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Models are presented for the evolution of transport and mechanical properties of

nickel-metal hydride (NiMH) battery substrates. In the first paper in this series (Wang

S. B. Choi

et al., 1999), conductive losses and enhancement of mechanical properties in these

materials were quantified experimentally. These were qualitatively shown to be
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related to observed morphological changes in the substrate materials. Here, an
evolution hypothesis for changes in these structures is presented, along with a
simplified approximation of the real material microstructure (porous fiberfpowder
nickel network) with a tractable simulation geometry (porous fiber networks). Trans-

port and mechanics models are then compared with experimental results, with
stochastically-arranged fibers approximated as conductive beams connected by elas-
tic torsion springs. Both quantitative and qualitative agreement are found with the
models. Limitations of the approaches proposed are also discussed, along with the
consequences of the simplifications of geometry for analysis.

I Introduction

Reduction of mass of substrate materials for us in NiMH cells
offers great promise in producing higher energy densities in com-
mercial cells, paving the way for more marketable electric vehicles
and improved consumer electronics goods. The composition of
these cells has been discussed in some detail in the first paper in
this series, and in previous work by the authors (Sastry et al.,
1998b; Wang et al., 1999a); briefly, porous substrates form a
containment area and conductive grid for active material on the
positive plate. Since these materials comprise a significant portion
of the total cell weight, reduction of their overall mass is desirable,
provided conductivity can be maintained in the céll over a long
cycle life. Previous and ongoing analytical and numerical work has
focused on development of models suitable to predict such behav-
ior given detailed information about microstructure (on transport,
Cheng et al., 1999a, b; on mechanics, Sastry et al., 1998a and
Wang and Sastry, 1999).

Here. these models are refined for application to the observed
evolving morphology of NiMH substrates during electrochem-
ical cycling. A brief overview of previous work in modeling
fibrous networks follows, with additional comments on the
specific microstructures observed in NiMH batteries, and their
evolution.

Previous Work: Percolation, Transport and Mechanics.
There is a large body of literature in the percolation of low-
density media, beginning Broadbent with Hammersley (1957)
and later continued by, among others, Kirkpatrick (1973) and
McLachlan (1988). In such problems, the critical parameter is
the volume fraction of material (for a given microstructure)
required to produce at least a single connecting path from one
boundary to another, where the characteristic length of the
problem domain scales with some characteristic length of the
material microstructure. Fibrous materials have been specifi-
cally investigated by a number of workers, e.g., Pike and Seager

Contributed by the Materials Division for publication in the JOURNAL OF ENGINEER-
ING MATERIALS AND TECHNOLOGY. Manuscript received by the Materials Division
February 17. 1999; revised manuscript received June 25, 1999. Guest Editors:
Assimina A. Pelegri, Ann M. Sastry, and Robert Wetherhold.

514 / Vol. 121, OCTOBER 1999

Copyright © 1999 by ASME

(1973, 1974), Balberg et al. (1983). At the critical volume
fraction, transport properties, including electrical conduction,
rise dramatically. Previous efforts, elucidated some specific
results for percolation of select geometries. Here, however, we
attempt to provide quantitative linkage between material prop-
erties, variability, and microstructure.

The mechanics of fibrous materials (notably, by Cox, 1952;
Hearle and Stevenson, 1964; and Lu et al., 1995, 1996a, 1996b)
have also been studied, along with determination of the bounds on
properties of such materials (e.g., Ostoja-Starzewski et al., 1989,
1990; Alzebdah et al., 1993; Borcea et al., 1997). Previous workers
similarly have provided excellent frameworks for beginning anal-
ysis of such materials, but without the specificity needed in the
current case. Particularly, work on development of bounds in
material behavior has lacked ability to incorporate observed de-
formation mechanisms in realistic stochastic fibrous materials, and
determine sufficiently narrow ranges of properties to be techno-
logically useful in design of battery materials.

Motivation: Design of Substrate Materials, and Medeling
Requirements. Design of superior electrode materials requires
low-cost processing, low density construction, and high surface
area/volume for the electrochemical reaction. Though random fiber
architectures can fulfill these criteria, several questions have per-
sisted concerning their design, e.g., what are the effects of staple
length. aspect ratio and orientation in the fibers? To answer these
questions, models must allow examination of the effects of details
of microstructure. This need has motivated studies by the current
authors. wherein generalized transport problems were compared to
results of stochastic networks (Cheng et al., 1999a). These, in turn,
were compared with full-field finite element solutions, wherein
development of singularities in solution was also investigated
(Cheng et al.. 1999b).

In these previous studies, fiber staple length, orientation and
aspect ratio at a full range of volume fractions were used to predict
material conductivity. The present authors have also investigated
the mechanics of stochastically-arranged fibers, using both rigidly-
connected beam elements (Sastry et al., 1998b), and elastic re-
sponse and failure of networks comprised of beam elements joined
by elastic (torsion) springs (Wang and Sastry, 1999). This series of
studies has addressed generalized problems of conduction, defor-
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mation and failure, for a wider range of material types. Here, these
models are used in conjunction with detailed studies of material
response, and with experimentally verified models for material
evolution. Such coupled experimental/theoretical analysis is criti-
cal in these low-density materials, since model predictions are
dramatically affected by scale. Thus, specific information about
microstructure has been used to generate numerical models for
study, and scale effects have been investigated separately for the
transport and mechanics problems.

II Development of Models and Simulations

Importantly, material microstructure is investigated in the ge-
ometry to which it is constrained in the cell (“compressed” con-
dition), but also in the condition to which it evolves after electro-
chemical cycling (“post-cycled” condition). This allows
comparisons of model predictions to experimental resuits for at
least two states, for each material type.

Evolution Hypothesis. These comparisons require both gen-
eral microstructural models for the different states of the material,
along with an implicit hypothesis for the evolution of the material
microstructure during cycling. Substrate materials in the as-
received condition (described in detail in Wang et al., 1999) are of
somewhat different morphology than model materials studied in
generalized percolation problems. In typical percolation problems,
conductive particles are assumed to be present in the problem
domain by being fixed in a less- or non-conductive “matrix.” Thus,
particles are not necessarily connected to a structure with at least
one single, domain-spanning, continuous path.

The materials investigated here, by contrast, are comprised
only of conductive particles and fibers. Materials 1, 2, and 3 had
volume fractions of 18%, 7%, and 5% conductive nickel, re-
spectively, and were each comprised of a 50/50 blend of par-
ticles and fibers. In such materials, particles and fibers neces-
sarily form an interconnecting network, and so we generally
consider the materials under investigation to have around, or
greater than, percolation volume fractions (which can be veri-
fied, provided testing is carried out on sufficiently large do-
mains). The modeling here required some simplification in
order to avoid full-field finite element calculations, since the
aim was to perform enough simulations to generate realistic
variances in properties. As described earlier (Cheng et al.,
1999a), the fiber/particulate materials studied were modeled
simply as fibrous networks, admittedly introducing some error
in estimation of percolated material, but greatly simplifying
geometry for simulations. Thus, all of the conductive mass was
assumed to be part of fibers with the same geometry as the fibers
in the material. This approach was motivated by 1) the geom-
etry of the particles, which were of similar diameter to the
fibers, and 2) the difficulty of describing the fiber-particle
contact microstructure accurately in 2D (where particles placed
in the unit cell would necessarily “overlap” fibers, thus neces-
sitating 2D, versus 1D, representation of the fibers) and the
attendant concern of continuous correction for volume fraction,
since a 2D simulation “slice” of the material would not contain
perfectly bisected particles.

Upon cycling, materials were seen to have altered morphol-
ogy due to corrosion and electrodeposition in the positive plate.
In this process, the small spherical particles were observed to be
re-deposited onto the main fiber networks, resulting in less-
distinct branches of particles within the fiber networks, and
effectively thicker fibers. Additionally, experimental results
showed increases in both stiffness and strength upon cycling of
fibrous substrates for cells are in the compressed condition. A
concurrent increase in resistivity in these materials was also
observed. Thus, the following simplified assumptions/
approaches were precluded:

(1) Attribution of conductive losses in substrates to break-
down in connectivity of materials during cycling. Loss
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of connectivity (i.e., the sequential failure of bonds and
fiber segments due to swelling of networks) would ex-
plain losses in conduction (i.e. increase in resistivity)
but would also result in loss of stiffness and strength ’

(2) Modeling substrate morphology change with only an in-
crease in constituent fiber aspect ratio, due to corrosion/
electrodeposition during cycling. Previous work (Sastry et
al., 1998b) showed that use of higher aspect ratio fibers
results generally in improved mechanical properties. This
would entail modeling the uncycled materials and cycled
materials respectively, as higher-aspect ratio (with all con-
ductive mass distributed in fibers of the same geometry as
the fibers in the material) and lower-aspect ratio (with
aspect ratio of the constituent fibers halved, to represent
the deposition of all particle mass onto the fiber network)
networks. While this evolution results in reduced resistiv-
ity, assuming that point contacts provide similar electron
transfer (conductive transfer), it similarly would result in
losses in stiffness and strength.

Thus, results pointed to use of a model for the fiber-fiber bonds
with the observed evolution from higher to lower aspect ratio
fibers. While overall resistivity was not assumed to be affected
strongly by bond “integrity” (i.e., the torsional stiffness or strength
of a fiber-fiber bond, dependent upon the amount of material at the
bond), mechanical properties of the networks strongly depended
on the nature of the bond. Previously (Sastry et al., 1998b), results
for a range of microstructures were generated for the mechanical
properties of such networks, assuming that bonds were rigid. Here,
a torsional spring constant is assigned to each fiber-fiber bond;
fibers are thus modeled as Euler beams joined by torsion springs.
The torsional stiffness of each intersection is adjusted to produce
experimentally-obtained moduli in each case. Thus, the deposition
of nickel onto the main network is assumed to strengthen fiber-
fiber bonds, so that bonds become “stiffer” in the post-cycled
condition. The points of contact thus are assumed to become more
rigid as material is deposited on the fibers during cycling, which
both follows from the observed microstructures, and from the
observed material behavior.

Transport Modeling. Following the approach taken in previ-
ous studies by the authors, stochastic networks were constructed in
four steps, resulting in periodic arrays of stochastically-arranged
1D fibers, producing point-bonded structures as shown in Figs. 1.
Resistivity of these networks is then calculated directly, assuming
that all fibers segments have identical resistivity, so that each has
resistance

. I,
Ri=pf—=

L, |
A, Ak ()

where

A,;. . .cross-sectional area of ith fiber segmens
L,. . .length of ith fiber segment

pr- . -Tesistivity of ith fiber segment

ky. . .fiber material conductivity

This results in conversion of the stochastic arrays to analytically
tractable series/parallel resistor networks (Figs. 1(a-€)).

Mechanics and Damage Modeling. The mechanics analysis
follows from previous work where simulations on a range of
materials were conducted for the case of Euler beams connected by
rigid bonds; this work was recently expanded to include the effects
described earlier, wherein the bonds are viewed as torsion spring
joints between fiber segments (Wang and Sastry, 1999), by addi-
tion of two springs elements onto each Euler beam element. A
model single beam with endpoints 1 and 2, can be described as
being subjected to axial loads (tension-positive, denoted F, and
F,), shear loads (upward-positive, denoted S, and S,), torsion
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Fig. 1 Transport model for the porous fibrous network, where the orig-
inal network generated numerically (a) is then converted to a periodic
network (b). Extraneous “ends” are removed (c). A direction for current
is then chosen (here, horizontal), which allows further reduction of the
network (d), whereupon an equivaient resistor network can be generated
for the array (e).
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ments (ccw-positive, denoted Q, and Q). The potential energy of  Thus, the governing equations for this problem can be written as

this single beam, I, can be written
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for an Euler beam, as
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® free end
A end connected to networks

Fig.2 Mechanics model for a torsion-spring bonded fibrous network, where beams (a) are used
to model the segments, and fiber bonds are modeled as torsion springs. The torsion springs are
assumed to have the same spring constant for two (b), three (c) or four (d) connected fibers at
a single bond. Bonds (containing either two, three or four segments) are produced by “reduc-
tions” of the types as shown above each schematic.

du
EA F._- 0
d*v
El;i?= 0

with boundary conditions given by

du
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(1(2) - ) sta-o

C))

&)

where angles al, a2 are the angles formed by connection of the
beam to other beams in the network.

Because of the technique for assembly of networks, via location
of bonds at intersections of staple fibers, bonds generated fall into
one of three categories, as shown in Figs. 2(a—) (following from
Fig. 1(c)). If two staple fibers intersect, but only two of the four
ends remain after removal of free ends, situations such as Fig. 2(a)
arise. Situations as in Figs. 2(b) and 2(c) arise from removal of a
single free end, and removal of no free ends (i.e. all four “seg-
ments” are connected to the network after reduction), respectively.
These situations are the only realistic outcomes, since fibers are
modeled as 1D objects in calculation of intersections. More com-
plicated intersections are possible when fibers are modeled as 2D
objects.

This technique provides a simple means of extending previous
work via addition of two energy terms for each beam element,
however, it does contain the inherent difficulty of frequently treat-
ing continuous fibers as jointed segments, with considerably lower
stiffness. This occurs in cases such as Figs. 2(b) and (c), where
fibers spanning more than two joints are segmented. The effects of
this assumption are described in detail in Wang and Sastry (1999).

The torsion springs at each joint are taken to be equal, i..
separate springs were assigned to each connection, as in Figs.
2(a—c) with k, = k, = ... = k. The springs are not considered
in the failure analysis; rather, the failure criteria were restricted to

()

Fig.3 Damage progression in the fibrous network. Two possible approaches are shown. The
microstructure in (a), comprised of 6 fiber segments and 5 nodes (labeled) is deformed until a
local failure initiates (arrow). The less conservative failure progression assumption (b) re-
moves only fiber segment 2, since stress is maximized theoretically at its end at point b. The
more conservative assumption is that the entire node b fails (c).
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analysis of the beams’ ends, where stress was maximum. Two
possible extreme cases could be considered in failure progression,
as shown schematically in Figs. 3(a—). In the first case, the
maximum stress (located in the example at node b in beam 2)
would cause failure only of segment 2. The more conservative
approach was to consider the entire joint (and thus all connected
beams) as failed for a segment failure. Investigation of the effects
of these assumptions is described in other work, for rigid connec-
tions and for the case here (Wang and Sastry, 1999). The main

difference is in the post-peak behavior for the two methods, with-

the assumption of sequential beam failure (Fig. 3(b)) resulting in
more post-peak behavior than the sequential node failure (Fig.
3(c)). Moduli and strengths are similar for each approach. Figures
4(a—c) demonstrate the result of the beam failure approach for an
actual network, with the final stress-strain curve shown in Fig.
4(d).
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Fig. 4 Damage evolution In network simulations (actual case is shown,
with original fibers’ aspect ratio, L/d = 100, and original volume fraction
of 6.28%). Uniaxial tension is applied to (a) the original network, where-
upon the segment with the maximum load is failed, producing (b) the
reduced network, after a single break. The simulation is continued, with
further reducti in the k, producing (¢) another reduction, until
final failure (i.e. loss of the network) occurs. The resulting stress-strain
curve for the simulation is shown in (d), where letters mark the stages
corresponding to previous conditions.

0.000002

III Comparison of Models and Simulations

Simulations were run to compare the model compressed condi-
tion (identical to the as-received material except that the material
was compressed to the same thickness as in the cell) and the model
post-cycled condition (after which the material has undergone the
morphological changes described earlier). Additionally, simula-
tions were run in the transport simulations to assess scale effects.
In the mechanics simulations, the simulation domains were ap-
proximately of the same order as the physical experiments.

Variation in staple length was also investigated in transport
simulations. Material specifications included a range of staple
lengths, so in the transport simulations, cases for each extreme
were run and averaged. In the mechanics simulations, staple length
was found to play an extremely strong role, especially in cases
where the staple length was longer than the simulation domain
length. This is discussed in greater detail in the following scctions.

Table 1 Parameters used in transport simulations

material | voumefracton [ material condifion | - fiber diameter staple length | simulation field size
(%) (um) (em) {cm)x(cm)
254x 2.00
. 0.6 254x12.70
18% as recelved 30
254x 2.00
135
material 1 284x1270
compressed 30 10; 254x 254
20.1% 2
0.6
-cycled 2 .
post-cyc 60 T35 254x 254
254x 200
06 2.54x12.70
7.0% as 20 2.54x22.86
254x 200
. 1.35 2.54x 12.70
material 2 2.54x 22.86
compressed 30 10355 254x 254
14.2% =
post-cycled 60 10':;_’ 254x 254
— 254% 200
12 254 x 12.70
) 2.54x22.86
5.0% as received 20 S54x 200 |
) 2 254%12.70
material 3 2.54x 22.86
compressed 20 1: 254x 254
10.1%
post-cyclad 40 ',f 254x 2.54
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Fig. 5 Simulations versus experimental data. Resistivities of com-
materials versus upper bound predictions and simulation re-
sults, for each material type (10%, 14%, and 29% volume fractions).
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Fig. 6 Simulations versus experimental data. Resistivities of post-
cycled materials versus upper bound predictions and simulation resuits,
for each material type (10%, 14%, and 29% volume fractions).

Transport. A summary of the types of simulations performed
is contained in Table 1. Volume fractions, fiber diameter, and
range of staple lengths in each case were taken directly from
manufacturer specifications (reported in Wang et al., 1999). Three
“window sizes” were run for the as-received condition in all cases,
to investigate scale effects in the transport simulations; in all cases,
there was negligible effect in the range studied, so data reported
represent averaged simulation results. Since detailed information
about the distribution of staple lengths was not known, simulations
in transport were run at each extreme of reported values, and
similarly averaged, since staple length was not found to greatly
affect results in transport.

Figures 5 and 6 show comparisons between simulation predic-

tions including the upper bound (parailel model), on each plot, for
reference; note that the lower bound, or series model, would
produce zero conductivity in each case. Measurements were taken
as described in Wang et al. (1999) for each condition, compressed
(Fig. 5) and post-cycled (Fig. 6), respectively. Variances were
higher for the experimental data in all cases than for the simula-
tions.

In all cases, good agreement was obtained between simulations
and experiments, with the low-density simulations providing the
best agreement with experimental data. Particularly, the rigorous
bounds provided extremely wide predictions in the resistivity of
the materials, in addition to their inability to model differences
between the resistivity of the morphologically altered materials
(post-cycled versus compressed).

Mechanics/Damage. A summary of the types of simulations
performed is provided in Table 2. These simulations were semi-
empirical, in that torsion spring constants for each entire network
were fitted to experimental data. This was done in order to allow
some assessment of whether the effect of bond stiffness and
strength played a role which could be reasonably supported by
simulation. Simulations were performed for the same two material
conditions, compressed and post-cycled. Simulation sizes were
somewhat smaller than experimental test dimensions. Because
mechanics simulations (unlike transport simulations) exhibited a
very strong scale effect, the simulations were run using the shortest
possible staple length in each case, so that the staple length/
simulation window size was as small as possible. This is described
in more detail later.

Figures 7(a—f) show comparisons of representative experimen-
tal curves with simulation curves (following the procedure out-
lined and described in Figs. 4(a—d)), for each material, in the
compressed and post-cycled conditions. The failure stress was
taken to be the fiber strength (543 MPa) in all cases, with fiber
modulus taken as 210 GPa, for nickel substrate materials. The
compressed cases showed higher compliance and lower strength
for both experiments and simulation, and more brittle behavior
than the post-cycled material.

Overall comparisons for the three material types are shown in
Figs. 8-9 for moduli and Figs. 10-11 for the peak stresses,
respectively, for all materials in the compressed and post-cycled
conditions. The fitted torsion constants are shown Table 2. Torsion
spring constants are normalized to (EI/l,), where E is the fiber
(nickel) modulus, 7 is the moment of inertia calculated for a
cylindrical segment with diameter as shown, and /, is the average
segment length reported for each type of simulation [note that the
average segment length was calculated for all networks in a
category and used in reporting /,]. Variances in experimental data,
unlike those in measurement of resistivity, were lower than sim-
ulation variances in each case. Also, in most cases using the
uniformly distributed staple length networks showed higher over-
all variances in mechanical properties.

Simulation results for peak stresses, despite the linearity of the
model, were in reasonable agreement with the experimental data;
in all cases, trends in simulations matched experimental trends.

Table 2 Parameters used in mechanics simulations

material volume fraction material fiber field sizef stapie lengthjaverage segment length torsion spring
(%) (um) (cm)x(cm) (em) (em) (‘"‘""&“‘“ “"';
compressed 30 0.75x0.75 0.6 0.012 6.32e-05
material 1 29.10%
post- cycled 60 0.75x0.75 0.6 0.023 8.58¢-03
compressed 30 1.00x1.00 0.6 0.025 4.218-03
matenal 2 14.20%
post-cycled 60 1.00x1.00 0.6 0.046 6.45e-01
compressed 20 1.80x1.80 1.2 0.024 ) 2.24¢-04
material 3 10.10%
post-cycled 40 1.80x1.80 1.2 0.046 1.13e-02

Fiber strength: 542.5MPa; Young’s modulus: 210GPa
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IV Discussion
The network generation technique, in conjunction with the mi-
cromechanical models presented here, offer some insight into
design and evolution morphology of substrate materials. Corrosion
and electrodeposition, which cause changes in substrate architec-
ture (Wang et al.,, 1999) can be reasonably represented by the
methods shown.
Clearly. the classic rigorous bounds on behavior of fibrous
media do not provide sufficiently narrow predictions of properties
to allow design of substrates. Indeed, the stochastically-arranged
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Fig. 7(c) Fig. 7 Simulation stress-strain curves versus experimental curves for
representative specimens, in two conditions, each material: compressed

to cycling thickness, and post-cycled (40 constant current, 150% over-
charge cycles) for (a)(b) material #1; (c)~(d) material #2; and (e)~(f)
material #3. In each case, simulation curves are shown for the higher and
lower staple lengths reported by the manufacturer. Higher and lower
staple lengths for each material are shown in Tables 1 and 2.

networks often fail to “percolate” for the technologically important
case of very low volume fraction. Particularly in this regime,
variance in both mechanical and transport properties is large, and
the average is well below the upper bound. All of these charac-

teristics are comectly captured by the models presented here.
However, some mechanics simulations exhibited local areas of
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Fig. 8 Simulations versus experimental data, for initial moduli for all

materials in the compressed to cycling thickness condition. Torsion
spring constants in each case are shown in Table 2.

very large rotations around spring-joined fibers (up to 75 deg).
This was observed frequently in areas of very short beams, which
occur with greater connectivity (i.e., greater fiber density). Numer-
ical instabilities also arise more commonly in high density, small
window-size simulations, and sometimes produce very large local
displacements in short beams. This is a subject of ongoing work,
to assess the effects of local plasticity on network behavior.

Implications for Design of Substrates. Substrate evolution
during cycling must be accounted for in design of materials.
Though ideally, compression of cells could eventually be elimi-
nated with improved materials design, it is a commonly-performed
step in assuring good transport over cycle life. Thus, material
compression must be taken into account in design for conductivity.
Also, the consumption and redeposition of particle mass in the cell
causes very significant changes in the networks modeled. Doubling
of aspect ratios of fibers has important consequences for transport
properties—indeed, these morphological changes alone can ex-
plain much of the reduction in conductivity measured experimen-
tally. In essence, one must design for minimum conductivity in the
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Fig. 9 Simulations versus experimental data, for initial moduli for all

materials in the post-cycled (40 constant current, 150% overcharge cy-

cles) condition. Torsion spring constants in each case are shown in
Table 2.
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Fig. 10 Simulations versus experimental data, for peak stresses for all
materials in the compressed to cycling thickness condition. Torsion
spring constants in each case are reported in Table 2.

post-cycled condition if substrates comprised of mixtures of fibers
and particles are to be used. Further corrosion of the substrates is
possible in more aggressive cycling conditions and higher cycle
experiments. The best strategy in modeling, however, is probably
to separate electrodeposition modeling from the network behavior,
thus carrying out design in two steps: first, assessing the likely
changes in architecture during cycling, and second, modeling the
conductivity of the final microstructure to determine minimum
requirements on mass of conductor. Simulations here show that the
second step can be performed with excellent accuracy guided by
experiments.

The mechanical properties and models reported serve as “proof
tests” of material evolution; they also address the matter of swell-
ing indirectly. The 2D simulations showed that bond stiffness
would have to be quite low in order to explain the observed
behavior (note the very small values of k obtained in Table 2), in
the absence of plasticity in the model. Experimental evidence
suggests very little overall permanent deformation of materials
after cycling, motivating the elastic models, but displacements and
rotations can be locally high in stochastic systems; these effects are
studied in greater detail elsewhere (Wang and Sastry, 1999). The
3D problem of determination of material resistance to failure in
transverse planes (i.e., loss of conductivity of the positive plate due
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post-cycled post-cycled  post-cycled
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Fig. 11 Simulations versus experimental data, for peak stresses for all
materials in the post-cycled (40 constant current, 150% overcharge cy-
cles) condition. Torsion spring constants in each case are reported in
Table 2.
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to transverse failures, an issue for uncompressed cells), must
incorporate observations and simulations of the bond behavior in
the plane. It is probably reasonable to assume that bonds behave
much the same way, regardless of location, but the long beam
sections which span the thickness of the materials would inher-
ently offer much different balances of loads borne in bending,
torsion and tension than the shorter beams (note average segment
lengths in the 2D sections are small in all cases, Table 2) in the
plane of the networks studied, necessitating fully 3D simulations
for those materials.

In both 2D and 3D, scale effects in heterogeneous microstruc-
tures are critically important. The simulations performed here,
however, were at similar scale to the samples studied, offering
immediate design insight. Clearly, one would prefer to select the
smallest “window size” of simulation possible, relative to charac-
teristic size of microstructure. In transport, because of the
connectivity/conduction model adopted, scale effects were quite
small (see also Cheng et al., 1999a, b). In essence, contact resis-
tance was ignored as a mechanism (a method validated by here by
experiments).

Mechanics Scale and Geometry Effects. In mechanics, by
contrast, scale effects were seen to be very important, necessitating
simulations at shorter staple lengths. Simulations performed at
shorter staple lengths in all cases resulted in higher torsion con-
stants, by as much as nine orders of magnitude. In general, simu-
lations run at long staple lengths, at the scales listed, showed very
poor correlation and unrealistic local deformations.

The difference between the compressed and post-cycled net-
work change (amounting to a halving of staple fiber aspect ratio)
was significant, but the scale effect dominated. In essence, it was
found that for long staple lengths, experimental results were con-
sistent with negligibly small bond stiffnesses. This clearly is not
physically realistic, given that the average segment lengths in the
short, long and uniformly-distributed staple length cases were
approximately equivalent in all cases. Rather, this is a stochastic
effect: staple lengths in the neighborhood of the size of the sim-
ulation window produced several domain spanning fibers in each
case. These spanning fibers, with the tensile stiffness of nickel
rather than a much lower effective stiffness resulting from bending
and torsion of a series of connected beams, produced these results.
This issue is addressed in other ongoing work in greater detail
(Wang and Sastry, 1999).

Materials studied were of different volume fraction and material
geometry (with material 3, 5% volume fraction as-received, having
longer staple lengths than the other two materials). Thus, two
interrelated effects were examined through the mechanics simula-
tions:

(1) the effect of aspect ratio on mechanical properties (i.e.,
post-cycled behavior versus compressed), and

(2) the effect of volume fraction in all cases (three cases were
studied).

The effects are discussed in order, with sample networks shown for
purpose of illustration in Figs. 12-14.

In the first comparison, we are motivated by a need to develop
technologically relevant information about the effect of cycling on
substrate properties, in order to design materials which will main-
tain good conductivity over long cycle lives. Gradual redeposition
of nickel in these materials reduces aspect ratio of the constituent
fibers. Simulation and experimental results are entirely consistent
with the original hypothesis of this work, that this morphological
change explains much of the increase in resistivity during cycling.
The attendant increase in both stiffness and strength cannot be
explained only by this change in aspect ratio, however, since this
distribution of mass in lower-aspect ratio materials results in fewer
overall fibers, reduced connectivity, and attendant reduction in
stiffness (in the case of rigid bonds). If the bonds are modeled as
described, a result consistent with evolution of morphology is
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found; namely, that simultaneous material redeposition on the
bonds causes stiffening of the materials’ bonds.

In the second question, of the effect of volume fraction, only
two materials were actually comparable due to the longer staple
lengths used in material three (and the generally high dependence
of staple length in all cases). As expected, the higher volume
fraction material (material 1, as-received volume fraction 18%;
compressed and post-cycled, 29.1%) exhibited greater overall
stiffness and strength than and lower resistivity, than the lower
volume fraction material (material 2, as-received volume fraction
7%; compressed and post-cycled, 14.2%). While providing supe-
rior mechanical properties and conductivities, higher volume frac-
tion materials come at severe weight penalty, thus restricting
energy densities—as mentioned in earlier papers, the substrate
material can comprise approximately 35% of cell mass in NiMH
batteries. Only moderate gains were shown between the 5% and
7% volume fraction materials studied, and therefore the better
strategy is probably to increase the fiber staple lengths in networks
rather than focusing on moderate increases in conductive mass, or
conductivity of other cell materials (see Cheng et al., 1999a, b for
more discussion on this point).

V Conclusions and Future Work

Comparisons of micromechanical models and experimental data
have produced good agreement for the materials studied. Results
point to use of higher aspect ratio fibers for use in substrates, with
modeling also necessary to account for structural changes during
cycling.

Several numerical issues regarding simulations of deformation
in simple beams of widely varying length distribution arose in this
work, and are the subject of ongoing study (Wang and Sastry,
1999). Some simulations exhibited local areas of very large rota-
tions around spring-joined fibers. This was observed frequently in
areas of very short beams, which occur with greater connectivity
(i.e. greater fiber density), but did not result in large axial strains
in beam elements. Numerical instabilities arose more commonly in
high density, small window-size simulations, sometime producing
very large local displacements in short beams. Future work will be
focused on the importance of scale of simulation in these cases, to
better identify where physically representative problems will ne-
cessitate improved numerical approaches.

Future work will address some physical mechanisms that have
been approximated in the current studies, including the kinetics of
the cell reaction, and contact versus bulk conduction. Additional
studies of fiber-particle interaction are also warranted, based on
results here. Finally, studies incorporating plasticity and dynamic
loads are planned, with some experimental efforts focused on
investigation of the changing nature of material bonds over cycle
life. :
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