) are symmetric about ¢ = /4 such
that ¢, + ¢y = #/2; the larger root is denoted by ¢y and satisfies

2(1 - f)re _ Hy

sin 2¢,, = T = I [3]

The lattice orientation of the basal plane of each particle, as defined
by the unit normal ¢, can be written in terms of the spherical co-ordinates
(¢, 9), as sketched in Fig. 8b. Consider the probability distribution
function p(c) of the unit normal ¢ over a sphere of unit area S, (and of
radius » = 1/(2+/7)). For any suitably normalised probability density
function p(c), its integration over unit surface S equals unity,

/S pe)ds = 1. [4]

Assume that the orientation of particles within the cathode is
transversely isotropic within the plane of the cathode as a result of
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the deposition process of the crystals during manufacture, such that
p(c) is independent of € (Fig. 8b) and can thereby be written as
p(¢). The cumulative number fraction F of slipped particles at any
value of applied uniaxial stress 6 is given by

Py .
Fefo=(=F) [ p@singdp. 5]

where F, is the fraction of slipped particles in the initial pristine
state. The indentation results of the present study can be used deliver
the curve F(H), upon noting that o is directly related to H via (1).

The challenge is to obtain the probability curve p(¢) from F (H)
by suitable inversion of (5). To do so, the simplest approach is to
first generate an analytical form for F(H) by a curve fit to the
measured response for F'(H), for any value of lithiation y. Suitable
agreement with experiment is obtained upon assuming that the plots
of F(H) vs H/Hy in Figs. 7a and 7b satisfy the curve fit

1
H 2|2

Hy

F—Fy=(0-F)|1- [6]

l-«a

Here, Hj is the value of substrate hardness that first initiates slip (or
fracture) and is dependent upon the degree of lithiation y; & > lisa
fitting parameter with the interpretation that F = 1 when H/H, = a.
A best fit gives a = 20 for all values of y, and Hy = 93 MPa,
51 MPa and 42 MPa for y =1, 0.58 and 0.14, respectively. The
derivative F’'(H) follows from (6) as

—1
(1—F0)(a—H£0) H%—az ?
P =—ha-a |- g

while F'(H) follows from (5) as

F'(H)

[p(¢u) sin ¢, + p(f - ¢U) sm( ¢U)] ?;j (8]

The derivative d¢y/dF is obatined by differentiating (3) with
respect to H such that
dgy, H, sin 2¢;;

(2 cos 2¢,, H S Tms Ty [9]

p(dy), we

1
2 2
- -o) | () -

1 — a)[sin ¢,; + cos ¢y ] (1 -a)?- (— - (1)2
Hy

Upon equating (7) and (8) and assuming that p(¢,) =
obtain

p(dy) = (

(10]

upon making use of (3) and (9). For any given value
1 < (H/Hy) £ a, the corresponding value of ¢y follows from (3),
and the value of p(¢y) follows immediately from (10).

The single value for @ provides a suitable fit for all lithiation
states (Fig. 7b), consistent with our expectation that the orientation
of particles within a cathode is unchanged by the degree of cathode
charge. The inferred shear strength z¢ is plotted against the degree of
lithiation y in Fig. 7c, and the distribution of basal plane orientation
of particles p(¢) as deduced from (10) is plotted in Fig. 7d. Some
limiting cases provide insight into this predicted distribution. From

(10), p(x/4) equals (1 — Fy)/2/(a — 1) and it is this fraction of
particles that first slip at H = H,. Also, note that the choice (6) of
curve fit states that all crystals have slipped, F' = 1, at a finite value
of pressure, H/Hy, = a. Consequently, p(¢) vanishes over the small
intervals 0 < ¢ < ¢y and ¢y < ¢ < #/2 where ¢, = (1/a) and
¢y = n/2 — (1/a) via (3). It is worth mentioning in passing that
measured data only extends to H/Hy =~ 10 = a/2 (Fig. 7b) and thus
there is some uncertainty in our estimation of p(¢) around ¢ = ¢,
and ¢y. However, with a = 20, ¢, ~ 0 and ¢y ~ #/2 this interval
of uncertainty is small and therefore does not represent a major
drawback to this method as a means of extracting the shear strength
of the crystals.

A shear strength 7 of the basal plane under 100 MPa is several
orders of magnitude less than the measured Vickers hardness of
polycrystalline NMC secondary particles.'>° This apparent discre-
pancy is reconciled by recognising that other ceramic materials,
whose atomic structure is similarly layered such as MAX phase
compounds, also exhibit shear strengths of their basal plane that are
much below both the measured hardness and compressive strength
of polycrystalline samples.** For example, for the case of TizSiC,,
the critical resolved shear stress® required to activate slip on the
basal plane is 16.5 MPa. In contrast, the compressive strength®® of
Ti3SiC; crystals when loaded in a direction within the basal plane is
approximately 4 GPa, and is due to kinking of the lattice layers due
to the low shear strength between them. The compressive strength®>
of fine-grained Ti3SiC, exceeds 1 GPa, which is some 60 times the
shear strength of the basal plane. In the case of polycrystalline NMC
samples, the constraints imposed by neighbouring grains preclude
their deformation in hardness testing by basal slip alone. General
yield requires slip on at least 5 independent slip systems, and a high
yield strength of the required secondary slip systems results in a
hardness (and uniaxial compressive strength) much above that of the
basal plane shear strength.

The shear strength 7 drops rapidly as the Li* ions are removed
from the structure and the c-parameter (and thus interlayer spacing)
expands from a Li content of y = 1 to 0.58, recall Fig. 1b. A smaller
change in 7¢ results from additional removal of Li (from y = 0.58 to
0.14), presumably because the interlayer spacing decreases notice-
ably beyond y = 0.35, approximately.

The cathode layer of the present study is in the uncalendared
state, as is evident by its high porosity. Indentation of the thin
uncalendared cathode layer by the Vickers indenter subjects the
layer to (i) a normal traction that is sufficiently large that the coating
compresses by a large strain in the normal direction, and (ii) to a
small transverse strain. The precise stress state within the layer
depends upon its constitutive response, and this is unknown for the
cathode layer. The simplest idealisation is adopted here, that the
“plastic Poisson ratio” is close to zero and so uniaxial stress
generates uniaxial strain. This is a reasonable approximation for
high porosity solids such as a metallic foams, where a state of
uniaxial compressive stress generates a state of uniaxial compressive
strain, see for example Deshpande and Fleck.** We further note that
the assumption of a state of uniaxial compression with vanishing
transverse stress leads to a predicted single crystal strength that
exceeds the value that would be obtained for the case of a finite
compressive transverse stress in the cathode layer. In this sense, the
measured single crystal shear strengths of the present study are upper
estimates to the actual values.

Conclusions

An indentation-based test method has been developed to deter-
mine the slip strength of NMC811 single crystals within a porous
cathode. The level of imposed compressive stress upon the cathode
is dictated by the substrate hardness. By measuring the number
fraction of single crystals with visible signs of plastic flow (and/or
fracture) as a function of substrate hardness, the compressive stress
needed to active plastic flow of the single crystals within the cathode
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was determined. The resolved shear strength of the single crystals
was deduced from this normal stress, and was found to be 86 =+
12MPa in the pristine state of a fully lithiated, uncalendered
cathode, decreasing to 39 + 5 MPa upon delithiation (associated
with cell charging and loss of the Li" ions which hold the negatively
charged metal oxide layers of the cathode together). This low
strength suggests that fracture or plastic slip of the NMC811 single
crystals might occur because of mild mechanical loading (e.g., via a
calendaring operation) or due to mechanical loads generated during
electrical cycling of a compacted cathode.
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