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ABSTRACT: Multifunctional composites that incorporate non-
structural capabilities such as energy storage, self-healing, and
structural health monitoring have the potential to transform load-
bearing components in automotive and aerospace vehicles.
Imparting electrical conductivity into polymer-matrix composites
(PMCs) is an important step in enabling multifunctionality while
maintaining mechanical stiffness and strength. In this work,
electrically conductive PMCs were fabricated by conformally
coating Kevlar 49 woven fabrics with aluminum-doped zinc oxide
using atomic layer deposition (ALD). Electrical resistance was
measured at the single-fiber, single-tow, and woven fabric levels as
a function of coating thickness. The ALD coatings on adjacent
fibers merge as their thickness increases, resulting in an
interconnected network with improved percolation and lower resistance. After ALD, the fabrics were embedded in an epoxy
matrix to manufacture PMCs. The electrical resistance of the composites increased with applied tensile strain, which was attributed
to cracking of the conductive coatings. The relative change in resistance as a function of strain varied with coating thickness, which
was rationalized by a thin-film fracture mechanics model. This work demonstrates a pathway for scalable and tunable incorporation
of electrical conductivity into fiber-reinforced composites without significantly changing their density or load-bearing capabilities.
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■ INTRODUCTION

Fiber-reinforced composites (FRCs) are low-density materials
that have been widely used as structural components in high-
performance automotive and aerospace vehicles. FRCs can be
designed to have a high specific strength, stiffness, and/or
toughness, and their lightweight characteristics can offer
significant improvements in performance and fuel efficiency.
Over the past two decades, a variety of multifunctional
composites have been developed,1 including structural
batteries and supercapacitors,2−4 structural health monitor-
ing,5,6 structural electronic devices,7 electromagnetic interfer-
ence shielding,8,9 and self-healing materials.10−12 Imparting
additional functionality to FRCs while maintaining their
lightweight and structural qualities is highly desirable to save
space and augment the performance of automotive and
aerospace vehicles.13

To enable multifunctionality in FRCs, there is a need to
modify nonstructural properties such as thermal and electrical
conductivity. This is often achieved through the inclusion of
additives or coatings. For example, to design FRCs that also
function as an electronic device, constituents with electrically
conducting and semiconducting qualities are necessary.
However, polymer-matrix composites (PMCs) are generally

electrically insulating, which often necessitates the inclusion of
electrically conductive additives. For FRCs, reinforcements
that are intrinsically conductive, such as carbon fibers, may be
used. However, restricting the materials selection to intrinsi-
cally conductive fabrics may significantly limit the material
design flexibility. For example, while the conductance of a
carbon-fiber reinforced PMC can be increased by increasing
the volume fraction of the fibers, this also impacts its density,
stiffness, and strength. In composites where all constituents are
electrically insulating, a common strategy to impart con-
ductivity is to mix electrically conductive additives such as
carbon black,14−16 graphene,17,18 or carbon nanotubes19−24

into the matrix. However, such additives tend to affect the bulk
mechanical properties and density of the final product,25−27

which may not be desired. Furthermore, the distribution of
these additives may not be uniform in composites that use
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braided/woven fabrics, resulting in inhomogeneous mechanical
and electrical properties.20 Therefore, there is a desire to
decouple the electrical response of the composite from its
mechanical properties, enabling improved control of materials
by design.
A potential method to tune electrical conductivity without

significantly affecting the stiffness, strength, and density is to
modify the surface of the reinforcement with a thin, uniform,
and conformal conductive coating before incorporation into
the matrix. Chemical vapor deposition (CVD)28−30 and
electrophoretic deposition (EPD)31 have been explored as
methods for coating fabrics. However, many thin-film
deposition methods suffer from trade-offs between conformal-
ity, uniformity, and precise thickness control at the nanoscale,
especially when coating 3-D topologies with high aspect-ratios.
This highlights the need for coating processes that maintain
precise control and tunability of thickness and composition
when coating fibers, tows, and fabrics that are used in PMCs.
Among the potential thin-film deposition techniques, atomic

layer deposition (ALD) provides unparalleled conformality
with subnanometer resolution in material thickness and
composition, which are ideal characteristics when coating
complex 3-D topologies such as woven fabrics.32−37 ALD is a
vapor-phase deposition technique that utilizes two or more
precursors that react with the substrate in a self-limiting
manner that is not line-of-sight-dependent. The precursors
react in sequential steps, allowing for precise tuning of film
thickness and composition. Additionally, a wide range of
materials can be deposited using ALD,38 including ceramics,
metals, and polymers. This broad materials selection allows for
the design of materials with specified properties, representing a
powerful method for incorporating multifunctionality into
composites.39 Previous contributions have demonstrated that
ALD can conformally coat fibers40−44 and that they can be
made to be conductive.45−48 Furthermore, the effects
interconnected fibers in woven49 and nonwoven fabrics have
on their conductive properties have been studied.50 Normal
compressive forces on woven and nonwoven fabrics have been
shown to improve through-fabric conductance as a result of
enhanced fiber−fiber contact, which minimizes contact
resistance within the fiber structure.45 ALD coating of fibers
has shown promise for engineering the mechanical response of
polymer interfaces and PMCs.40,51,52 However, the use of ALD
to impart electrical conductivity into PMCs has not been
previously studied, which represents an important step toward
multifunctional composites by design. Moreover, there is a
need to quantify the coupled mechanical and electrical
behavior of these multifunctional PMCs under applied loads
in order to identify the design constraints and criteria for co-
optimization of their functional and structural properties.
In this work, we use ALD to impart electrical conductivity

onto Kevlar 49 (K49) woven fabrics by coating them with
aluminum-doped zinc oxide (AZO). AZO was selected as the
coating material because it has a low electrical resistivity
(∼10−3 Ω·cm)53,54 and can be deposited at relatively low
temperatures (<150 °C), which minimizes physical damage to
the K49 fabric. The conductive properties of the coated fabrics
were measured as a function of ALD film thickness at the
single-fiber, single-tow, and woven fabric levels. The trends in
thickness-dependent conductivity were explored with scanning
electron microscopy/plasma focused-ion beam (SEM-PFIB)
analysis. The coated fabrics were integrated into PMCs with an
epoxy matrix using a vacuum-assisted resin-transfer-molding

(VARTM) process.55 The mechanical properties of the PMCs
were evaluated, and their multifunctional properties were
characterized through in situ measurements of electrical
conductivity during tensile testing. The change in electrical
response with increasing strain was analyzed, which was
described with a fracture mechanics model. The results of this
study highlight the importance of precise thickness control and
conformality in the coating of multifunctional composites and
explore the role of thin-film mechanics in determining the
limits of functional interlayers under applied loads.

■ EXPERIMENTAL METHODS
K49 fabrics in a 351-style plain weave (JPS Composite Materials,
Corp.) were used for this study. The single fibers, single tows, and
woven fabric samples were extracted and cleaned as described in the
Supporting Information. A custom-built, hot-wall, crossflow atomic
layer deposition (ALD) reactor56 was used. The precursors were
diethylzinc (DEZ, 52 wt % Zn, Sigma-Aldrich), dimethylaluminum
isopropoxide (DMAI, 98% (99.99+%-Al), Strem Chemicals, Inc.),
and deionized water. The ALD reactor was heated to 130 °C, and the
DMAI source was heated to 65 °C; the DEZ and water were kept at
room temperature. Argon (99.999% purity) was used as the carrier
gas at 70 sccm. The recipe for ALD coatings consist of repeating a
sequence of precursor-A/argon/precursor-B/argon. For the ternary
AZO growth, this sequence represents a “subcycle”, which is
integrated into a “supercycle” recipe. The ratio of ZnO:Al2O3

subcycles within a supercycle determines the final Zn:Al ratio in the
ALD film.54 DEZ and DMAI are precursor-A for their respective
subcycles and precursor-B uses DI water for both cases. The time
sequence for both subcycles was 0.05 s/45 s/0.10 s/45 s. One
supercycle consisted of a ratio of 15:1 DEZ:DMAI subcycles. The
average growth rate of AZO on Si wafers was measured to be 29.6 Å/
supercycle or 1.9 Å/cycle using spectroscopic ellipsometry. The total
number of supercycles was adjusted in each run to achieve a targeted
AZO thickness between 40 and 200 nm. Scanning electron
microscopy (SEM; Thermo Fisher Helios G4 PFIB UXe), X-ray
photoelectron spectroscopy (XPS; Kratos Axis Ultra), and X-ray
diffraction (XRD; Rigaku Smartlab) were used to confirm the
composition and phase of the AZO coating on the K49 fabrics
(Figures S1 and S2). After the K49 single fibers, tows, and fabrics
were coated to specified thicknesses, their electrical resistance was
measured with an SP-200 Biologic potentiostat using a four-point
probe57 (details in the Supporting Information).

Single-ply PMCs were manufactured using the VARTM method
(details in the Supporting Information). The matrix polymer was a
bisphenol A, low-viscosity epoxy resin (R-3501, Composite Envisions,
LLC) and hardener (H-5000-01, Composite Envisions, LLC).
VARTM was performed at room temperature, and the epoxy was
set for 36 h to ensure proper curing. Composite strips with in-plane
dimensions of 11 mm × 140 mm were prepared for tensile testing.
Tabs were added to the sample per ASTM Standard D3039/
D3039M. In order to contact the conductive fibers at the ends of the
composite, silver paste was applied to exposed ends of the fabric, as
described in the Supporting Information.

The composites were loaded in tension while measuring the
electrical current in situ with a constant applied voltage of 5 V (Figure
S6). The tensile stage used was an Instron 4301 with a ±10 kN load
cell (2525-804, Instron) and custom-made grips. The major principal
strain (ε1) in the sample was measured by 3D digital-image
correlation (DIC),58−61 using Vic-3D 7 software (Correlated
Solutions, Inc.) and two machine-vision cameras (GRAS 50S5M-C,
Point Gray) with 75 mm lenses (HF75SA-1, Fujinon) and 10 mm
extension tubes (Figure S7). A speckle pattern was painted on the
sample for DIC (Figure S8) by air-brushing black paint speckles
(carbon black color, Golden, Inc.) over a white paint background
(titanium white color, Golden, Inc.).61
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■ RESULTS AND DISCUSSION

The targeted thicknesses of the AZO coatings on K49 were 80,
120, 160, and 200 nm. This was in close agreement with the
measured thicknesses of 83, 119, 158, and 192 nm using
spectroscopic ellipsometry on adjacent Si pieces. These
measurements were also consistent with SEM-PFIB cross-
sectional analysis of the coated fibers. The AZO coatings
uniformly coated the entire surface of the exposed K49 fibers
(Figure 1a,b). This illustrates the utility of ALD to enable
conformal coatings with precise control of thickness on three-
dimensional, high-surface-area fiber substrates with over-
lapping geometries. Furthermore, the coating is preserved
after embedding the fibers in an epoxy matrix via VARTM
(Figure 1c), demonstrating the applicability of this approach
for interfacial engineering of PMCs.
The average resistivity of planar AZO films deposited on

glass was measured to be 2.3 mΩ·cm with a standard deviation
of ±0.4 mΩ·cm using a four-point probe,57 which is
considered to be a material property of the coating. However,
for the application of ALD coatings in multifunctional fabrics
and composites, it is also meaningful to measure an effective
resistivity,62−65 based on the total cross-sectional area of the
coated sample. The effective resistivity for single fibers, tows,
and fabrics was calculated using eq 1:

ρ = R
A
se
eff

(1)

where R is the experimentally measured resistance, Aeff the
effective cross-sectional area, and s the probe spacing (s = 12

mm). The values of Aeff for single fibers (Afib), tows (Atow), and
woven fabrics (Afab) are provided in the Supporting
Information.
The measured values of effective resistivity can be compared

to a theoretical limit, which would be the expected value if all
of the coated surfaces in the 3-D geometry fully contribute to
electrical conduction. The theoretical limit of effective
resistivity is thus defined by eq 2:

ρ ρ τ=
A
At AZO

eff

AZO
f

(2)

where ρAZO is the measured resistivity of planar AZO films, and
AAZO is the cross-sectional area of only the AZO coating; τf is a
tortuosity factor that takes into account the fact that in a
woven fabric, the total length of the individual fibers is longer
than the fabric length because of the waviness of the weave.
The τf for the fibers and the tows was 1, and the τf of the
woven fabric was estimated to be 1.006 based on the weave
geometry.
The measured ρe values for the fibers, tows, and fabrics as a

function of AZO thickness are shown in Figure 2. For all three
sample geometries, the average ρe monotonically decreases as
the thickness of the coating increases. This is expected, because
AAZO increases as the ALD coating thickness increases.
As observed in Figure 2a, deviations between ρe and ρt for

the single fibers are observed. We hypothesize that this
deviation is a result of microscopic cracks or flaws present in
the coating along the fiber length, which likely form during the
sensitive handling of single fibers. The theoretical limit
assumes the ALD coating to be a perfectly continuous shell.

Figure 1. SEM image of (a) top-down view of K49 woven fabric coated with 200 nm of AZO, (b) SEM-PFIB cross section of K49 fabric coated
with 200 nm of AZO, and (c) of 120 nm AZO-coated K49 fabrics embedded in epoxy after VARTM.

Figure 2. Experimental resistivity (ρe) and theoretical limit of resistivity (ρt) for (a) single fibers, (b) tows, and (c) fabrics coated with varying
thicknesses of AZO.
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Therefore, any microscopic flaw, such as a crack, will result in a
“bottleneck” for local current flow (Figure S9), increasing the
measured resistance. When the thickness of the coating was
further reduced to 40 nm, an order-of-magnitude increase in ρe
was observed (Table S1). Therefore, 80 nm was chosen as the
minimal thickness to achieve sufficiently low electrical
resistivity in this study.
The tows exhibit a similar trend of decreasing ρe with

increasing ALD film thickness. As the thickness increases, ρe
converges to ρt (Figure 2b). However, for thinner coatings, the
deviation between ρe and ρt increases substantially. For
example, the tows coated with 158 and 192 nm of AZO
exhibit a percent difference of 24.3% and 15.7%, respectively
(further details are in the Supporting Information). Com-
paratively, the percent difference for the tows coated with 83
nm of AZO was almost 900%.
The dependence of ρe on thickness for the tows can be

rationalized by considering the interconnectivity of adjacent
fibers in the tow. This interconnected network between
adjacent fibers in a tow allows for additional charge pathways
and improved percolation, which reduces the resistivity of the
sample. In the limit that all fibers within the tow fully
contribute to the conductance, ρe converges to ρt.
The interconnectivity between fibers can be visualized using

SEM-PFIB imaging (Figure 3a,b). Figure 3a shows a cross
section of multiple adjacent fibers within a tow, where the ALD
shell merges and forms contact points. Figure 3b shows a
region of a shell in a fiber that had detached from an adjacent
fiber during handling. Grooves along the longitudinal direction
are associated with prior line contacts between two cylindrical
fibers, and a local delamination is visible along one of the
grooves, indicating that the continuous ALD shell detached
when the adjacent fiber was removed.
Thicker AZO coatings will facilitate a higher number of

bridged connections, enhancing percolation and improving the
conductive properties of the coated tows. Furthermore, thicker
coatings are more likely to have a larger bridged contact area
for each connection point (Figure 3c,d), which would reduce
the contact resistance between adjacent fibers. These bridged
connections between fibers will also make the conductive
pathway more “defect tolerant”, because if a bottleneck to
current flow (such as a flaw in the ALD coating) exists along a
single fiber, the current can follow a parallel pathway. This can
help to rationalize the observation of improved agreement
between ρe and ρt for thicker coatings (160−200 nm) in the
tows (Figure 2b) compared to the single fibers (Figure 2a). A
quantitative comparison of the percent difference for single
fibers, tows, and fabrics with varying thicknesses is provided in
Table S2.

In addition to the fiber−fiber contact resistance, another
factor that will influence the experimentally measured ρe is the
contact to the metal electrodes used for the electrical resistance
measurements. To form a metal contact in this study, silver
paint was applied to the fibers, tows, and fabrics. While the
liquid paint can diffuse into larger voids between fibers, interior
fibers in the tows and fabrics will rely on fiber-to-fiber bridged
connections in order to contribute to the overall conductive
network (Figure S10). Thicker coatings increase the
probability and number of sites with bridged connections,
which increases the interconnectivity within the tows and
fabrics. The fact that the metal contact does not directly
contact each individual fiber amplifies the deviation between ρe
and ρt with decreasing thickness, because only those fibers
within the network that have a pathway to the electrode will
contribute to conduction. This further highlights the
importance of the electrical contact in manufacturing multi-
functional composites where the functional layer is confined to
the interphase region.
Trends similar to those observed for the individual tows

were observed in the resistivity data for the woven fabrics
(Figure 2c). As the coating thickness increases, the measured
ρe values converge to the theoretical limit. For example, the
difference between ρe and ρt for the fabrics coated with 158
and 192 nm films was 64.8% and 44.7%, respectively. Once
again, owing to the percolation effects described above, these
values are closer to the theoretical limit than the corresponding
values for single fibers. However, in addition to the improved
percolation within a tow, for the woven fabric, there are also
tow-to-tow contact regions that overlap between the
longitudinal and transverse weave directions.
Overlapping, perpendicular fibers that contact one another

also contain bridged AZO connections, as confirmed by SEM
imaging (Figure S11). Because of this overlapping geometry,
the electrical current may follow multiple paths. For simplicity,
one of the assumptions made for the theoretical limit (ρt) of
the fabrics was that only longitudinally aligned tows (0°
direction) contribute to the resistance, whereas the trans-
versely aligned tows (90° direction) did not. This is a
reasonable assumption because the contacts were formed such
that the applied voltage was along the longitudinal direction,
which explains the good convergence between the exper-
imental and theoretical values in this study. However, as the
complexity of the fabric network increases (such as non-
orthotropic weaves), electrical transport within the fabrics will
be determined by a weighted statistical distribution over all
possible charge paths.
In addition to the fabrics, the conductive properties of

PMCs were analyzed after embedding the coated fabrics in an

Figure 3. (a) SEM-PFIB imaging of three parallel K49 fiber coated with 200 nm of AZO with bridged connections and (b) a top-down view of a
K49 fiber coated with 120 nm of ZnO after merged parallel fibers detached (orange false color added to highlight exposed surface of K49 fibers).
Schematic of K49 fibers with bridged AZO coatings (c) 80 nm and (d) 200 nm thick that are equally spaced.
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epoxy matrix via the VARTM process. The ρe of the
composites follows the same trend that was observed with
the woven fabrics up to 160 nm, indicating that the electrical
properties were preserved after fabrication (Figure 4). The 200
nm thick sample exhibited a slight increase in the average and
standard deviation of effective resistivity, which we attribute to
minor damage of the coating as a result of slight bending
during the handling process after fabrication. The single-ply
composite (which is approximately 0.2 mm thick) is prone to
bending during manufacturing. Thicker coatings have a lower
critical stress for onset of cracking and are more likely to
fracture as a consequence of this bending strain, which can
explain the slightly higher variation in ρe observed for the
thickest coating. The relationships between thickness of the
coating and its fracture behavior will be discussed in further
detail later.
We note that the VARTM process applies a compressive

pressure to the composite during vacuum infiltration of the
epoxy into the fabric. This could potentially cause damage to
the coating if the critical stress for onset of cracking of the
coating is exceeded. Furthermore, applied compression has
previously been shown to enhance the overall conductivity of
ALD-coated fabrics as a result of enhanced fiber−fiber
contact.45 However, the resin could potentially flow between
adjacent fibers during infiltration, reducing the total fiber−fiber

contact points. To counteract these effects, bridged con-
nections likely play an important role in maintaining the
conductive properties of the composite. In summary, there are
multiple competing factors that can dictate the conductance of
PMCs that use coated woven fabrics. Overall, the electrical
conductivity imparted by the coatings was largely preserved
after the VARTM process, which is consistent with cross-
sectional SEM analysis (Figure 1c).
To study the mechanical response of the ALD-modified

composites, the samples were mechanically loaded in tension
until failure. This allowed for a determination of the impact
that the coatings had on the bulk stress−strain response
(Figure 5). The samples all fractured within the gauge region.
In the uncoated sample, a slight nonlinearity was observed in
the stress−strain response, where the modulus increases with
increasing strain up to ∼2.0%, after which linear-elastic
behavior is observed. This “tension-stiffening” effect may be
attributed to straightening of the woven fibers in the
longitudinal direction under applied tension. In contrast, the
coated composites exhibit a linear-elastic response above
∼0.4% strain. We hypothesize that the AZO coatings may
contribute to this improved linearity at lower strains as a result
of the bridged connections, which provide a “pinning” effect
that could increase the shear resistance and restrict the sliding
of the fibers. In general, the modulus of the coated samples had
minimal variation with respect to the control sample.
Furthermore, the experimental stress−strain response from
these experiments was within a consistent range of expected
modulus values based on the fiber volume fraction (0.25−
0.30) and modulus of K49 (112 GPa, DuPont de Nemours,
Inc.) and epoxy (1.26 GPa, Composite Envisions, LLC).
No clear correlation between the AZO thickness and the

ultimate tensile strength or ultimate tensile strain were
observed. In general, the modulus of the coated samples had
minimal variations of ±14% with respect to the control sample.
The modulus varied between 12 and 16 GPa from the control
sample, which was 14 GPa. There was no discernible trend
with increasing thickness. Additional tensile test results for the
bare and 120 nm coated samples can be found in Figure S12.
These results demonstrate that ALD is an effective means of
imparting multifunctionality into PMCs, which can be
achieved without deleterious effects on their bulk mechanical
properties.

Figure 4. ρe and ρt values for fabricated composites using fabrics
coated with different thicknesses of AZO (calculated using eq 1 and 2,
where s = 114 mm).

Figure 5. (a) Stress−strain curves and (b) ΔR/R0 -strain curves for K49−epoxy composites with varying thicknesses of AZO coatings on the K49
fabrics
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The in situ electrical response of the PMCs as a function of
applied strain was also studied. A significant change in the
measured electrical resistance was observed under increased
tensile loading (Figure 5b). This change was quantified
according to eq 3:

εΔ =
−R

R
R R

R
( )

0

1 0

0 (3)

where R(ε1) is the measured resistance as a function of strain,
and R0 is the initial resistance at a strain value of zero.
ΔR/R0 was observed to increase as the principal strain (ε1)

increased (Figure 5b). To investigate the origins of this
increase in resistance, post-mortem SEM-PFIB imaging was
performed. Figure 6 shows a cross section of an exposed ALD
coating on a fiber surface, where the tensile load was applied in
the horizontal direction (along the fiber axis). Channel cracks
in the coating are observed, which primarily occur along the
circumference of the fiber (perpendicular to the applied load).
We attribute the increased resistance under tension to the
formation of these cracks, which impede current flow and
decrease the number of continuous charge pathways. However,
the composite can maintain some of its conductivity even after
cracks have formed, because the bridged connections between
the fibers enable alternative pathways for current flow
throughout the interconnected network.
The impact of crack formation in the coating on electrical

transport within the composite is illustrated in Scheme 1.
According to the principles of thin-film fracture mechanics,
when the critical stress for the onset of fracture is reached
within the coating, crack formation will initiate.66,67 As strain

continues to increase, additional cracks will form, which further
disrupts the electrical conduction pathways.68

To provide a qualitative visual-aid of these trends, a 3-D
model was developed using COMSOL Multiphysics (Scheme
1). The model is simplified, using only five fibers aligned along
a plane. The applied voltage at the boundaries was consistent
among the three panels. In the left panel of Scheme 1, before
the onset of cracking, the current flows uninterrupted along the
continuous coating. As cracks begin to form, the electrical
resistance of the individual fibers increases. In the extreme case
where a circumferential crack completely isolates two sections
of the coating, the current flow through an individual fiber will
halt. As a consequence of these increases in the resistance of
individual fibers, the path of least resistance through the fiber
network will evolve. Specifically, bridged connections between
adjacent fibers are required to provide alternative pathways.
As the number of cracks grows under increasing stress, the

number of possible pathways will continue to decrease,
resulting in a monotonic increase in the electrical resistance.
The tows in the K49 fabric used in this study contain over 200
fibers that are closely packed, which allows for the composite
to maintain a percolated network of charge pathways even
when the crack density along the AZO coating is significant.
This is analogous to the increased tolerance to defects for tows
and fabrics described previously, where bridged connections
between fibers can compensate for bottlenecks to current flow
within single fibers.
As described above, the electrical response as a function of

strain in the composites varied with the thickness of the
coating (Figure 5b). Initially, there is minimal change in
resistance with strain. As the strain increases to approximately
0.4%−1.0%, a gradual increase in ΔR/R0 is observed, with an

Figure 6. Post-mortem SEM cross section of a composite loaded to failure, with K49 fabric coated with 120 nm of AZO. The load was applied
horizontally with respect to the plane of the image. (Selective adjustments of contrast and brightness were done to highlight the cracks).

Scheme 1. Schematic Illustration and Associated COMSOL Model for Qualitative Visualization of Charge Pathways within a
Simplified Tow of Five Fibers (Not to Scale)a

a(Left) Representative behavior of a coated fabric with no applied load. (Middle) As the load increases and cracks begin to form in the coating, the
path of least resistance will be facilitated by alternative pathways through bridged connections between fibers, resulting in an increase in resistance.
(Right) Upon further loading, an increased density of cracks will result in fewer viable conductive paths, increasing the tortuosity of viable charge
pathways and the associated resistance.
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earlier onset for samples with thicker coatings. As the strain
continues to rise, we observe a further increase in the slope of
ΔR/R0. The slope of the curve in this higher-strain range
(greater than 1.5%) becomes larger as the film thickness
decreases. At the point where bulk fracture of the composite
occurs, the final value of ΔR/R0 monotonically decreases with
increasing coating thickness. These observations, which are
summarized in Scheme 2, suggest that multiple competing
factors are at play when determining the thickness dependence
of ΔR/R0.

To rationalize the competing effects in the cracking behavior
for different coating thicknesses, we consider the theory of
fracture mechanics of thin films on infinitely large substrates. A
channeling crack will propagate in the coating at a critical onset
stress. The coated fabric is modeled as a homogeneous linear-
elastic system, because the Young’s modulus of K49 fibers
(112 GPa) is sufficiently close to the Young’s modulus of ZnO
(143 GPa).69 The embedded epoxy has a lower modulus of
1.26 GPa, and thus, for simplicity it was not considered in this
analysis. The critical stress in the coating (σc) can then be
described as follows:66,67

σ =
K

t1.98c
Ic
2

(4)

where KIc is the mode-I fracture toughness under plane-strain
conditions and t is the thickness of the coating. Because
σc ∝ 1/t0.5, thicker coatings will have a lower critical stress.
This correlates well with our experimental observations,
wherein the initial increase in ΔR/R0 occurs at lower strain
values as the coating thickness increases (Figure 5b and
Scheme 2). We note that this initial increase will be statistical
in nature, because the local stress along the individual fibers (as
well as the initial defect distribution within the coatings) will
vary slightly throughout the woven composite. However, the
cumulative effect of multiple fibers experiencing the onset of
fracture at low strain values will result in the net increase in
measured resistance.
As the strain in the samples continuously increases, a sharper

rise of the slope of ΔR/R0 vs strain is observed as the coating
thickness decreases (Figure 5b and Scheme 2). The formation
of additional cracks in the film depends on the stress and the
intercrack spacing. Both of these factors depend on the coating

thickness. Previous modeling work has described the
theoretical equilibrium crack spacing (sequil) for a linear-elastic,
homogeneous system with a perfectly bonded interface.68 This
can be expressed as

σ
=

s

t
K
t

5.6equil Ic

f
2

(5)

where σf is the stress in the coating. Contrary to eq 4,
sequil ∝ t0.5. Therefore, sequil will be larger for thicker films. This
is consistent with the observation that the measured resistance
of the composites rises faster with applied strain in the
composite samples with thinner films. As shown in Scheme 1,
as intercrack spacing decreases, the pathway for electronic
transport becomes more limited. An additional contributing
factor to this trend is the fact that composites with thicker
coatings have a higher number of bridged connections, forming
a more robust percolation network. This also helps to explain
the fact that the final measured ΔR/R0 after bulk fracture of
the composite is lower for thicker coatings.
The relationships described herein between strain and

electrical conduction can be used in the future to guide and
inform the design of PMCs with interfacial coatings using
ALD. In particular, we identify the acceptable strain limits
under an applied load that are allowable to maintain sufficient
conductivity (and continuity), which can be adjusted by
varying the coating thickness. Depending on the targeted
application, this may also lead to design trade-offs, where
control of thickness may also be important to the functionality
itself. For example, as we show in Figures 2 and 4, effective
resistivity decreases with increasing thickness. In applications
where a large electrical current is passed, a lower resistance
may be needed to avoid a large voltage drop and excessive
Joule heating, which may necessitate a thicker coating. As
shown in Figure 5b, while thicker coatings maintain a higher
fraction of their initial conductivity at failure, they start to
deviate in resistivity at lower strains. Therefore, depending on
the predicted load profile that the composite will experience
during service, this sets up a multidimensional optimization
problem.
In addition to the coating serving as a component in a

multifunctional composite, the change in resistance with strain
could also be used for structural health monitoring. Because
cracking leads to permanent changes in ΔR/R0, the resistance
can serve as a record of maximum load experienced during
operation. The sensitivity of this increase can be tuned by
varying the coating thickness. This could be particularly useful
as a signal to warn of the potential for catastrophic failure,
because the range of ΔR/R0 spans several orders of magnitude
before bulk fracture of the composite occurs. Because the
coating has minimal impact on the elastic response of the
coating (Figure 5a), this change in resistance can provide a
warning signal as we approach catastrophic failure (Figure 5b).

■ CONCLUSION
This work demonstrated the ability to impart electrical
conductivity into electrically insulating fibers, fabrics, and
PMCs through interfacial modification by ALD. The use of
ALD facilitates subnanometer precision in coating thickness on
complex fabrics, which can be used to tune the effective
resistivity. Specifically, we show that the influence of thickness
on resistivity depends on both the conduction through
individual fibers, as well as the percolation through a fiber

Scheme 2. Representative ΔR/R0 vs Strain Curves for PMCs
with Thin (80 nm) and Thick (200 nm) AZO Coatingsa

aThe onset fracture of the coating occurs sooner for the thicker
coating. As strain continues to increase, both the accumulation of
cracks and the rate increase of the electrical resistance will be larger
for the thin coating.
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network, which is dependent on the number of bridged
connections. This percolation effect allows for increased
tolerance to defects in individual fibers, as bridged connections
provide alternative current pathways that do not exist at the
single-fiber level.
The conductive properties of the coated fabrics were

maintained after they were embedded in an epoxy matrix
using the VARTM method, illustrating the utility of this
approach for the design and manufacturing of multifunctional
composites. The composites were loaded in tension to failure,
and the resulting changes in the electrical resistance were
observed. These changes were attributed to crack formation in
the conductive coating. The relative change in resistance was
studied as a function of thickness, and two competing effects
were observed. Specifically, the onset of cracking at low strain
values occurs earlier as the coating thickness increases.
However, the rate of increase in crack formation at larger
strains was faster as thickness decreases. Additionally, the
samples with the thicker coatings have a larger number of
bridged connections, which helps to maintain electrical
conductance even as cracks form. Knowledge of these coupled
relationships between thickness, strain, and fracture is
important to the design and implementation of ALD-modified
PMCs as multifunctional structural materials.
Overall, the insights from this study can be useful when

designing multifunctional composites. Specifically, the influ-
ence of coating thickness on the coupled electrical and
mechanical response of the system can define the limits of
useful operation, which may also be useful for structural health
monitoring. In this study, AZO was selected as a model system
owing to its high electrical conductivity. However, given the
diverse set of materials that can be deposited by ALD, this
platform can be extended in the future to manufacture more
complex devices within a composite framework, including
electronics, energy storage, and optoelectronics. Beyond tuning
the functional properties of the coating materials, this work
also illustrates the importance of thin-film mechanics in
designing such devices, which must be simultaneously
optimized to ensure optimal performance under the targeted
loading conditions.
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