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Crack healing in cross-ply composites observed by dynamic
mechanical analysis

Christian Nielsen* and Sia Nemat-Nasser
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9500 Gilman Drive, La Jolla, CA 92093-0416, USA

Phone: (858) 534-5918
Fax: (858) 534-2727
Email: cenielsen@ucsd.edu*, sia@ucsd.edu

Cross-ply composites with healable polymer matrices are characterized using dynamic
mechanical analysis (DMA). The [90,0]s samples are prepared by embedding layers of
unidirectional glass or carbon fibers in 2MEP4FS, a polymer with thermally reversible covalent
cross-links previously shown to be capable of healing internal cracks and fully recovering
fracture toughness under ideal conditions. After fabrication, cracks in the composites’ transverse
plies are observed and attributed to residual thermal stresses introduced during processing.
Single cantilever bending DMA measurements show the samples exhibit periods of increasing
storage moduli with increasing temperature. These results are accurately modeling using simple
one-dimensional composite and beam analyses. The effect of cracks on the measured stiffness is
considered using a shear lag model, and the predicted crack density of the glass fiber composite
falls within a range estimated by microscopy observations. Crack healing is assumed to occur as

a function of temperature, and rationales for the onset and conclusion of healing are given.
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1. Introduction

Fiber-reinforced composite materials are popular in structural applications due to their
strength and light weight. They are composed of strengthening fibers embedded in a matrix
material that facilitates load sharing. Due to mechanical and thermal property mismatches,
composite materials are notoriously susceptible to microcrack damage. Through cyclic loading,
these microcracks will grow, coalesce into larger cracks, and ultimately lead to structural failure.
Current technology relies on identifying cracks and manual repair or replacement of the
composite. If the microcracks could instead be healed before they grow, the useful life of the
composite could be extended. This would be particularly useful in foreign environments where
human intervention is difficult or impossible.

There are currently two general approaches to creating a composite material that is self-
healing or healable via external stimuli. The first approach is to embed liquid healing agent that
can bleed out into a crack or other damage and mitigate it. White et al. (2001) incorporated
catalyst particles and microcapsules containing a healing agent into a polymer material which
could serve as the matrix in a fibrous composite. Pang and Bond (2005) moved the healing agent
out of the matrix and into hollow fibers. In these two approaches, once the healing agent bleeds
out into the damaged region and hardens, there is no more available if new damage subsequently
forms in the same location. To overcome this limitation, Toohey et al. (2007) investigated using
embedded microvascular networks where healing agent can be pumped to the damage site in a
biomimetic process. The second approach to creating a healable composite material is through
the use of a polymer matrix which can re-form broken cross-linking bonds. This is a
fundamentally different process than the flowing of polymer chains to heal damage in a

thermoplastic material (Wool and O’Conner, 1981). Plaisted and Nemat-Nasser (2007) have



demonstrated full recovery of fracture resistance after healing cracks in a neat polymer that uses
thermally reversible Diels-Alder (DA) adducts as cross-linking bonds.  Plaisted studied
2MEPAFS, a polymer formed from two monomers reacting in a Diels-Alder cycloaddition (Chen
et al., 2002; Chen et al., 2003). Since healing was performed at temperatures below where the
DA adducts separate, the process requires the crack faces to remain matched and abutted. As the
matrix material in a composite, the fibers could help hold the crack surfaces together. These
conditions should facilitate healing.

Plaisted (2007) also demonstrated crack healing in 2MEP4FS reinforced with glass and
carbon fibers. The composite samples were characterized using single cantilever bending
dynamic mechanical analysis.  After subsequently subjecting them to cold temperature
treatments to introduce microcracks, the samples were recharacterized. They were healed using
an elevated temperature thermal treatment and characterized a third time. The composite
samples were found to recover a significant portion of the originally measured stiffness. Park et
al. (2009) used a single component, DA-based polymer as the matrix in a carbon fiber composite.
The sample was subjected to 3-point bending to measure the stiffness and create cracks. The
cracks were healed by using the carbon fiber as an embedded resistive heater. The process was
repeated several times and most of the original stiffness was recovered each time.

In studying composite healing, both Plaisted and Park focused on observing changes in
mechanical properties after cracking and healing. They did not correlate the number of cracks
with the measured mechanical properties. Particularly in Plaisted’s study where numerous
cracks were present, correlation of the cracks with the measured flexural storage modulus would
have been useful in estimating how many cracks were formed and healed by the thermal

treatments. A number of analysis techniques have been developed for estimating the mechanical



degradation caused by cracks in cross-ply composites like those considered by Plaisted. Broadly
termed “finite fracture mechanics” (Hashin, 1996), these techniques use each crack as the
incremental unit of damage rather than differential crack extension as in classical fracture
mechanics. Every new crack is assumed to extend through the ply thickness and be arrested by
the boundary conditions without causing failure of the composite. In one-dimensional shear lag
methods, the load is transferred from a longitudinal ply to a cracked transverse ply by shear
stresses which are a function of distance from the crack (Highsmith and Reifsnider, 1982; Laws
and Dvorak, 1988). Two-dimensional variational methods for stress analysis have also been
developed (Hashin, 1986; Nairn and Hu, 1992).

In the present work, carbon and glass fiber composites with 2MEP4FS matrices are prepared,
characterized, and the mechanical results are compared with simple one-dimensional analyses.
It’s found that not only cracks, but also crack healing must be considered to fully explain the

experimentally observed behavior.
2. Experimentation

2.1. Sample preparation

Composite samples were prepared using a prepreg process to create and laminate multiple
layers of unidirectional fiber and 2MEPA4FS polymer matrix. Each sample was formed from
prepreg layers containing either Toray T300 carbon fiber or AGY S-2 glass fiber. The properties
of each composite constituent are given in Table 1.

The prepreg process was developed as an extension of the small-sample 2MEP4FS
processing method outlined by Nielsen et al. (2014). This method allows small quantities of
polymer to be produced with precise monomer ratios and minimal wasted material. The

bismaleimide and tetrafuran monomers had been previously synthesized according to standard



Table 1. Composite constituent properties.

Carbon Fiber®® Glass Fiber® 2MEP4FS®®
x=f x=f xX=m
Mass density, p, 1.76 glem® 2.488 g/cm® 1.347 glem®
Longitudinal Young’s modulus, E,; 230 GPa 93.8 GPa 3.046 GPa
Transverse Young’s modulus, E, 22 GPa 93.8 GPa 3.046 GPa
Poisson’s ratio, v, 0.35 0.23 0.367
Shear modulus, G, 22 GPa 38.1 GPa 1.114 GPa
Longitudinal CTE, a,; -1.3 pm/m/°C 1.6 pm/m/°C 41 pm/m/°C
Transverse CTE, a,r 7.0 pm/m/°C 1.6 pm/m/°C 41 pym/m/°C
a. Kaw, 2006
b. Toray Carbon Fibers America Inc, 2012
c. AGY, 2006
d. Plaisted, 2007
e. Nielsen, 2012

procedures (Chen et al., 2002; Weizman et al., 2011). For each composite sample, two
prepolymer batches were prepared in parallel to increase the quantity of prepolymer.
Approximately 600 mg were produced for each composite. A small stoichiometric quantity of
monomers were mixed in two glass culture tubes and subjected to high vacuum. The tubes were
lowered into a 90 °C oil bath, where the bismaleimide melted and further mixed with the
tetrafuran as the polymerization began. The homogenous prepolymers were quenched in liquid
nitrogen and returned to room temperature, where they were transferred to a nylon film bag
containing a layer of unidirectional fiber. High vacuum was applied to the bag, bringing together
the fibers and prepolymer. Still under vacuum, the bag was briefly placed on a steel surface
preheated to 90 °C, and the prepolymer was forced into the fibers using a brayer. The bag and
thin sample were quickly cooled to room temperature and prepreg layers were cut out in the
desired orientations.

The prepreg layers were immediately stacked in a [90,0]s cross-ply sequence. Since

intralaminar cracks tend to form parallel with the fiber orientation, the outer 90° plies served to



amplify the effect of cracks on bending measurements where the maximum tensile and
compressive stresses are at the outer surfaces. The inner 0° plies allowed the samples to retain
structural integrity after the formation of cracks in each ply. The stacked layers were placed
beneath an aluminum piston in a 0.5 by 1.5 inch opening in an aluminum mold. The mold and
piston had been lightly seasoned with Slide Universal Mold Release. Differential scanning
calorimetry (DSC) studies show no effect of the mold release treatment on the thermal properties
of cured 2MEP4FS, indicating no solvents or other plasticizers were being introduced. The
assembled aluminum mold was placed in a preheated press, and a minimum pressure to ensure
good contact was applied to the piston. A thermocouple placed in the mold near the sample
indicated that the sample temperature varied from 90 to 95 °C during the curing process. The
pressure was also monitored, and regularly adjusted as necessary to keep it low, while
maintaining the contact of the mold with the upper and lower steel platens. After three hours, the
press was turned off and the mold and sample were allowed to slowly cool to room temperature
over a period of approximately 6 hours. The sample was removed from the mold, cured for an
additional 2 hours in a preheated 90 °C oven, and slowly cooled to room temperature again over
approximately 10 hours.

The cured composite samples were mounted in a Struers Automated Polishing System and
the edges were ground down approximately 0.6 mm to reach the transverse fibers and then
polished with successively finer grit sandpapers. Final polishing was performed using a 1 um

alumina slurry. After polishing, the samples were washed with purified water and dried.

2.2. Characterization
The physical, thermal, and mechanical properties of the polished composite samples were

measured. The dimensions of each sample were recorded, and the densities determined using the



sample masses and volumes of water displaced by the samples. Assuming no voids, the overall

fiber volume fraction, Vg, was estimated using the measured sample density, p,, the known

densities of the constituent materials (o, p,,), and the rule of mixtures:

_ Ps—Pm
Vr= PF—Pm 1)

The carbon fiber and glass fiber composites had similar overall fiber volume fractions: 0.571 and

0.576 respectively.

2.2.1. Microscopy

The composite samples were inspected and photographed using a Nikon Epiphot inverted
metallograph. Very few voids were observed, and they were mostly near the outer unpolished
surfaces. Cracks were observed in both samples before any mechanical experiments were
performed (Figure 1). The cracks were mostly closed, appearing as fine lines in the images.
Only a few were found by inspecting microscopy images. The semi-transparent glass fiber
sample was also imaged through-thickness with a high resolution scanner (Figure 2). Striations
in the longitudinal and transverse directions indicate the presence of numerous cracks. The
carbon fiber sample was opaque, so a similar through-thickness characterization was not
possible.

The average transverse and longitudinal ply thicknesses were estimated from metallograph
images. In both samples, the longitudinal plies were observed to be thinner than the transverse
plies. Since the longitudinal and transverse prepreg layers were prepared together, they are
assumed to have similar initial thicknesses. The discrepancy may be the result of the prepolymer
more easily flowing along the fiber direction when pressure was applied, or the prepolymer
being drawn to the hot aluminum mold surfaces at the top and bottom of the sample during the

initial, low viscosity stage of curing. Since the fiber quantity in each ply should be constant



Fig. 1. Optical microscope image of a transverse ply crack in the carbon fiber composite

sample. The crack runs from the top center to the bottom of the image.
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Fig. 2. Through-thickness view of the glass fiber composite sample. The longitudinal

plies are oriented left-right in the image.

given the unidirectional fiber tape used, the thickness of the layers must be considered in
determining the fiber volume fraction of each layer. The estimates made using mass density can

be separated into longitudinal fiber volume fraction:

_ 1y 2t tt7)
Vip=Vr— (2a)
and transverse fiber volume fraction:
_yy 2(tp+t7)
Vrp = Vs e (2b)

where t; and t; are the average thicknesses of the longitudinal and transverse plies. The updated

fiber volume fraction estimates are given in Table 2. Fiber volume fractions in the transverse



plies were also estimated from photographs. The results are reasonably close to the fiber volume
fraction estimates derived from the density method, varying by a few percent. These

measurements were made from only a few photographs, and voids were not considered.

2.2.2. Differential scanning calorimetry

Thermal measurements were made using a TA Instruments 2920 Differential Scanning
Calorimeter (DSC) configured with a liquid nitrogen cooling accessory and 50 mL/min dry
nitrogen purge gas. A corner of each composite sample was cut off, individually sealed in a
hermetic aluminum pan, and heated at 3 °C/min with +1 °C/min sinusoidal modulation from 0
°C through the glass transition temperature, T,, taken here as the inflection of the reversible part
of the measured heat flow (TA Instruments, 1998). The glass transition temperatures of the
carbon fiber and glass fiber composites were 94.7 °C and 100.8 °C respectively. Applying the
previously determined model for 2MEPAFS cross-linking as a function of T, (Nielsen et al.,
2014) gives conversions of 0.956 and 0.998, where 1 indicates a fully cured sample. The
relatively low final conversion of the carbon fiber composite may be due to the increased surface
area of the smaller diameter carbon fibers and more sizing transferring into the polymer and
acting as a plasticizer. Nearly ideal results for the glass fiber composite indicate that the sparse
fill threads holding the fibers together did not affect the final polymer matrix. Plaisted (2007)
also noted inconsistent DSC thermal results from his carbon fiber composite. Here, the change is

deemed small and ignored for the purposes of analysis.

2.2.3. Dynamic mechanical analysis
Mechanical measurements were made using a TA Instruments 2980 Dynamic Mechanical
Analyzer (DMA). The composite samples were tested in the single cantilever bending

configuration, where both ends are fixed against rotation and one end of the sample is moved up



Length, L = 17.5 mm

Displacement, d
Force, P

Fig. 3. Diagram of single cantilever bending DMA measurements made on the

composite samples.

and down (Figure 3). Each sample was mounted in the rear position of the dual cantilever
bending clamp, and the clamp screws were tightened with 8 in-Ibf of torque. The instrument’s
thermocouples were positioned near the sample for temperature measurements. A multi-
frequency scan of 0.1, 1, 2, 5, 10, and 20 Hz was performed with a displacement amplitude of
+10 um. In this mode of operation, the instrument uses the prescribed displacement amplitude
and the measured force and time lag between signals to determine the storage modulus, E’, and
loss modulus, E”', of the sample. The DMA calculates the storage modulus of the sample using
one-dimensional Euler-Bernoulli beam theory with additional non-dimensional terms to account
for imperfect fixation at the grips and shear deformation (TA Instruments, 2002):

, PL3 1

p=til 1+§(1+v)({)2] @3)

where d is the prescribed displacement, P is the measured force, I is the second moment of area,
and F_ is a clamping correction factor.

The scan was performed eight times, with the sample removed and remounted in a different
orientation each time. The measurements were made at room temperature with the furnace open.
This method was verified using a single cantilever polycarbonate standard sample provided by

TA Instruments. The results of a single frequency measurement at room temperature with the
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furnace open match the reference data provided by TA Instruments. The average storage and
loss moduli for the 2MEP4FS composite samples are given in Figure 4.

After multi-frequency testing, the samples were remounted a final time in the DMA and
scanned with the furnace closed at 1 Hz from 20 °C to 130 °C at 3 °C/min. The resulting storage
moduli and tan § are given in Figure 5. Both samples show an initial decrease, then increase,
peak, and strong decrease in storage moduli as the temperature increases. This behavior was
unexpected as the 2MEP4FS matrix only exhibits a decreasing storage modulus with temperature

when tested alone (Nielsen, 2012). The mechanical properties of the fibers were not expected to
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Fig. 4. Room temperature DMA results for the carbon and glass fiber composites as a
function of frequency.
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Fig. 5. Single frequency (1 Hz) DMA results for the carbon and glass fiber composites as

a function of temperature.

vary significantly over this temperature range. These results are explored and explained in the

following analyses.

3. Analysis

The composites are analyzed using simple one-dimensional approximations for comparison
with the one-dimensional DMA experimental results. Below the glass transition temperature, T,,
the loss moduli of the samples were observed to be small compared with the storage moduli; i.e.
tan § was small. Therefore, the samples are treated as linear elastic, and the storage modulus is
taken as Young’s modulus for the purpose of calculations. The fibers and matrix are
homogenized to form a single material with effective properties for the transverse and

longitudinal directions of each ply. The samples are first treated as fully intact, the ideal case.
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The effect of transverse cracks is subsequently considered using a shear lag model, and the
effective tensile moduli of the damaged transverse plies are estimated as a function of crack
density. Crack healing is finally included as a linear function of temperature. The effective
properties of the transverse and longitudinal plies are homogenized to form a single beam with
effective properties. This beam is considered as an Euler-Bernoulli beam in bending with small
displacements. The results of the homogenization estimates and DMA measurements are

compared.

3.1. Ideal, intact composite

As a first approximation, the composite samples are treated as fully intact with no cracks
affecting the mechanical properties. Using the constituent properties (Table 1), fiber volume
fractions, and sample dimensions, the fibers and matrix of each ply are homogenized using
standard strength of materials methods to obtain effective properties (Kaw, 2006). The sample
geometry and a representative volume element are depicted in Figure 6. In the following
notation, the first subscript refers to the ply (T, L) or constituent (f, m) and the second subscript

........................................ £
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T e A e e R A e R e e e e R e e
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ZtL
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Transverse ply
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— e / y
tr L e e L G L L S L S L e Lk e x

Transverse ply
Longitudinal ply
Longitudinal ply

Transverse
direction, T

. Longitudinal .: ) . Fiber
direction, L A T S

T

Fig. 6. The layup of each composite and a representative volume element of the fiber and

matrix.
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denotes the direction (T, L) or constituent (f, m).

The effective Young’s modulus in the longitudinal direction of each ply is determined using
the Voigt model, where the strain of each constituent is assumed constant and the overall
stiffness is given by the rule of mixtures:

Ep = ViEp + (1= Vip)Emy, (4a)

Ery, =VipEp, + (1= Vip)Epy. (4b)
Conversely, the effective Young’s modulus in the transverse direction of each ply is determined
using the Reuss model, where the stress in each constituent is assumed constant and the overall
compliance is given by the rule of mixtures:

1 14 1-Vv
— = (5a)
Err Efr Emr

1 14 1-v
— =y (5b)
Err  Efr Emr

The effective Poisson’s ratio and shear modulus of the longitudinal plies in the plane of bending

are determined using the rule of mixtures:

Vi = VLfo + (1 - VLf)le (6)
G = (ViL 4 12V -1 7
LT = E*‘? : (7

The effective Poisson’s ratio and shear modulus for the transverse plies in the plane of bending
(vrr, Gpp) were also estimated using the rule of mixtures and a simple isotropic assumption.
Given the fiber-matrix geometry of the transverse direction of the transverse plies, these
assumptions for vy and Gy are generally not appropriate estimates of effective properties.
Micromechanics methods given by Nemat-Nasser and Hori (1999) are better approximations.
The self-consistent method for a random distribution of aligned reinforcing microfibers includes

interaction between the fibers. Using this method, the effective transverse ply Poisson’s ratio,
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vrr, €an be extracted from the overall bulk modulus, and the effective shear modulus, G, can
be determined. The micromechanics method estimates the transverse shear moduli of both
samples to be on the order of 2 GPa, which is comparable to the estimate made here. The shear
modulus controls the number of estimated cracks in later calculations. The calculated
mechanical properties for each composite are given in Table 2.

The homogenized layers are considered as plies in a rectangular [90,0]s composite beam
subjected to bending (Figure 3). The samples are thin and the experimental displacements were

small relative to the sample length, so one-dimensional Euler-Bernoulli beam theory applies.

The neutral axis, y, of the beam is located where the axial force due to bending is zero:

fT or,(y)dA + fL o, (y)dA =0, (8)

Table 2. Homogenized lamina properties.

Carbon Fiber Glass Fiber
Composite Composite
Thickness, t; 0.165 mm 0.153 mm
Fiber volume fraction, V; 0.623 0.623
? Longitudinal Young’s modulus, E;; 144 GPa 59.6 GPa
._%E Transverse Young’s modulus, E; 6.58 GPa 7.67 GPa
*c% LT-plane Poisson’s ratio, v, 0.325 0.282
§ LT-plane shear modulus, G, 2.73 GPa 2.82 GPa
Longitudinal CTE, a;, -0.96 pm/m/°C 2.36 um/m/°C
Transverse CTE, a;r 41.1 ym/m/°C 35.3 um/m/°C
Thickness, ty 0.196 mm 0.178 mm
Fiber volume fraction, Vz¢ 0.527 0.536
E Longitudinal Young’s modulus, E;, 123 GPa 51.6 GPa
% Transverse Young’s modulus, Epp 5.58 GPa 6.32 GPa
% TT-plane Poisson’s ratio, Vpp 0.358 0.294
=  TT-plane shear modulus, G 2.05 GPa 2.44 GPa
Longitudinal CTE, ay,, -0.68 um/m/°C 2.32 pm/m/°C
Transverse CTE, arr 34.7 pum/m/°C 30.3 pm/m/°C
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where A is the cross-sectional area of the beam. Since the ideal, intact beam is symmetric both
in geometry and material properties, the neutral axis will be at the center of the beam:
y=t,+tr. 9)
The moment-curvature relationship is:
Eiexlic = [ op,(0)ydA+ [, 0, (y)ydA, (10)
where k is the curvature, which is approximated as constant through the thickness of the beam.

The overall flexural modulus of the intact beam is found to be:

E _ 8Eprtr(3tf+3tLtr+t7)+8EL Lt}
flex = (tp+tr)? '

(11)
The Euler-Bernoulli flexural moduli were compared with estimates given by laminated plate
theory and found to be in very good agreement (< 0.5 % difference).

The calculated flexural moduli are compared with the DMA storage moduli measured at 1 Hz
at room temperature. Although the calculations are for static cases, the 2MEP4FS moduli were
determined using DMA at 1 Hz. Assuming the carbon and glass fiber moduli are independent of
frequency, the comparison is appropriate. The carbon fiber composite sample is predicted to
have a modulus 14 % higher than measured, and the glass fiber composite sample is predicted to
have a modulus 26 % higher than measured. In the literature, it has been noted that
unidirectional fiber that has been sitting out at atmospheric conditions for extended periods of
time will yield composites with poor bonding between the fibers and matrix, likely due to
moisture accumulation at the fiber surface (Sjogren and Berglund, 2000). To rule out interfacial
problems, new unidirectional S-2 glass fiber tape was purchased and stored under high vacuum.

This fiber was used to produce a third composite sample, which was prepared and characterized

in a similar manner. The DMA single cantilever bending results show a comparable reduction in
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stiffness relative to the calculated properties, suggesting moisture at the interface is not a
concern.

The calculated flexural moduli and measured DMA storage moduli for the composite
samples are also compared as a function of temperature. The storage modulus of neat 2MEP4FS
was previously characterized at 1 Hz as a function of temperature, from 20 °C to 130 °C at 3
°C/min (Nielsen, 2012). These experimental parameters are the same for the composite DMA
measurements. Assuming changes in fiber properties as a function of temperature were minimal,
the ply and beam properties, equations (4a), (5b), and (11), are evaluated as a function of
temperature. Comparing the calculated and measured moduli, the values are initially in poor
agreement, but converge between 90 °C and 100 °C (Figure 12). Beyond the glass transition
temperature, the calculations and experiments can no longer be meaningfully compared. At the
T, of 2MEPA4FS, the storage modulus precipitously drops and tan § sharply increases, precluding
further consideration of the polymer as a linear elastic material. Softening of the polymer and
composite samples also leads to viscous deformation in the compressed gripped regions. Since
the experiment is sensitive to sample thickness, this deformation quickly skews the measured

flexural moduli.

3.2. Composite with cracks

The discrepancy between the calculated flexural moduli for the ideal, intact case and the
measured storage moduli at room temperature may be attributed to the presence of cracks in the
composite plies. Cracks were seen in microscopy images of the transverse plies in both the glass
fiber and carbon fiber composite samples. The transverse plies are the furthest from the neutral
axis and the cracks are oriented along the fiber direction, normal to the plane of bending,

meaning the observed damage would have a significant effect on the DMA measurements.
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Since the cracks were observed before any mechanical measurements had been performed,
the damage must have occurred during sample preparation. The samples were gently removed
from the aluminum mold and tightly clamped with only the edges exposed during polishing, so
crack formation during these steps is unlikely. The samples had been cured at a maximum
temperature of 95 °C and then cooled to room temperature for characterization. Residual
thermal stresses due to differences in the coefficient of thermal expansion (CTE), «, between the
constituents and between the cross-oriented plies could be the source of the observed cracks.
Specifically, the CTE of 2MEP4FS is an order of magnitude higher than both the carbon and
glass fibers (Table 1). An effective CTE for each ply is determined following similar strength of
materials homogenization methods as previously employed (Kaw, 2006). The longitudinal CTE

for each ply is:

au = Vi (L) + (1 - V) (o), (12a)
ary = Vg (B2) + (1= Vi) (P, (120)

The transverse CTE for each ply is:
aipr = VLf[“fL - Uf(“LL - “fL)] + (1 - VLf)[“mL — U (@, — )], (13a)
arr = Vry [afT - vf(aTL - afT)] + (1 - VTf)[amT — U (amr — ary)]. (13b)
The calculated CTEs for each composite ply are given in Table 2. The resulting residual stresses
in the transverse ply of each composite are estimated by balancing the forces and strains between
the cross-plies:
t o1, + tror = 0, (14)

O(LLAT + ELT‘ = aTTAT + GTT’ (15)

18



where AT=-75 °C is the change in temperature experienced by the sample after curing.
Assuming each composite is still intact and a linear stress-strain relationship, the residual thermal
stress in the transverse ply is:

_ ErrAT(api—arr)
= 4Bty : (16)
Eppty

The carbon and glass fiber composites are estimated to have residual, transverse ply stresses of
14.25 MPa and 11.80 MPa respectively. This level of stress is comparable to the axial stresses
used to drive cracks in neat 2MEP4FS during the double cleavage drilled compression (DCDC)
fracture test (Nielsen, 2012; Plaisted and Nemat-Nasser, 2007). At short crack lengths in the
DCDC geometry, the tensile opening stress is approximately equal to the axial stress (Plaisted et
al., 2006). Stress concentrations and interfaces created by the fibers are also expected to
facilitate crack formation and propagation in the composite samples.

During mechanical characterization, tensile stresses due to bending may also generate cracks
in the transverse plies. The maximum stress during single cantilever bending is expected near

the grips and is estimated to be (TA Instruments, 2002):

__ 6d(ty+tr)FcETT
OTT_max = P 2| 17)
L2[1+?(1+v)( * )]

Assuming intact lamina, DMA characterizations of the carbon and glass fiber composites are
estimated to create maximum stresses of 1.15 MPa and 1.20 MPa respectively. Although these
applied tensile stresses are in addition to the residual thermal stresses, they are significantly
smaller in magnitude. Nairn and Hu (1992) notes that that progressive tensile loading of [90,0]s
composites will lead to the generation of fewer and fewer new cracks until a saturation crack

density is reached. This observation suggests the marginal increase in transverse ply tensile
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stresses due to bending will create relatively few cracks compared with the initial residual
thermal stresses due to CTE mismatches.

The effect of cracks on the mechanical properties of the composite samples was estimated
using a shear lag model given by Lee and Daniel (1990). The model was developed for [0,90]s
composites loaded in tension and is adapted here for application to [90,0]s composites subjected
to bending. Others have successfully used shear lag models derived for tensile loading to
estimate the mechanical properties of cross-ply composites in bending (Smith and Ogin, 1999,
2000). Here, the transverse ply cracks are assumed to be symmetric between the top and bottom
layers (Figure 7). Longitudinal ply cracks are neglected as they will have minimal effect on the
bending measurements due to their orientation.

The one-dimensional shear lag method for cross-ply composites assumes load is transferred
from intact longitudinal plies to cracked transverse plies by shear stresses. The interfacial shear
stress, t;, is considered proportional to the difference in average x-displacements between cross-
plies (u,, ur):

7;(x) = Hlur (x) — u, ()], (18)
where H is a shear lag parameter to be determined later. For a linear relationship between stress
and strain and periodically spaced cracks, a normal stress distribution in each ply can be

determined. The tensile stress between two cracks in a damaged transverse ply is:

Cracked transverse ply

Longitudinal ply
Longitudinal ply

2t

Cracked transverse ply
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Fig. 7. The cracks in the transverse plies are assumed periodic and symmetric. Cracks in

the longitudinal plies are not considered.
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O';T(X) _ ( Epr(tp+tr) g, + O'Tr) (1 . cosh(aS—ax)), (19)

Epptp,+Errtr cosh(as)

where g, is the applied stress, S is one half of the crack spacing, and:

@ =H(—+——) (20)

trEr,  trETT

Neglecting the contribution of the transverse ply and assuming the average strain of the
longitudinal plies is equal to the average strain of the entire composite, the average normal stress

of the cracked transverse ply corresponds to an effective Young’s modulus:

. S—tanh(as)
Err = <a5 atTE s >ETT- (21)

+ﬁtanh(as)
Details of the calculations are given by Lee and Daniel (1990). The effective moduli of the
damaged transverse plies are determined as a function of crack density in Figure 8.

To determine the shear lag parameter, H, for a composite subjected to bending, a parabolic

variation in the shear stress distribution is assumed for each ply. For cubic variations of ply x-

displacements through the thickness (y-direction):

|

Glass Fiber
Composite A

Carbon Fiber
Composite

Effective Transverse Modulus (GPa)

0 1 2 3 4 5
Crack Density (cracks/mm)

Fig. 8. Effective tensile Young’s moduli of the cracked transverse plies.
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u,(x,y) = A1 (0)y> + A, () y? + Az (0)y + A, (%), (229)
ur(x,y) = Bl(x)y3 + Bz(x)yz + B3 (x)y + B4(x), (22b)

the shear stresses can be approximated as:

d )

7,(x,y) = Gir uLd(;: 2p Gr[341(0)y? + 24;(x)y + A3 (x)], (23a)
d )

Tr(x,y) = GTT% = Grr[3B1(x)y? + 2B, (x)y + B3 (x)]. (23b)

The boundary and continuity conditions are:

7,(x,y =0) =0, (24a)

u (x,y =t) =ur(x,y =t.), (24b)
T,y =t) =tr(x,y =t) = 1;(%), (24c)
Hry=0)=0 (24d)
H@y=1)=0, (24e)

tr(x,y =t, +tr) =0. (24f)

Averaging the displacements through the thickness and rearranging equation (18) gives the shear

lag parameter:

— 12GyrGrT (2 5)
5(Grrtr+GrrtL)’

The geometry and material properties are considered symmetric in this derivation of the
shear lag parameter. Specifically, the boundary conditions suggest the cracks are open and must
not close so the transverse laminate behaves similarly in compression as in tension. But
microscopy observations indicate the cracks are mostly closed, and closed cracks are assumed in
later beam bending analyses. A finite element simulation was used to verify the applicability of
the determined shear lag parameter to the single cantilever bending of the carbon fiber composite

sample with four closed cracks: one in each transverse ply at each DMA grip. Due to the
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1 + o Finite element result

Analytical result

Crack edge - T

Fig. 9. One-half of the single cantilever DMA test on the carbon fiber composite was
simulated using LS-DYNA. The average normal stress through the thickness of the cracked

transverse ply (T*) was compared with the stress predicted by the shear lag model.

symmetry of the single cantilever experiment, one half of the sample was modeled (Figure 9)
using 8112 plane strain shell elements and orthotropic material models with the previously
determined effective properties (Table 2). At the fixed end, the longitudinal plies and transverse
ply subjected to compression were fixed against x-displacement and in-plane rotation. The edge
of the transverse ply experiencing tension was left free as a crack surface. At the opposite end of
the sample, a periodic boundary condition was applied to all four layers and a uniform bending
displacement d/2 was applied. The tensile transverse ply stress was averaged through the
thickness of the ply at several locations and compared with the predicted stress distribution given
by equation (19) (Figure 9). The correlation between the theoretical model and the finite element
simulation is judged to be very good, indicating the shear lag parameter can be applied to
analyses with closed cracks.

The effective properties of the damaged transverse plies are incorporated into the beam

calculations. Assuming closed cracks, equation (8) is re-evaluated to find the neutral axis:
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4ELLtL(tL+tT)+tT(4’E;'TtL+ETtT+3E;'TtT)

y= 4Epptp+2tr(Epr+EfT) ! (26)
and equation (10) is re-evaluated to find the overall flexural modulus:
Eftex = %’ (272)
where:
C, = 2E t, (4t] + 6t (tr — ¥) + 3(tr — ¥)?), (27D)
C, = Eprtr(t7 — 3try + 3y%), (27¢c)
C;3 = E;pty(12t7 + 18t tr + 7t2 — 12tV — 9try + 3y2). (27d)

The crack spacing parameter S is selected for each composite analysis such that the
calculated flexural moduli matches the DMA measurements at room temperature. This fitting
method gives crack densities of 3.21 cracks/mm and 2.23 cracks/mm for the carbon and glass
fiber composites respectively. The calculations were also carried out as a function of
temperature. Initially, the slow decline in the measured storage modulus is well predicted, but
the experimental data eventually diverges, resulting in poor agreement at higher temperatures
(Figure 12).

The estimated crack density for the glass fiber composite sample can be correlated with
microscopy observations. Counting the number of transverse cracks in the through-thickness
image (Figure 2) gives approximately 3.66 cracks/mm. Since longitudinal cracks are also
apparent in the images, the observed transverse cracks may be from both transverse plies.
Although the shear lag stress distribution assumes symmetric cracks, other researchers have
noted that, in practice, transverse cracks in [90,0]s cross-ply composites tend to form in a
staggered manner (Nairn and Hu, 1992). Assuming every crack is indeed staggered and visible,
there are an estimated 1.83 cracks/mm in each 90° glass ply. The estimate of 2.23 cracks/mm is

very reasonable given that not every crack may have been visible. The cracks are not ideally
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periodic, and will tend to form at defects, which may lead to some being symmetric and therefore
obscured from view. The observed number of cracks also does not include any additional cracks
formed during DMA testing, but previous discussion has estimated the number of these cracks to
be minimal. DMA measurements were observed to be reasonably consistent over all tests. Since
the carbon fiber sample is not transparent, a similar correlation between analysis results and

observations could not be made.

3.3. Composite with cracks that heal

The cracked composite approximation shows good agreement with the DMA measurements
at low temperatures, while the ideal, intact composite approximation shows good agreement at
high temperatures. This suggests the damage is being mitigated as the sample temperature is
increased. One possibility is the cracks are slightly open at room temperature and progressively
close without healing as the sample is heated and residual thermal strains are relieved. But crack
closing would not increase the tensile modulus of the transverse plies, limiting the recovered
bending stiffness of the composite. Additionally, the DMA measurements indicate the storage
modulus doesn’t immediately begin to diverge from the cracked assumption as would be
expected if the cracks were closing. For these reasons and given the previously establishing
healing capability of neat 2MEP4FS (Nielsen, 2012; Plaisted, 2007; Plaisted and Nemat-Nasser,
2007), the cracks are assumed to heal during the DMA temperature ramp experiments.

For healing to occur, the crack faces must directly abut, which will most truly occur near the
crack tips. The crack tips in the 90° transverse plies are generally located near the longitudinal
0° plies where the cracks were arrested. It is expected that the cracks will first heal near this
interface, and, as the temperature increases and thermal strain decreases, the cracks will continue

to heal and the crack tips will retreat toward the free surface. As a simple model for this
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Fig. 10. The cracks in the transverse plies are assumed to heal. The transverse plies are
subdivided into a healed layer and cracked layer with thicknesses related to the sample

temperature.

assumed behavior, the transverse plies are separated into two layers: a healed layer with ideal
properties and a cracked layer with the previously determined reduced modulus in tension
(Figure 10). The thickness of each layer depends on the temperature, T, and the total ply
thickness remains constant:

tr = t7(T) + trp(T). (28)
Since the CTE of 2MEP4FS is approximately constant over the tested temperature range
(Plaisted, 2007), the thickness of the healed layer, t;;, is assumed to be a linear function of
temperature. DSC measurements of 2MEP4FS with separated DA adducts show the adducts will
begin to re-establish at ~48 °C (Nielsen, 2012) (Figure 11). The DSC measurements were made
at the same average heating rate (3 °C/min) as was used for the DMA mechanical measurements.
This temperature agrees with the observed onset of divergence between the DMA experimental
results and the cracked composite calculations. During curing, the maximum temperature
experienced by the samples was approximately 95 °C. This temperature is taken as the stress-
free temperature for the composite, and the cracks are assumed to be fully healed. This is also
the temperature Plaisted (Plaisted, 2007; Plaisted and Nemat-Nasser, 2007) used to finalize crack
healing in neat 2MEP4FS and composite samples. The thickness of the healed transverse layer is

then:
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(29)

The crack healing assumptions are used to calculate the composite beam properties as a

function of temperature. For closed cracks, equation (8) gives the neutral axis as:

y(T) =

4Eppty(tp+tr)+Eppty (4t +atrp +3t ) +Err (4t trn+(trp+t1)?)
4ELLtL+ZETT(ZtTh+t:1k")+2E’;"Tt:1k" ’

and equation (10) gives the overall flexural modulus as:

where,

D1+Dy+D3
16(ty+tp)6’

Eflex(T) =

Dy = Ep (2t + tr = ¥)% = (tr — 3)?),

(30)

(31a)

(31b)
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D, = Erp((2t, + 2ty + t7 —5)° — Qty + tr — ) + (tr — ¥)° +5°), (31c)

D; = Err((2t, + 2ty — 7)° — 2ty + 2ty +t7 — ¥)%). (31d)

The temperature dependent flexural modulus, equation (31), is compared with the DMA
measurements in Figure 12, and the correlation is deemed excellent over the entire temperature
range. Small deviations in the glass fiber composite results could be attributed to inconsistent
crack paths. The cracks observed by microscopy were generally more torturous in the glass fiber
sample than the carbon fiber sample, with more branching and more variation in the x-direction.
This may be due to differences in filament size (10 pm glass diameter (AGY, 2006), 7 um

carbon diameter (Toray Carbon Fibers America Inc, 2012)) and interfacial shear strength.
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Fig. 12. The various composite analyses compared with the DMA experimental

measurements.
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4. Discussion and conclusions

Carbon and glass fiber cross-ply composites were characterized, and analytical
approximations were used to describe the observed behavior. The experimental and analytical
results indicate crack healing occurs as the sample temperature is increased. Healing was not
directly observed however, due to the elevated temperatures and closed DMA instrument.
Examining the samples after DMA characterization, the cracks that were observed before testing
were still observed after testing. Since the sample was cooled back to room temperature, the
residual thermal stresses returned and re-formed the cracks. The crack locations are controlled
by the stress distribution and local defects, which would still be present after testing. Identical
crack paths suggest incomplete healing at the fiber-matrix interface. Previous studies that
showed ideal healing were for the neat 2MEP4FS polymer (Plaisted and Nemat-Nasser, 2007).

Since the cracks re-formed in the same locations, it is difficult to claim the samples were
completely healed, even at elevated temperatures and despite the analytical results. Due to the
essentially zero thickness of the cracks relative to the length of the sample, even poor crack
healing that barely holds the crack faces together would have a dramatic impact on DMA
bending measurements.  Similar DMA experiments on other composite samples with
functionalized glass fibers have demonstrated that fiber surface treatments have a minimal
impact on the measured properties despite large changes in the interfacial bonding strength (Jia
et al., 2012). At the small strains used by the DMA, the quality of the interface isn’t being
evaluated. Beam bending measurements and analyses are also very sensitive to sample
thickness. The ply thicknesses were estimated based on observations of the sample edges.
Variations in these thicknesses through the unseen regions of the sample would strongly affect

the measured results, as well as the estimated number of cracks needed to match the analytical
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and experimental results at room temperature. The number of cracks in the shear lag analysis is
controlled by the shear moduli of the plies, which were estimated here by particularly crude
methods. Given the good agreement between the number of estimated and observed cracks in
the glass fiber composite sample, the ply thicknesses and shear moduli used in the analyses
appear reasonable.

Each sample was only tested as a function of temperature once. Retesting the samples would
give incomparable results as the gripped regions had permanently deformed during the high
temperature portion of the tests. In order to observe crack healing in the composite samples,
additional thermal treatments could be used to increase the damage present in the samples before
testing. By initially cooling the samples below room temperature, new cracks would be
generated that should remain healed during microscopy observations after DMA
characterization. Following this approach, Plaisted (2007) successfully observed composite
crack healing.

The composite samples were only characterized at only one level of damage. Progressively
imparting additional cracks would allow the shear lag model to be better compared with
experimental measurements. A fracture criterion could be developed and an energy release rate
estimated. More complex, variational methods for stress analysis in cracked cross-ply
composites have been developed (Hashin, 1996; Nairn, 1989) and deemed more accurate for
developing fracture criteria (Nairn et al., 1993). An energy release rate would be useful for
evaluating the fiber-matrix interface and interfacial healing. The experimental methods given in
the literature for developing a fracture criterion require relatively large samples, which would be
difficult to produce with material quantities limited by current processing methods. Adaptation

of the methods for use with the healable materials is left for future efforts.
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