Scripta Materialia 183 (2020) 45-49

journal homepage: www.elsevier.com/locate/scriptamat

Contents lists available at ScienceDirect

Scripta Materialia

A chemo-mechanical grain boundary model and its application to )

understand the damage of Li-ion battery materials

Check for
updates

Yang Bai?, Kejie Zhao", Yao Liu? Peter Stein?, Bai-Xiang Xu®*

@ Mechanics of Functional Materials Division, Department of Materials Science, TU,Otto-Berndt-StraSe 3 Darmstadt, Germany

b School of Mechanical Engineering, Purdue University, West Lafayette, IN 47907, USA

ARTICLE INFO ABSTRACT

Article history:

Received 10 December 2019
Revised 6 March 2020
Accepted 11 March 2020

Keywords:

Grain boundary
Fragmentation
lon transport
NMC particles
Crack propagation

Although the unique mechanical and transport features of grain boundaries (GBs) in polycrystalline ion
conductors have been recognized, the understanding of the chemo-mechanical interplay and its impact
is insufficient. We present a coupled GB model which includes both the damage-dependent across-grain
transport and a mechanical cohesive zone law. 3D simulations on LiNixMnyCo,0, demonstrate that the
chemical process and the mechanical degradation go hand-in-hand: the enhanced intergranular chemical
inhomogeneity challenges the GB mechanical strength, while the GB damage influences or even blocks
the across-grain transport. Results explain well the experimentally observed features including chemical
hot spots and surface layer delamination.
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Most ion conductors in energy applications like cathode mate-
rials and solid-state electrolytes in Li-ion batteries have polycrystal
or multi-grains structure. Compared to the bulk, the grain bound-
aries (GBs) play thereby significant roles for both their functional
and mechanical properties. The unique mechanical and chemical
properties of the GBs have been long recognized. For instance, the
intergranular cleavage has been widely reported in cathode poly-
crystalline materials under cyclic charging/discharging. Besides,
GBs can influence the ion transport path. However the chemical
process and mechanical degradation go hand-in-hand. Their inter-
play is essential for understanding the functional and mechanical
degradation of those materials.

Though the issue we address in this letter is for polycrys-
talline ion conductors in general, we take the widely used poly-
crystalline cathode materials LiNixMnyCo,0, (NMC) [12] as an
example. The NMC polycrystal is synthesized as an aggregate of
many small grains with the size around 500nm [3,4]. The mechan-
ical strength of the aggregates is determined by the adhesion of
grains via Van der Waals interactions. It is thus much weaker than
the intrinsic material strength of grains and thus the decohesion
of GBs is the major contribution to mechanical degradation. Sev-
eral numerical efforts have been made to predict the degradation
of NMC particles during (de)lithation [4-6]. A cohesive zone model
(CZM) was thereby employed to simulate the intergranular fracture
within the polycrystal. Later the competition between the energy
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release rate and fracture resistance during crack growth of NMC
material [7] was examined. This showed that the Li extraction can
induce material embrittlement, increases the energy release rate,
and reduces the fracture toughness. The aforementioned studies
provided very useful insights on the crack propagation inside poly-
crystalline NMC.

However, there are still interesting experimental observations
to be explained. One is the prominent lithium inhomogeneities or
hot spots, as shown in the transmission X-ray microscopy image
by Gent et al. [8], reprinted in Fig. 1b, which can be caused by
the inter-grain chemical process [9]. This goes beyond the smooth
concentration profile predicted in previous works.

Moreover, the SEM image [4] reprinted in Fig. 1a shows that
the fragmentation or disassembly of grains can be restricted to
the outside layer of the polycrystal. Such surface layer delamina-
tion cannot be predicted by previous models since the calculated
diffusion-induced stress favors major radial cracks [10].

Both the hot spots across grains and the surface layer disas-
sembly can be related to chemical interactions between grains. Dif-
ferent than in the grain interior, the lithium concentration at two
sides of the GBs can be discontinuous and is merely governed by
the chemical potential jumps across GBs [9]. Thus the GB kinet-
ics should be formulated in general with the chemical potential
jumps. Sharing similar research interest with ours, Singh and Pal
[11] proposed a chemo-mechanical GB model in more recent work.
Nevertheless the GB transport is formulated with respect to the
concentration jump across GBs, which is suitable for the case of
dilute solution. Their two-dimensional results of multi-grains do


https://doi.org/10.1016/j.scriptamat.2020.03.027
http://www.ScienceDirect.com
http://www.elsevier.com/locate/scriptamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2020.03.027&domain=pdf
mailto:xu@mfm.tu-darmstadt.de
https://doi.org/10.1016/j.scriptamat.2020.03.027

46 Y. Bai, K. Zhao and Y. Liu et al./Scripta Materialia 183 (2020) 45-49

-
More
Charged

Less
Charged

3 um

(b)

Fig. 1. (a) SEM image of cracks in a NMC particle after the first cycle of charge/discharge (Reproduced with permission from Sun et al. [4]. Copyright 2016 by Elsevier), (b)
the elemental mapping from ex situ transmission X-ray microscopy (Reproduced with permission from Gent et al. [8]. Copyright 2016 by Wiley Online Library).
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Fig. 2. Illustration of the GB models with (a) and without (b) the across-grain boundary transport.

not show the prominent chemical inhomogeneity observed in ex-
periments, indicating the requirement of a more general GB kinet-
ics. This chemical inhomogeneity resembles the mechanical dis-
placement discontinuity due to GB delamination. Furthermore, if
GBs are separated wide enough, the flux across them can even be
switched off. Thus the mechanical damage of GBs should be con-
sidered in modeling the across-GB transport. The two mentioned
issues can lead in the aggregate a highly inhomogeneous concen-
tration distribution which deviates from the classical core-shell
type smooth varying concentration profile. The enhanced inhomo-
geneity is further expected to change the diffusion-induced stress
distribution and ultimately the fracture path. In the following, we
present a chemo-mechanical grain boundary model and simula-
tions for three-dimensional polycrystalline NMC particles. We con-
trast the simulated fragmentation patterns and the concentration
distribution for cases with and without GB transport, and conclude
that the former case leads to results much closer to experimen-
tal observations. Besides, we find the anisotropy of elasticity and
chemical strain can slightly retard the damage once the GB trans-
port is regarded.

In this letter, we present a chemo-mechanical model, which
includes the damage-dependent across-GB transport for lithium
transport, and also the cohesive traction-separation law for me-
chanical degradation. The model is illustrated in Fig. 2, contrasted
with a counterpart without the across-GB transport. The ion flux

across the GBs is defined as
Jr=— =) F=0-d)[MVur-MVu ] i (1)

where J, M and p indicate the normal ion flux, the mobility and
the chemical potential, respectively. V is the gradient operator. The
superscripts + and - indicate the parameters defined on the two
sides of each GB, respectively. The variable d represents the dam-
age state of the GB, which is related to the interface separation in
the later context. Any variable with the superscript d denotes that
this quantity is damage-dependent. Accordingly, J? is the damage-
dependent flux across the GB. Mass conservation is guaranteed by
the first expression in Eq. 1. Once complete failure occurs, namely
for d =1, the flux at the GB is cut off. The ion diffusion along the
GB is beyond the present work and will be addressed in the future.
As for the mechanical part, the continuity equation reads,

T =T, =Tu(An. Ar), T =T =T(An, Ar) (2)
where T,, T; are the normal and tangential traction, respectively.
Thereby Aj, A; are the normal and tangential interface separation,
respectively. According to Refs. [12,13], the traction-separation law

can be derived from a potential, i.e., T,(Apn, A¢) = 8Wczm/S An and
T: (An, At) = 8Wczm/8 Ar. The potential Wz, for a mixed-mode
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Table 1

Material parameters of LiNixMnyCo,0, (NMC).
Name Symbol and unit Value
Diffusion coefficient D [m2s~1] 7.0 x 1015
Max. conc. of NMC particle Cmax [mole m—3] 38320
Youngs modulus E [GPa] 140
Poisson coefficient v [-] 0.3
Partial molar volume Q [m3 mol'] 4.566 x 106
Fracture energy bn, ¢¢ [] m2] 2
Cohesive strength O max, Tmax [MPa] 100
Non-ideality parameter x [-] 2.0
Applied C-rate - 1C

fracture is thereby expressed as
Wezm (An, Ar) = min(egn, ¢r)

+[rn (1 _ i':) (';l + ?) +(hn — @)]

B n
rf(1—'§:'> (gﬂ@:') oo |. G)

where ¢, and ¢; are the normal and tangential fracture ener-
gies, and where &, and §; further represent the final crack open-
ing widths in the normal and tangential direction, respectively.
The symbol ( - ) denotes the Macaulay bracket, namely (x) =0
if x < 0, and (x) =x if x > 0. Whereby, the damage variable is
expressed as d = (Mg — Ac)/(Bepf — Ac). Agpp = /A2 + A? and
Seff =+/02 + 82 are the effective separation and crack opening
width for the mixed case, and A, denotes the critical separation
for damage initiation.

For the grain interior, we employ a mechanically coupled dif-
fusion model used in our previous publications [14-17]. The me-
chanical equilibrium and the ion diffusion equation are

ac

V.o=0, §=V'(MVM), (4)
where ¢ is the Cauchy stress tensor, M = Dc(1 — c) describes the
concentration-dependent mobility with D being the diffusion co-
efficient. In a thermodynamic consistent formulation, the chemical
potential and the stress can be obtained from the corresponding
variational derivatives of the system free energy, i.e., u =8y /dc,
o =6y /8E, with E being the Green-Lagrange strain tensor. Ac-
cordingly, the free energy ¥ = ¢+ ¥¢ with the bulk free energy
and the elastic energy have the following form:

Ye=clnc+ (1 -c)In(1 -c)+ xc(1-oc), (5)
K(detF _\° G,
Y€ = detF* 2<deth—1) +5(11—3) . (6)

Here, x is a parameter for non-ideal solution, K and G respectively
denote the bulk and shear moduli. I; is the first invariant of the
right Cauchy-Green deformation tensor. detF and detF¢ are the Ja-
cobian determinants of the deformation gradient tensor F and its
chemical part, respectively. Note that the structural transition is
neglected.

The finite element software MOOSE [18,19] is applied to imple-
ment the outlined model. The Discontinuous Galerkin method is
applied for the discontinuity of displacement and concentration at
GBs. Aggregates with radius R = 5um comprising 89, 174 and 413
grains are considered separately, to achieve representative state-
ments. The 1C-rate discharge process is applied for all the aggre-
gates. The material properties of NMC are taken from Refs. [6,7,20-
23] and listed in Table 1.

We first demonstrate the impact of the across-GB transport be-
tween grains on the fracture pattern of the aggregates by com-
paring the results with and without the across-GB transport, as
illustrated in Fig. 2. Thereby the anisotropy of the grains is ig-
nored, its influence is demonstrated in later examples. Fig. 3 com-
pares the concentration and damage fields within the considered
aggregates. It can be seen that for all the grain sizes, the across-
GB transport results in stronger concentration inhomogeneities, to-
gether with noticeable concentration hot spots and higher degrees
of interface damage, which is confirmed by the elemental mapping
in Fig. 3c resulting from experiments. Furthermore, we can recog-
nize pronounced concentration jumps towards inner grains. These
result in a larger volume expansion of the outer grains and hence
in a strong strain mismatch along GBs between neighboring grains.
Once cracks open up wide enough, the flux between neighboring
grains is cut off and the lithium cannot diffuse towards the center
of the aggregate. Instead, the lithium will accumulate in the outer
grain layer, which can further accelerate the damage of NMC par-
ticles. Several small grains are even “squeezed” out from their en-
vironment. Moreover, for the case with smaller grain size (higher
number of grains), the aggregates experience stronger surface de-
lamination, which can be observed from the SEM image of NMC
particles shown in Fig. 3d. We attribute this effect to the shorter
interaction distance of the stresses between neighboring grains. In
the cases without the across-GB transport, on the other hand, the
concentration field varies much smoother along the aggregate’s ra-
dius. The strain mismatch is hence comparatively small and cracks
mainly form in the core of the aggregate, similar to the results
shown in the mentioned literature. Subsequently, several small
cracks will grow away from the main crack. The surface delami-
nation is thereby suppressed due to the absence of surface layer
blocking effects. On the other hand, experiments also confirm that
by adding a glue-nanofiller between the grains [24] or performing
nanoscale surface treatment of grains with a mixed ethanol solu-
tion [25], the interfacial bonding can be enhanced and the cracks
can be suppressed. Thereby, both the GBs with stronger mechan-
ical strength (namely a higher fracture energy) and the GBs with
better ion conductivity (resulting in a stronger across-GB transport
with fewer concentration jumps) are suggested to alleviate cracks
and improve the chemo-mechanical performance of the particle.

We now analyze the influence of the anisotropy of elastic-
ity and chemical strain on the crack patterns of NMC parti-
cles, and thereby the GB model with across-GB transport is re-
garded. The elastic strain energy is treated as ¢ = %E :C:E,
where E denotes the Green-Lagrange strain tensor and where C
represents the anisotropic elasticity tensor [26]. Following [27],
we employ a stiffness of the in-plane axis that is two times
larger than that of the out-of-plane axis. Thus the Young's
modulus of different axes is considered as Exx = Eyy = 2E;; =
140GPa locally. In addition, the anisotropic eigenstrain is intro-
duced as c2/31 for the anisotropic volume expansion, where I =
[—0.02 -0.02 001 0 O O] is an anisotropic tensor in
Voigt notation. Aggregation of randomly oriented grains thus re-
sults in macroscopically isotropic properties, whereas the proper-
ties of individual grains remain locally anisotropic.

If the aggregate is modeled as a uniform continuum and the
across-GB transport is ignored, a domain wall migrates through the
aggregate in the radial direction, separating the exterior regions of
high concentration from those with a low concentration in the in-
terior. The strain mismatch is concentrated along the concentra-
tion gradient, as are the first principal stresses (o sy ). During initial
states of discharge, a tensile stress state is established in the aggre-
gate center, which is relaxed by the formation and the subsequent
(low) growth of cracks. The introduction of anisotropy changes the
behavior insofar as that the grains now try to expand along their
randomly oriented lattice directions. The regular distribution of
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Fig. 3. Comparison of the concentration distribution and the resulting crack patterns between the cases with (a) and without (b) across-GB transport. Concentration hot
spots and surface layer delamination are visible in the cases with this interaction, which are confirmed by (c) reprint of the elemental mapping from ex situ transmission
X-ray microscopy (Reproduced with permission from Gent et al. [8]. Copyright 2016 by Wiley Online Library), (d) reprint of cracks in NMC particle after the first cycle of
charge/discharge using SEM imaging (Reproduced with permission from Sun et al. [4]. Copyright 2016 by Elsevier).

osp1 along phase interfaces is now replaced by a scattered distri-
bution, and the stresses show a much wider range compared to
the isotropic case. In particular, the outermost grains show a “lo-
cal” core-shell distribution of stresses, with compressive stresses
in the outer layers and strong tensile stresses towards the center
of the aggregate. This induces a strong strain mismatch along the
GBs. The cracks formed at the aggregate center are thus “pulled”
away from the interior of the grain agglomerate. Along the main
crack branches, the stress relaxation results in a redistribution of
ions due to stress-assisted diffusion effects [28].

However, the behavior changes once the across-GB transport is
included, although the scattered distribution of oy is sustained.
During the initial stages of discharge, cracks nucleate in the aggre-
gate center and are pulled outward by the strain mismatch in its
outer layers. The crack growth thereby proceeds faster than the dif-
fusion process. Consequently, the ion transport towards the aggre-
gate center is cut off, resulting in the aforementioned surface layer
blocking effect. The strong strain mismatch between the outermost
grains and their neighbors towards the aggregate center thereby
attracts the cracks to radiate outwards. Concurrently, some of the
outermost grains de-laminate from the agglomerate. The introduc-
tion of the piecewise anisotropic elastic behavior appears to reduce
the severity of this damaging process. The anisotropic chemical
expansion of neighbor grains appears to accommodate the strain
mismatch between neighbor grains. The distribution of oy is now
shifted towards a more concentric arrangement, and the magni-

tude of stresses is slightly reduced. As a result, the amount of dam-
age in the grain aggregate is slightly reduced, as shown in Fig. 4.
To further understand and summarize the difference, we de-
termined the damage fraction as shown in Fig. 4c. The damage
fraction is defined ;alsA]—F Jrd dA, where I" denotes the GB surface

area. It is clear that the across-GB transport enhances significantly
the damage for both cases with and without anisotropy. Neverthe-
less, the anisotropy plays a different role depending on the fact
whether the across-GB transport is regarded or not. If this inter-
action is ignored, the anisotropy obviously promotes the damage
development, as it is shown by the comparison between the solid
red line and dashed red line. This is in contrast to the results if the
across-GB transport is considered, as shown by the comparison of
the black solid and dashed lines. More particularly, the anisotropy
retards the damage development slightly. This is likely due to the
random/scattered nature of the anisotropy mismatch, which par-
tially relaxes the mismatch strain induced by the hot spots.

A chemo-mechanical damage model has been developed to
study the fracture of cathode materials with polycrystalline struc-
ture. It includes the across-GB transport and the cohesive traction-
separation law along GBs. Simulation results of NMC polycrystals
indicate that if the diffusion of the aggregate is modeled as a sin-
gle homogeneous particle, the diffusion-induced damage is com-
parable to that induced by the anisotropy mismatch. However,
this significantly underestimates the damage since the model can-
not reproduce the enhanced chemical inhomogeneity and thus the
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Fig. 4. Influence of the anisotropy on the distribution of the concentration, damage state, and the maximum principal stress osp; (MPa) in aggregates with (a) and without
(b) across-GB transport, (c¢) the accumulated damage within an aggregate (with 174 grains) for the cases with/without anisotropy or across-GB transport.

surface layer delamination. For this purpose, one should consider
the across-GB transport and its dependency on the interface dam-
age. Interestingly, the anisotropy of the elasticity and chemical
strain tends to retard the damage induced by this transport.
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