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fabricating the materials with direct ink writing, an extrusion-based 3D printing method.
We specifically characterize the damage evolution in these materials when subject to ten-
sile and cyclic loading by developing a micromechanical model, a continuum model, and
by performing experiments. The stress-stretch behavior and damage evolution are highly-
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Composites dependent on both volume fraction and fiber orientation. We focus primarily on load-
Failure ing that is parallel with the fiber alignment, which shows rich complexities as a function
Soft materials of volume fraction, including variable softening and non-monotonic increase of the yield

strength. Unlike most prior work, we use in situ optical measurements and digital image
correlation during mechanical loading to quantify the highly-nonhomogeneous stretch field
at macroscopic and microscopic length scales, and to simultaneously visualize the mech-
anisms underlying the damage evolution and complexities in the stress-stretch response,
namely fiber-matrix debonding. The micromechanical model is based on modifications to
the classic shear lag model, which include incorporation of fiber length distribution as a
function of volume fraction and use of Weibull distributions to account for the probabil-
ity of fiber-matrix debonding. The continuum model is based on hyperelastic strain energy
with damage parameters for both matrix and fibers. The combination of the two mod-
els is able to capture the stress-stretch behavior and damage evolution well, and also the
Mullins-like, history-dependent cyclic loading behavior we observe in experiments.
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1. Introduction

Short fiber composites have been the focus of research interest for many decades for their excellent combination of me-
chanical properties, such as strength and stiffness, and their mass efficiency (Compton and Lewis, 2014). While structural
composites have been a focus of much of this effort, often motivated by natural materials such as wood (Marklund and
Varna, 2009), teeth (Bechtle et al., 2010), and marine shells (Weaver et al., 2012), understanding the mechanical behavior
of short fiber composites with soft matrices is of vital importance. These materials are ubiquitous in biological materials,
such as arterial wall (Gasser et al., 2006), collagen networks (Bircher et al., 2019), skin (Yang et al., 2015), and other tis-
sues. The anisotropy of the fibers produces complex localized toughening and failure characteristics which are crucial in
determining failure in these biological systems, and additionally play a key role in understanding pathologies (De Vita and
Slaughter, 2007). Soft composites are also of growing interest for applications as smart materials and in soft robotics, where
fiber anisotropy can be used to control pneumatic actuation (Kim et al., 2019), shape morphing (Boley et al., 2019; Gladman
et al., 2016), and embodying logic, sensing, and actuation (Jiang et al., 2019). Advances in additive manufacturing now allow
the production of free-form structures from short fiber-reinforced polymers via 3D printers (Compton and Lewis, 2014; Jiang
et al.,, 2019; Raney et al., 2018; Raney and Lewis, 2015; Zhong et al., 2001). These techniques allow spatial control of fiber
orientation (Jiang et al., 2019; Raney et al., 2018), raising the prospect of facile fabrication of complex heterogeneous com-
posites. However, the lack of experimental methods for quantifying the microstructural evolution leading up to and during
failure has limited the understanding of these composites (Koh et al., 2013; Li, 2016; Pefia, 2011).

Numerous studies have offered insight into failure mechanisms of fiber-reinforced soft composites under a variety of
loading conditions by using continuum modeling (phenomenological), micromechanical modeling (mechanistic), numerical
methods, and experimental approaches. An early continuum model dealing with plasticity and failure of fiber composites
was proposed by Triantafyllidis and Abeyaratne (Triantafyllidis and Abeyaratne, 1983) based on Blatz-Ko material. Assuming
perfect bonding between fibers and matrix, they showed that when composites are compressed parallel to and pulled per-
pendicular to the direction of fiber alignment that the material can experience instability in the form of a loss of ellipticity,
also called fiber kinking. This model was further developed (Budiansky and Fleck, 1993; Jensen and Christoffersen, 1997)
to predict the onset of fiber kinking for finite fiber stiffness. Qiu and Pence studied such effects within an incompressible
matrix using a Neo-Hookean formulation (Qiu and Pence, 1997a, 1997b), while Merodio and Ogden further improved the
model for Neo-Hookean materials by considering various reinforcement formulations (Merodio and Ogden, 2002, 20053,
2005b). Phenomenological models have been effective for predicting mechanical behaviors such as strain hardening in rub-
ber and fiber damage in biological tissues. Continuum models have also been developed to explain stretch-induced softening
in elastomers (Mullins effect (Mullins, 1947)) by taking into account the polymer chain lengths in the constitutive formula-
tion (Qi and Boyce, 2004). Continuum models with an anisotropic damage parameter to the fiber reinforcement were pro-
posed by Simo (Simo, 1987) to successfully predict the mechanical response of soft biological tissues with a damage history
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(Li, 2016; Pefia, 2011). These models have been applied to tendons (De Vita and Slaughter, 2007) and blood vessel walls
(Marini et al., 2012; Volokh, 2008), and have been experimentally verified.

The specific failure mechanisms of fiber-matrix composites have been considered via micromechanical models. The shear
lag model (Ghassemieh and Nassehi, 2001; Hull and Clyne, 1996) accounts for the geometry of the fibers, with the as-
sumption that the load is transferred from the matrix to the fiber via shear stresses. The distribution of shear stress along
the fibers can be calculated from this model. The available shear stress distributions allow introduction of a damage cri-
terion to describe the failure characteristics. A 2D shear lag simulation was developed to investigate interfacial debond-
ing between fibers and matrix (Ochiai et al., 1999), with the debonding process based on shear stress and energy release
rate criteria. Numerical methods have also been employed to study failure of fiber composites. For example, debonding
of continuous carbon fibers in a soft hyperelastic matrix has been investigated using finite element models to explain
the nonlinear behavior and softening during loading perpendicular to the fiber direction (Lépez Jiménez and Pellegrino,
2012).

Despite these many efforts at capturing failure behavior in soft composites, progress in understanding the mechanisms
of material failure has been greatly inhibited by the difficulty of experimentally visualizing the multiscale structural changes
during and leading up to failure, a point repeatedly recognized by prior researchers of fibrous systems (Koh et al., 2013; Li,
2016; Pefia, 2011). Non-destructive methods such as Raman spectroscopy (Melanitis et al., 1993) and photoelasticity (Tsai and
Kim, 1996) have been used to understand the stress state around single fibers embedded in a matrix during uniaxial load-
ing and fiber pullout, respectively. Fiber networks have been studied experimentally (Bircher et al., 2019; Koh et al., 2013;
Yang et al., 2015) using X-Ray scattering (Yang et al., 2015), optical microscopy, electron microscopy (Bircher et al., 2019;
Koh et al.,, 2013), and light scattering (Sacks, 2003) during stretching to relate fiber reorientation to strain stiffening and
damage evolution. In metallic alloys it has proven effective to use in situ techniques such as digital image correlation (DIC)
and electron microscopy to quantify localized deformation and micromechanical damage during loading, e.g., in Cu-Al al-
loys (Ranc and Wagner, 2005; Yilmaz, 2011), steel (Zavattieri et al., 2009), and magnesium alloys (Mo and Kontsos, 2018).
However, there are a lack of reported experimental data that measure microstructural changes in short fiber composites
and that bridge the relevant length scales from the fiber-matrix interactions and local deformation to the non-homogeneous
macroscopic deformation leading up to failure.

In this paper, we present a systematic study of mechanical properties and failure processes in 3D printed polydimethyl-
siloxane (PDMS)-glass fiber (GF) composites, with the fiber orientation controlled via the printing process. Using in situ
optical imaging of the microstructure to measure damage and DIC to quantify deformation at multiple length scales dur-
ing loading, we experimentally study the damage process and its effect on mechanical properties. Additionally, we develop
two models that agree well with the experimental observations, including i) a micromechanical stress-based model using a
modified shear lag model and ii) a constitutive energy-based model using a damage parameter.

2. Materials and methods
2.1. 3D printing short fiber composites

We 3D print PDMS reinforced with short glass fibers (GF) using direct ink writing (DIW). Dow Corning SE 1700 (1:10
crosslinker ratio) and Dow Corning Sylgard 184 (1:10 crosslinker ratio) are mixed under vacuum in a ratio of 85:15 wt.%,
with milled glass fibers (Fiber Glast 29) added. The volume fraction of glass fibers ranges from 3% to 12% in this study.
Subsequently the material is transferred to a syringe and centrifuged to remove air. As is typical for DIW processes (Lewis,
2006; Raney and Lewis, 2015), the material is rheologically tuned to possess a viscoelastic yield stress, allowing it to flow
freely through an extrusion nozzle but to hold its shape after extrusion (see rheological characterization for this material
in our previous work (Jiang et al., 2019)). The material is extruded through a 410 pm nozzle, with the flow controlled
pneumatically. We print tensile specimens with a thickness of 4 layers ( ~ 1.2 mm, due to interlayer spacing less than the
nozzle diameter). Due to the shear stress in the nozzle during extrusion (Compton and Lewis, 2014; Gladman et al., 2016;
Jiang et al., 2019; Malek et al., 2017; Raney et al., 2018) the fiber orientation in the tensile specimens can be controlled by
the print path. We define the angle ¢ as the angle between this predominant fiber orientation and the loading direction
(shown in Fig. 1(a)). When ¢ = 0°, loading is parallel to the fiber direction, conventionally referred to as loading in the
longitudinal direction. When ¢ = 90°, loading is perpendicular to the fiber direction, conventionally referred to as transverse
loading. A microscope image of a printed specimen is shown in Fig. 1(b), showing the fibers aligned along the print direction.
Lengths of individual fibers are measured from the microscope images using Image]’s measurement features. Dozens of
fibers are measured for each volume fraction to characterize the fiber length distribution. Sample distributions for 3% and
5% volume fraction are shown in Fig. 1(c).

2.2. Experimental setup

Two types of tensile tests are conducted in this study: one for characterizing macroscale deformation and the other for
characterizing microscale deformation, at approximately the length scale of the fibers themselves. In both cases, deforma-
tion is monitored optically, via a high-resolution camera or a microscope, respectively, to allow measurement of the local
deformation field via digital image correlation (DIC).
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Fig. 1. (a) Schematic of the direct ink writing process. The angle ¢ indicates the angle between the loading direction and the predominant fiber orientation.
(b) Representative optical image showing aligned fibers in the printed sample. (c) Fiber length distribution for 3% and 5% volume fraction samples.

Macroscale tensile testing is conducted with a commercial materials test system (Instron Model 5564) operating under
displacement control at a strain rate of 0.02 s=! and tested to failure. Samples are gripped with a pneumatic grip at a
pressure of 25 psi. Microscale testing is conducted with a customized screw driven desktop device. This more compact test
fixture allows stretch of up to 1.25 to be applied to specimens while they are under an optical microscope (Keyence VH-
5000) at 100x magnification. A polarizer is mounted to avoid strong reflection from the top surface of our samples. With
this fixture, stretch can be applied at one of seven evenly-spaced intervals, giving a minimum stretch interval of ~ 0.035.
The goal of the microscale testing is to reveal the relationship between microstructure (including information such as local
fiber orientation and degree of debonding) and the local deformation, which is measured via DIC.

To perform DIC, speckles with an approximate size of 10um are first applied on the surfaces of the specimens using an
airbrush. For macroscale testing, videos are recorded at 4K resolution (resolving pixel size of 14um/pixel) with a recording
rate of 24 frames per second. DIC is conducted by extracting frames at 2 frames per second with subset size of 12 pixels and
subset spacing of 6 pixels. Due to the extremely fine size of the speckles the same pattern can be used for DIC in microscale
testing. For the microscale testing a microscope image is captured after each increment of stretch is applied. This enables
tracking of the deformation via the speckles while microstructural changes, such as fiber orientation and (if relevant) fiber
debonding, are simultaneously observed via the same micrographs. Images are captured at 2.25um/pixel. DIC is conducted
on the captured images with subset size of 40 pixels and subset spacing of 10 pixels. Strain for both scales is calculated
with a window of 5 subsets. For both length scales, DIC is performed using the open source Ncorr package with MATLAB
(Blaber et al., 2015).

3. Experimental results
3.1. Stress-stretch response of tensile specimens

As expected for fiber composites, the mechanical properties are highly-dependent on the angle of loading relative to the
fiber orientation. Fig. 2(a) shows the experimental stress-stretch curves as a function of fiber orientation ¢ for a printed
PDMS-glass fiber composite with 5 vol.% glass fibers. The initial elastic moduli (E1;) can be extracted from these curves
(close to A = 1), as shown in Fig. 2(b), revealing that a longitudinal fiber orientation (¢ = 0°) produces an initial modulus
roughly five times higher than a transverse fiber orientation (¢ = 90°), even for this modest quantity of fibers. The variation
in initial modulus as a function of orientation agrees well with classic predictions for short fiber composites (Lees, 1968).
More interestingly, the shape of the stress-stretch curve depends on the orientation. When the fibers are aligned in the
loading direction the sample exhibits yielding and softening. In contrast, when the fibers are perpendicular to the loading
direction no comparable yielding event is observed.

Interestingly, variations in the fiber volume fraction can lead to a similar transition. Fig. 3(a) shows three stress-stretch
curves representative of specimens with longitudinal fiber orientation (¢ = 0°) and, respectively, 3 vol.%, 5 vol%, and
10 vol.%. For lower volume fractions (3 vol.% and 5 vol.%), the material exhibits significant ductility (reaching rupture stretch
of Ag > 3 and Ag > 2 for 3 vol.% and 5 vol.%, respectively). In this case the material initially deforms nominally linearly
with high modulus, and subsequently exhibits significant softening, during which the modulus reaches zero or even nega-
tive. Finally, at higher stretch the material once again exhibits increased modulus, but at a modulus lower than the initial
modulus. Comparable behavior has been observed in hybrid laminates, in which different layers of the laminate have differ-
ent compositions of fibers (Selezneva et al., 2018), but not to the best of our knowledge in simple short fiber composites. In
contrast with the above, specimens with higher volume fraction (e.g., the 10 vol.% case shown in Fig. 3a) do not show the
same complex stress-stretch response, breaking almost immediately as they reach yield strength.

The initial elastic modulus (Fig. 3(b)) shows a monotonic increase as a function of volume fraction, as would be expected
since there are more stiff fillers in the composites. However, the trend in ultimate tensile strength (Fig. 3(c)) is counter-
intuitive: the tensile strength is significantly higher for the composite with 3 vol.% fibers than for the composite with 5 vol.%
fibers. The reason for this is hinted at in Fig. 3(a). In both cases failure occurs at high stretch where the response of the
matrix dominates the mechanical behavior; however, in the latter case, the stretch of rupture Ay is greatly reduced by
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Fig. 2. Experimental measurements of PDMS glass fiber composites: Effect of fiber orientation: (a) Stress-stretch response for different loading orientations
for specimens with 5 vol.% fibers; (b) Effect of fiber orientation on initial elastic modulus Ey;. Solid line is fit according to Lees (Lees, 1968) where E is the
modulus for longitudinal samples (¢ = 0°) and ET is the modulus for transverse samples (¢ = 90°).

the increase in the fiber volume fraction. This is clearly shown in Fig. 3(d), where Ay is plotted as a function of volume
fraction, revealing a striking reduction in Az between volume fractions of 4-6 vol.%. Composites with a low volume fraction
exhibit a high value for Ag, almost matching that of pure PDMS whose stress and stretch is also plotted in Fig. 3(a), while
Ag for higher volume fraction is consistently low (near 1.35). Because this transition is very abrupt, samples with volume
fractions near this transition point (e.g., around 5 vol.%) show large variation in Ag. This type of behavior can be modeled
as a Weibull function in which the two regimes for A correspond to two distinct modes of failure. A Weibull function is fit
to the data in Fig. 3(d) (solid line), revealing an excellent agreement with the experimental data. Weibull distributions have
been previously used in probabilistic constitutive laws of fibrous materials, e.g., for capturing the contribution of collagen to
the stress-stretch behavior in subfailure stretch regimes in ligaments (De Vita and Slaughter, 2007; Guo and De Vita, 2009).

We also characterized the complex stress-stretch response of the lower volume fraction composites under cyclic load-
ing. Fig. 4(a) shows a representative stress-stretch plot for a specimen with 3 vol.% glass fibers when subjected to
cyclic loading to increasing stretch values. The stress-stretch behavior is analogous to the Mullins effect observed in rub-
bers (Mullins, 1947). Initially, prior to softening, the materials exhibit recoverable elastic response. As the deformation con-
tinues through the softening region, the loading and unloading clearly exhibits hysteresis and residual stretch. Such varia-
tions on the classic Mullins effect have been previously observed experimentally in other materials, such as particle filled
rubber (Dorfmann and Ogden, 2004) and carbon nanotube arrays (Blesgen et al., 2013). Fig. 4b shows the initial modulus
as a function of the maximum stretch for each loading cycle, giving one measure of the degree of damage in the material.
The initial modulus holds nominally constant for the first three loading cycles (indicating minimal damage at small stretch)
before undergoing a clear degradation in the initial modulus upon loading to higher stretch, ultimately approaching a value
comparable to the modulus of the pure PDMS matrix.

3.2. Macroscale in situ optical characterization

The Mullins-like cyclic data of Fig. 4 is indicative of a microstructure that is undergoing damage in the stretch-softening
portion of the stress-stretch curve. It turns out that this affects the specimen in ways that can be observed macroscopically.
We recorded high-resolution images of the surfaces of specimens with 5 vol.% glass fiber during uniaxial stretch. Repre-
sentative longitudinal (¢ = 0°) and transverse (¢ = 90°) stress-stretch curves are shown in black and red, respectively, in
Fig. 5(a). The images of the samples corresponding to the seven different indicated values of stretch are shown in Fig. 5(b).
Initially, the composites are optically transparent for both longitudinal and transverse specimens. However, when stretched
beyond A = A, the longitudinal samples exhibit an irreversible whitening similar to crazing or other void formation in poly-
mer systems. However, crazing is not usually observed in pure PDMS (typically opacity increases during stretching of PDMS
due to thinning of the material (L6pez Jiménez et al., 2016)). The evident whitening first appears locally and subsequently
spreads across the rest of the sample (A3 through As). Eventually, the entire sample exhibits this change (see A;). The
transverse samples, however, do not exhibit comparable whitening, remaining mostly transparent as they are stretched to
failure.

The non-homogeneous initiation of whitening in Fig. 5(b) is associated with non-homogeneous deformation, which we
quantify via DIC, using the high-resolution images recorded during the tensile test. Fig. 6(a) shows the evolution of the
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Fig. 4. (a) The stress-stretch response of a longitudinal specimen with 3 vol.% glass fibers upon subjection to cyclic loading to increasing stretch, comparable
to the Mullins effect; (b) Initial modulus vs. maximum stretch for each loading cycle.

local stretch field for both longitudinal and transverse loading during uniaxial tension, corresponding to the stretch values
indicated by the red marks in Fig. 6b. For specimens loaded longitudinally (parallel with the fiber direction), deformation is
approximately homogeneous for small deformation (A; to A,). Non-homogeneous deformation becomes evident for A > A,,
where the stress-stretch data indicates the onset of softening. Following initial yielding (A = A3), the region of high stretch
grows but remains somewhat localized as a band. Within this region the maximum local stretch is approximately 3, while
the globally-applied stretch is only 1.43. As the sample is subject to further loading, the region of high stretch grows and
eventually takes up the entire field of view. In contrast, the specimens loaded transversely (perpendicular to the fiber di-
rection) exhibit much more homogeneous stretch fields at all values of applied stretch. As another way to capture these
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Fig. 5. (a) Experimental stress-stretch behavior of longitudinal (black) and transverse (red) samples with 5 vol.% glass fibers; (b) optical images of the
samples when stretched to the indicated stretch level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

different deformation patterns, Fig. 6(c) shows the standard deviation s(A) of the stretch within the field of view as a func-
tion of the applied stretch. For longitudinal loading, s()A) increases significantly between A, and A3, coinciding with the
appearance of localized stretching in Fig. 6(a). This quantity continues to rise until A5, at which point the total regions of
elevated local stretch account for nearly half the sample. On the other hand, s(1) remains very low for transverse loading,
in agreement with the observed homogeneous stretch field.

3.3. In situ microstructural characterization

To understand the origin of the non-homogeneous deformation and stress-stretch behavior we characterize the evolution
of the microstructure during loading. Tensile specimens were stretched under a microscope to allow high-resolution in
situ optical measurements. These images were used to both observe the evolution of the local microstructure (e.g., fiber
realignment and matrix-fiber debonding) and to perform microscale DIC, giving high-resolution stretch fields. The full field
stretch maps are shown in Fig. 7(a) for the four loading steps (Aq, A3, As, A7) indicated in Fig. 7(b). These indicate that
the non-uniform stretch field observed at the macroscale is also a feature at the microscale. The standard deviation of the
field s(X) is again plotted in Fig. 7(c). The composites loaded longitudinally show significant non-homogeneous deformation,
whereas the samples loaded transversely do not.

Local damage can be observed in the microscope images during stretch. Fig. 8(a) shows the reference image for a
longitudinally-loaded sample before stretching with overlay of the stretch map for A = A in Fig. 7(b). We chose to monitor
two regions closely during stretching, indicated by the yellow and blue boxes in Fig. 8(a). The yellow region has a high de-
gree of deformation and the blue region has relatively low deformation. Enlarged images of these two regions are shown for
four different values of applied stretch in Fig. 8(b). Within the high-stretch (yellow) region, fiber debonding can be seen as
early as the first loading step (A ~ 1.035). By the third loading step (A ~ 1.105), a large number of fibers in this region have
debonded from the matrix. By the fifth loading step (A ~ 1.14), almost all fibers within the region have partially or fully
debonded from the matrix. In contrast, the small-stretch (blue) region only shows a small amount of fiber debonding across
all loading steps. The co-location of the fiber debonding in the regions of high local deformation and whitening indicates
that the fiber debonding is the underlying mechanism producing the softening in the stress-stretch curves, the localization
of stretch during deformation, and the macroscopic whitening.

4. Modeling
4.1. Micromechanical model

To better understand the experimental data and the importance of the observed fiber-matrix debonding we developed a
micromechanical model derived from a simple extension of the shear lag model (Cox, 1952; Ghassemieh and Nassehi, 2001;
Hull and Clyne, 1996). We incorporated the experimentally-measured fiber length distribution and fiber-matrix debonding
probability by adding a Weibull distribution to the shear lag model. In the shear lag model, fibers and matrix are assumed
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Fig. 6. Non-homogeneous deformation observed at the macroscale: (a) Full-field stretch maps recorded via DIC at the stretch values indicated in panels (b)
and (c), for both longitudinal (¢ = 0°) and transverse (¢ = 90°) loading; (b) representative experimental stress-stretch curves for both samples; (c) standard
deviation of the local stretch values measured across the full sample as a function of the globally-applied stretch.

to be initially perfectly bonded. With the application of an external load, the applied stress is transferred from matrix to
fibers by means of interfacial shear stress at the fiber-matrix interface and normal stretching at the ends of fibers. The
stress-stretch relationship (Ghassemieh and Nassehi, 2001; Hull and Clyne, 1996) for this ideal case is

_ (Ef — E’) tanh (nsg)
o= (- 1>[fEf(1 - ) +(1- f)Em} (1)
with
1/2
2En
"= [Ef(l - vm)ln(l/f)} 2
and

Ef[1 —sech(nso)] + Em

- 5 3)

where f is the volume fraction of fibers, Er and Ep, are the stiffness of fiber and matrix, respectively, v is the Poisson’s ratio

of the matrix, and so = L/r is the ratio of half length L and radius r of the fiber. With increasing external loading the shear

at the fiber-matrix interface increasingly distorts the matrix, producing a maximum shear stress at the ends of the fibers.

The maximum interfacial shear stress is:

na-1)

Ti=c—7—— 4

'~ 2coth(nsg) ' (4)

Once debonding of the fiber and matrix initiates, the length of the bonded region, L, decreases, producing a stress transfer

aspect ratio s; = L;/r that is calculated by taking t; = 7. in Eq. (4), where 7 is the critical shear stress for the fiber-matrix
interface:

St = %coth*1 ('MEf> (5)

E/

27,

A Weibull distribution is introduced in the model to indicate the probability of debonding, Py, at the fiber-matrix interface
for a given fiber length L and shear stress 7;:

oo
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Fig. 7. Non-homogeneous deformation observed at the microscale: (a) Full-field stretch maps recorded via DIC at the approximate stretch values indicated
in panel (b); scale bars are 500um; (b) representative stress-stretch plots for both samples; (c) standard deviation of the local stretch values measured
across the full sample.

(b) Ay As A

Fig. 8. Fiber-matrix debonding during deformation: (a) micrograph of an undeformed specimen with the final local stretch map overlaid (from Fig. 7a);
(b) micrographs of the yellow and blue regions indicated in panel a, here with global stretch applied (all scale bars are 200um); red markers indicate
newly-debonded fibers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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where L. is a length of fiber associated with the shear stress at 7, and m is the Weibull modulus. The probability that the
fibers remain fully bonded to the matrix is then Ps = 1 — Py. From Egs. (1) and (6), the stress-stretch relationship becomes

. [ (Ef — E’) tanh (nso) tanh(ns;)
o=(-1) fPsEf<1 - E;mso ) +fPfEf<1 - nS[) +(1- f)Em} (7)

The fiber length distribution in the printed samples is measured as described in Section 2.1, giving a mean and standard
deviation for P;, which is incorporated into the modified shear lag model as:

o ()\ B 1) _fEf/(;oo |:PS|:] 3 (Ef —E/) tanh (TlS()):| +Pf|:l _ tanlrlls(nst)i|:|PLdL+ (1 —f)Em] (8)

Efnso t

4.2. Constitutive model

The micromechanical model proposed above is useful for providing mechanistic insight into the failure process of our
material. However, it is often difficult to apply in complex loading scenarios. As a more practical tool, we developed a
constitutive model for these fiber-reinforced composites that makes use of a damage parameter. For a fiber-reinforced in-
compressible non-linear elastic solid, the constitutive response can be modeled using the strain energy function as fol-
lows (Merodio and Ogden, 2005a):

W =Wpn(lh, I, 5) + Wy (s, Is) 9

where I; to I3 are the invariants of the right Cauchy-Green Deformation tensor C = F'F with deformation gradient F =
0x/0X, and X and x are the position vectors in the reference and the deformed configurations, respectively. I; to I3 are
defined as:

1
I =tr C, Izzj[(tr 0?2 —tr(C?)], L =detC (10)
I4 and I5 are additional invariants with fiber reinforcement in a direction defined by a unit vector A:
I,=A-(CA), Is=A.(C?A) (11)

Damage is incorporated in both the matrix and fiber strain energy terms following the pseudo-elastic model introduced by
Ogden and Roxburgh (Ogden and Roxburgh, 1999). The scalar dr; represents the damage from the virgin state of the matrix
material, which is history dependent, and dy represents damage to the fiber reinforcement:

W = (1 — dn)Wn + ¢m(dm) + (1 — dp)Wy + ¢5(dy) (12)
The damage function is defined such that ¢(0) = 0, and the Cauchy stress takes the form:
T=(1-dn)Tn+ (1 -d)Ty (13)

T and TTc are the Cauchy stress resulting from undamaged strain energy. Both damage parameters are related, as shown in
the previous section, by sharing the same underlying mechanism of fiber debonding. Debonding contributes to the matrix
damage term due to void nucleation at the debonding sites. Debonding contributes to the fiber damage term as less stress
is transferred from the matrix to the fibers. Since both terms depend on the same mechanism, we expect the two damage
parameters to take the same form, defined in previous work (Guo and Sluys, 2006; Li, 2016):

di(a;) =1 —exp (—%> (14)
B

where i can be either m or f, corresponding to matrix and fiber, respectively. 8 is a model parameter which determines the

rate of damage. Eq. (14) suggests the damage is related exponentially to some effective strain energy function, referred to

as the damage evolution parameter «;(A) under uniaxial loading with stretch A (Marini et al., 2012; Pefia, 2011):

(%) = max (V2W,() - V2W; (0. 0) (15)

Where A is the stretch at which damage would start to occur. This definition implies o (same as d;) will remain zero
before deformation reaches A.. Note the damage evolution for both matrix and fiber reinforcement is controlled by a sole
shared fitting parameter S reflecting the mechanistic relationship between matrix and fiber damage.

The matrix damage dp, is primarily responsible for modeling loading and unloading behavior of the matrix material,
which takes the form (Ogden and Roxburgh, 1999):

0, if o, is reached for the first time.

dm = , (16)
dm r[naxt]ozm (A(S)) —am ), otherwise.
Se|—o00,
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Table 1
Parameters used to fit the mi-
cromechanical model to experi-

ments.
Le (um) Lo (um)
3% 50 110 + 42
5% 70 108 + 39
10% 130 75 + 37

However the fiber reinforcement damage d; is primarily responsible for modeling the softening of the primary loading curve.
Hence we use the form of damage defined by Simo (Simo, 1987):

df(oef) . if oy is reached for the first time.
dy = ) (17)
ds r[naxt]af(k(s)) , otherwise.
Sg|—o0,

Both damage for matrix and fibers depend on the loading history per the definitions. First, during monotonic loading the
matrix damage will not initiate (dy, = 0). Secondly, the fiber damage will not decrease during loading and unloading.

We use the Holzapfel-Gasser-Ogden (HGO) model (Holzapfel et al., 2000) to capture the response of our fiber-reinforced
hyperelastic material with an incompressible matrix, as in our previous work that used similar material (Jiang et al., 2019):

Wi = £l -3)
_ Bk gy
Wr =5, e 1] (18)

For this proposed strain energy function, the corresponding Cauchy stress for each virgin strain energy under uniaxial stretch
can be expressed as (Bower, 2009; Merodio and Ogden, 2005a; Ogden and Roxburgh, 1999):

— 1
Tn = n(A* — X)
T; = 2pky (1§ — Ig)efe e (19)

The invariant I, can be directly expressed from the stretch A and fiber orientation ¢p when the material is under uniaxial
stretch:

I4 = A% cos® ¢ + A" sin® ¢ (20)

In the case of loading along the fiber direction (¢ = 0°), I; = A%. The Cauchy stress in the stretch direction can be computed
as:

T =(1—dw)Tn+ (1 -dp)T; (21)

The stress consists of contributions from the matrix T, and from the fiber T;, with the latter being related to the stress
damage parameter. Five parameters are required for the constitutive model presented here: material-related constants w, ki,
and k;, and damage-related constants 8 and A.. Finally, to fit our experimental results the Cauchy stress can be transformed
to nominal stress as follows:

o =A"1Ty (22)
5. Discussion
5.1. Micromechanical model results

To start, the micromechanical model Eq. (8) is calibrated as a function of volume fraction using the experimental stress-
stretch curves obtained from longitudinal specimens. Fig. 9(a) shows the results of this fit, with parameters E=60 GPa,
vm=0.45, r=15um Ep=2.2 MPa, 7.=4 MPa, and Weibull parameter m=5. Our modified shear lag model captures the features
of all three cases, with only variations in the fiber length distribution, which is experimentally measured for each volume
fraction, and the critical length L. (Table 1). These fiber length distributions are shown in Fig. 9(b). The length distributions
do not vary significantly at lower volume fractions (3% and 5%). However, as the fiber volume fraction increases, the average
fiber length suddenly decreases, before again plateauing for higher volume fractions (8% and 10%). Interestingly, this again
fits the pattern of a Weibull distribution. By incorporating the Weibull fit in our micromechanical model properties that will
vary with volume fraction but which were not experimentally measured can be predicted. For example, Fig. 9(c) shows the
debonding probability Eq. (6) for various volume fractions using the Weibull fitting parameters. Each plot also indicates the
stretch to rupture Ay for each volume fraction and the fiber length distribution, both obtained empirically. (Note the fiber
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Fig. 9. (a) Fitting using the micromechanical model; (b) Fiber length distribution as a function of volume fraction, measured experimentally; (c) probability
of fiber debonding for three volume fractions, with A; and unscaled fiber length probability P, overlaid.

length distribution is not scaled in the plot.) This schematic helps explain how to compute the contribution from the fibers
in Eq. (8) by taking the fiber length distribution into account.

In addition to the fiber length distribution, the other parameter in the micromechanical model that was varied with
volume fraction is the critical length L.. L. determines when damage initiates for fibers of various lengths. As L. increases,
the probability of debonding of a fiber increases at a set fiber length and stretch value. As a result, the debonding probability
plot shown in Fig. 9(c) will shift down. Physically, a larger L. will result in earlier onset of debonding. We vary the value of
Lc and calculate the mechanical properties such as initial modulus Eq; and strength S;; using the computed stress-stretch
curve from the micromechanical model for each volume fraction. The ultimate tensile stress is calculated as o ¢1(Ag), where
Mg for each volume fraction is calculated using the empirical fit Weibull distribution for stretch to rupture shown in Fig. 3(d).
The result is shown in Fig. 10(a) and (b). This shows that by increasing L. the initial modulus and strength at a given volume
fraction will generally increase, except for the evident decrease in strength at lower volume fractions. This latter effect is
a result of the much higher rupture stretches Ap at lower volume fraction (hence the ultimate tensile stress is essentially
that of matrix). Additionally, the initial modulus E;; does not show perfectly linearly monotonic behavior. There is a slight
plateau around the transition volume fraction (6 vol.%), the point at which the fiber lengths start to decrease. Similarly, the
ultimate strength also reverses its trend at this volume fraction as it increases with increasing fiber volume fraction.

Another parameter from the micromechanical model is 7., the interfacial shear strength between matrix and fibers,
which is a physical quantity that could in principle be tuned by adjusting adhesion strength between the matrix and fiber.
However, since the materials and fabrication approach do not vary from sample to sample, 7. remains unchanged. Hypo-
thetically, there are a variety of ways to change this property. For example, plasma treatment can be used to improve the
adhesion strength between PDMS and glass fibers. The effect of t. on the mechanical properties is also computed and
shown in Fig. 10(c) and (d). Similar to the trends for L., an increase in 7. generally increases both the initial modulus
and strength for a given volume fraction. Interestingly, an increase in t. initially increases the initial modulus significantly,
though it has a minimal effect at higher values. Fig. 10(e) and (f) show the fit from the micromechanical model together
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Fig. 10. Effect of (a-b) L. and (c-d) 7. on mechanical properties. (e) Initial modulus E;; and (f) ultimate tensile strength S;; for various volume fractions
using values of t. =4 MPa and L, = 150um as model parameters, fitted by experiments.

Table 2
Parameters used to fit the constitutive model
to experiments.

w (MPa) B Ae
3% 123 055 025 1.17
5% 15 09 030 1.17
10% 1.5 24 10 117

with the experimental results previously shown in Fig. 3(b) and (c). The model correctly predicts the non-monotonic trend
in strength as a function of volume fraction, with an initial decrease followed by a large increase. The model also predicts
the kink in the initial modulus (E;;) versus volume fraction.

The micromechanical model provides insights to the change in mechanical properties as a function of fitting parame-
ters that have physical significance, such as the fiber length distribution and the interfacial shear strength between matrix
and fibers. The simple model predicts even the subtle anomalous effects observed in the experiments for the mechanical
behavior as a function of volume fraction.

5.2. Constitutive model results

The experimental stress-stretch curves (solid) and their corresponding fit using the constitutive model (dashed) are
shown in Fig. 11(a), showing good agreement across the relevant range of volume fractions. The values of the constitu-
tive model’s parameters used to fit the model to experiments are shown in Table 2. These parameters include material
parameters i, ki, and k,, and damage evolution parameters 8 and .. The material parameter y corresponds to the matrix
material while k; is the fiber reinforcement factor. k; is a function of the fiber volume fraction, with larger volume fractions
leading to larger values of k;. The effect of k, is insignificant, similar to previous results (Jiang et al., 2019). The damage
evolution is controlled by S, with larger 8 indicating slower damage evolution. In addition, the constitutive model can ac-
curately predict the effect of fiber orientation. Using the definition of the invariant from Eq. (20), we fit the experimental
results for 5 vol.% fibers with various orientations as shown in Fig. 11(b). To fit the model to loading scenarios with different
orientations we fixed the material parameters, only allowing damage evolution parameters 8, and A. to vary. These plots
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Fig. 11. Fitting the constitutive model (dashed) to experiments (solid) to capture the effect of (a) volume fractions and (b) fiber orientation on the stress-
stretch behavior.

show that the constitutive model qualitatively captures the transition between softening behavior (observed when loading
is mostly in the direction of the fibers) and matrix-dominated deformation (when loading perpendicular to the fibers).

The effect of damage evolution parameters on damage evolution is closely examined in Fig. 12. Since d;, is always 0 when
the material is under monotonic loading, we only focus on d; in analyzing monotonic fitting of the constitutive model. The
evolution of damage dy with various 8 during longitudinal loading is plotted in Fig. 12(a). The damage initiates when the
stretch approaches the critical stretch A, where () = ®g. As the damage shape parameter § increases the damage evolves
slower.

Additionally, the fiber orientation can have a large influence on the damage evolution. The Cauchy stress due to fiber
reinforcement and dy are plotted for various fiber orientations in Fig. 12(b)-(d). Importantly, the fiber reinforcement when
¢ =90° is negative throughout. This is consistent with the finding of instability and loss of ellipticity under such loading
conditions (Budiansky and Fleck, 1993; Merodio and Ogden, 2005a; Moran and Shih, 1998; Triantafyllidis and Abeyaratne,
1983). The orientation also has a large effect on the shape of the damage parameters. The damage evolves more slowly as
the loading becomes more perpendicular to the fiber alignment, as shown in Fig. 12(c). For smaller angles, the evolution
of damage dy follows similar behavior. The less aligned that the loading is with the direction of fiber alignment, the more
slowly the damage evolves, even with the same damage evolution parameter. However, for this more perpendicular loading
the stress increase due to reinforcement is already much lower at larger stretch values, as shown in Fig. 12(b). The stress
contributed from the fiber reinforcement to the damage model is shown in Fig. 12(d), showing the ability of the continuum
model to capture the softening observed in experiments. The ability of the continuum model to capture damage evolution
and many details of the stress-stretch response under various loading configurations makes it a potentially useful approach
in modeling the mechanical response of fibrous composites with more complex, heterogeneous distributions of fiber align-
ment, as is possible with 3D printing (Jiang et al., 2019; Jiang and Raney, 2019; Raney et al., 2018). However, the implemen-
tation of the model under complex loading conditions should be performed carefully. As pointed out in the experimental
results, deformation of the PDMS-GF composite material can be highly heterogeneous. A large enough domain should be
considered such that these heterogeneities are averaged out to ensure an accurate overall response of the material.

The other advantage of the constitutive model is its handling of the damage state of the composite as a function of
loading history. This can be used to model the Mullins-like effect that was observed in cyclic-loading experiments (Fig. 4).
The fitting using this damage model for loading and unloading is shown in Fig. 13. The stress-stretch response with loading
history identical to the experiments is shown in Fig. 13(a). During initial loading, the material exhibits an elastic response
with no hysteresis, as no damage is initiated when A < A.. As loading crosses the critical stretch A. where softening occurs
during uniaxial loading, damage develops and a hysteresis is observed during loading and unloading. The loading and un-
loading dependence is incorporated in both damage parameters, dm and d;, which share a common fitting parameter 8, as
described in the previous section. As discussed for the case of monotonic loading, 8 represents the rate of damage evolu-
tion. The experimental result of the Mullins-like behavior is also revealed in changes in the initial modulus with increasing
deformation. Under the pseudo-elastic constitutive model, one can extract the fiber damage evolution from the degradation
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of the initial modulus as (Diani et al., 2009; Ogden and Roxburgh, 1999):

E()H) _Emin _ 1 _df()\l)
E(A3) —Emin  1—ds(A2) (23)

where E;, is the stiffness of the fully-damaged material. With this condition, initial stiffness during reloading can be ex-
pressed as a function of the maximum stretch achieved previously:

E()") = Emin + (1 - df)(EmaX - Emin) (24)

where Enax is the stiffness of the undamaged composite material, which can be extracted from the experimental results.
Using Eq. (17), the damage parameter d; can be fit to the experiments, as shown in Fig. 13 b. The fiber damage evolution
parameter produces the exponential degradation in initial modulus, as observed in experiments.

The damage evolution is shown in Fig. 13(c) and (d) for dm and dy, respectively. The unloading path is largely a function
of the maximum effective strain energy, as described in Eq. (16). The damage to fiber reinforcement dy is seen to hold dur-
ing unloading and reloading until it exceeds the prior maximum. The loading portion maps out the damage per monotonic
loading shown in Fig. 12(a). Most interestingly, the best fit of d; using the experimental data in Fig. 13(b) is also plotted here
as a dashed line, which is very close to the model parameter used to fit the Mullins-like result. However, there are still a few
key differences between the experimental results and our model. First, our experiments show separate loading and unload-
ing behavior with hysteresis which is not the case in the model. Secondly, our model does not account for residual stretch
after unloading, unlike observations in experiment. Both of these differences could be addressed by adding parameters that
control the residual stretch as a function of maximum strain energy as suggested in previous literature (Dorfmann and Og-
den, 2004). However, these phenomena are not the focus of the present work, and we therefore focus here on the use of our
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phenomenological model that demonstrates the promise of accurately predicting the loading behavior and damage evolution
in the 3D-printed composite with the fewest number of parameters.

6. Conclusion

In summary, we have fabricated short fiber composites with a soft, nearly incompressible matrix and controlled fiber
orientation using 3D printing. We have performed a systematic study of the effects of volume fraction and fiber orientation
on the mechanical response. Contrary to classical models, the ultimate tensile strength does not increase monotonically
with volume fraction. Instead, a sharp transition is observed with increasing volume fraction from a regime with substantial
softening and ductility at lower volume fractions to a regime with low rupture stretch and no softening at higher volume
fractions, leading to a non-monotonic strength increase. We also observed history-dependent behavior comparable to the
Mullins effect under reloading of the specimens. To better understand the mechanism causing the softening, we conducted
in situ optical imaging and digital image correlation during loading experiments, at both macroscopic and microscopic length
scales. This allowed us to identify fiber debonding as the cause of the mechanical softening, and to relate it to the observed
whitening and non-homogeneous deformation, an effect most pronounced when loading is parallel with the fiber direction
(longitudinal). These effects are not observed when loading is perpendicular to the direction of fiber alignment (transvere),
which is explained by the anisotropy of the fibrous reinforcement. Furthermore, we developed two models to explain the
macroscopic response for different volume fractions and fiber orientations: i) a micromechanical model and ii) a constitutive
model. Both models provide direct insight into damage evolution in the composite, and accurately predict the mechanical
behavior under various volume fractions and fiber orientations. The constitutive model is able to accurately fit the Mullins-
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like response observed during cyclic loading in the experiments and to predict the damage parameter obtained via the
degradation of modulus during these tests. The above fundamental understanding will enable future studies of failure in
composites with more complex, spatially-varying fiber distributions that can now be produced via 3D printing.
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