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Development of Free-Edge Effect During Processing of
Semicrystalline Thermoplastic Composites
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The residual thermal stresses developed during processing of fiber-reinforced semicrystalline thermoplastic
composites are strongly affected by variations in temperature and degree of crystallinity within a laminate. A
model which enables the prediction of the temperature and volume fraction crystallinity distributions over the
cross-sectional area of these laminates during processing from the melt is presented. In this study, emphasis is
on the prediction of temperature and crystallinity gradients in the vicinity of free edges. Results are shown for
the case of unidirectional APC-2 laminates for different surface cooling rates.

Introduction

F IBER-REINFORCED composite materials have gained
widespread applicability in high-performance aerospace

structures as a result of their superior specific strength and
stiffness. This superiority, however, does not come without
tradeoffs, which are mainly associated with the matrix and
matrix/fiber interfaces. Among fiber-reinforced composites,
thermoplastic-based composites possess many advantages
over thermoset composites, including among others, impact
resistance, improved fatigue life, increased toughness, higher
service temperatures, unlimited prepreg shelf life, and the
ability to be remelted and reprocessed.

One characteristic of fiber-reinforced composite laminates
is their tendency to delaminate under service loading, with fail-
ure typically initiating in the vicinity of traction-free edges.1'5
Delamination is associated with high interlaminar stresses due
to property and geometric discontinuities through the thickness
at the free edge. This failure mode can be partially controlled
by the selection of tougher matrices, by the stacking sequence,
and by fiber orientation.6 Thermoplastic-based composites have
given an order of magnitude increase in interlaminar tough-
ness compared to existing epoxy resin composites,7 increasing
their resistance to the initiation of delamination and free-edge
failures. However, substantial residual thermal stresses may
be developed in thermoplastic composites due to the elevated
processing temperatures and the high matrix/fiber thermal
expansion mismatch. These thermally induced residual stresses
may represent a significant fraction of the failure stress of the
material, possibly leading to premature failure in the form of
delamination and transverse cracking.8'9

Within the class of thermoplastic composites, it is important
to distinguish between amorphous and semicrystalline ma-
trices. The high-stiffness crystalline phase in semicrystalline
resins contributes to enhanced mechanical properties when
compared to those of the amorphous phase. The buildup of
residual stresses during processing for amorphous resins be-
gins only below the glass transition temperature, whereas for
semicrystalline matrices it begins during the crystallization
process.10 In semicrystalline thermoplastics, crystallization
causes a large volumetric shrinkage in addition to the usual
thermal contraction11 and causes the buildup of additional
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residual stresses. As the composite's mechanical properties are
dependent on the matrix constituents and the reinforcing
phase,12'13 the development of thermal stresses is directly af-
fected by the variations in temperature and degree of crys-
tallinity occuring during processing.9 As a result, the study of
residual thermal stresses in semicrystalline thermoplastic com-
posites is directly related to the determination of the tempera-
ture, temperature rates, and crystallization kinetic profiles as
function of time in the laminate, and especially in the vicinity
of traction-free edges.

Several studies have been performed to determine the tem-
perature distribution and crystallization kinetics during the
processing of thermoplastic-based composites. The majority
of these studies model the thermal process using a one-dimen-
sional heat conduction energy equation through the thickness
of the composite,9'14 and include a prediction of the degree of
crystallinity profile using a crystallization kinetics model cou-
pled to the heat transfer analysis. The aforementioned models
emphasize the skin/core (through-the-thickness) distributions,
without being able to address the free-edge effect developing
during processing. A two-dimensional model that can predict
both temperature distribution and crystallization kinetics in
thermoplastic composites is presented in Ref. 15. This model
accommodates two-dimensional complex shapes in the plane
of the laminate, but again, does not address the free-edge
effect problem.

The model presented in this study is based on a thermal
analysis over the cross-sectional area of a composite laminate
coupled to a crystallization kinetics analysis. The model en-
ables the prediction of the time-dependent temperature and
crystallinity profiles during the nonisothermal processing
from the melt. To elucidate the development of the free-
edge effect, results are shown for the case of unidirectional
APC-2 [graphite/polyetheretherketone (PEEK)] laminates.
These results emphasize the importance of predicting free-
edge gradients developing during processing of fiber-rein-
forced semicrystalline thermoplastic composites.

Model Description
Thermal Analysis

The composite laminate considered for the thermal analysis
is a long (infinite) composite strip with finite width and finite
thickness. Consequently, the domain modeled is the cross-sec-
tional area of the laminate (Fig. 1), where the heat transfer due
to conduction and the release of heat caused by the nucleation
and growth of crystals are taken into consideration. The anal-
ysis requires the simultaneous modeling of temperature and
crystallization histories, while the purpose is to determine the
complete temperature and crystallinity profiles as a function
of position and time.
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The expression for the aforementioned crystallization kinet-
ics model is given by

(2)

where

Fig. 1 Two-dimensional space domain of the problem.
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Fig. 2 Volume fraction crystallinity vs cooling rate for APC-2
(model of Velisaris and Seferis17).

The thermal analysis is governed by the following two-di-
mensional heat conduction equation, subjected to the appro-
priate boundary and initial conditions:

- [p(T)C(T)T] = V
ot

(1)

where t, p, T, C, K, U, and Xvc are the time, density, temper-
ature, specific heat, conductivity matrix, heat release rate per
unit volume due to crystallization, and volume fraction crys-
tallinity, respectively. The overdot on Xvc implies a derivative
with respect to time. The coupling between the temperature
and crystallinity via the term U was found to be relatively
weak.14'15 Therefore, the temperature distribution can be ex-
plicitly calculated from the heat conduction equation.

Solution of the heat conduction equation is based on a
discretization of the space domain using the finite element
method, whereas the time domain is discretized using a time-
marching procedure (recurrence relation) based on a finite
difference scheme. The time-marching procedure chosen is the
unconditionally stable implicit algorithm of Crank-Nicolson.16

Crystallization Kinetics Analysis
Crystallization kinetics is modeled because it influences the

development of residual stresses and the free-edge effect
through the mechanical properties of the material. Calculation
of the time-dependent crystallinity profile is based on the
crystallization kinetics model of Velisaris and Seferis.17 The
model is based on a linear combination of two crystal nucle-
ation and growth processes (dual mechanism) observed exper-
imentally and occurring in parallel. This model has showed
good agreement with measurements of crystallinities for both
neat and carbon-fiber reinforced PEEK samples for a wide
range of cooling rates from the melt.

(3)

Here X"c is the equilibrium volume fraction crystallinity; w/
are weighting factors; Cl/, C2/, and C3/ are model constants
(material-dependent); Tg is the glass transition temperature;
Tmi are crystal melt temperatures for the dual mechanism; and
nf are Avrami exponents for the dual mechanism. The values
used in the present study are reported in Ref. 17.

The crystallization kinetics in semicrystalline thermoplastics
has been shown to be directly related to the cooling rates
experienced within the material.17'18 As the laminate under-
goes large gradients in cooling rates in the vicinity of free
edges, variations in degree of crystallinity are expected within
this region. Figure 2 presents the dependence of the volume
fraction crystallinity on the cooling rate applied from the melt
for APC-2 based on the model of Velisaris and Seferis.

Mechanical Properties Determination
The lamina's mechanical properties required for the stress

analysis are strongly dependent on the individual constituent
properties, that is, on the reinforcing fibers, the matrix crys-
talline phase, and the matrix amorphous phase. Ply properties
in both longitudinal and transverse directions are calculated
using micromechanics models, and take into consideration the
contribution of the different constituents.

The mechanical properties of the carbon fibers and the
crystalline phase of the PEEK matrix are assumed to exhibit
no temperature dependence. The amorphous phase in the
PEEK matrix, however, does exhibit a strong dependence on
temperature, as illustrated in Fig. 3 for the elastic modulus.9
Consequently, the determination of the time-dependent tem-
perature and crystallinity profiles in the laminate, as calcu-
lated from the preceding sections, directly influence the devel-
opment of residual thermal stresses and the free-edge effect
through the mechanical properties of the material in both
longitudinal and transverse directions.
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Fig. 3 Elastic modulus of PEEK amorphous phase vs temperature
(calculated9).
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Model Flow Chart
A simple flow chart illustrating the interaction between the

various sections in the model is presented in Fig. 4.

Results
To elucidate the development of the free-edge effect during

processing from the melt of semicrystalline thermoplastic
composites, some results describing the transient temperature
and crystallinity profiles are presented for the case of unidirec-
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Fig. 4 Model flow chart.
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Fig. 5 Specimen's dimensions and distribution lines.
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Fig. 6 Midsurface temperature distribution at various times for a
16-ply unidirectional APC-2 laminate cooled at 2100°C/min.
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Fig. 7 Through-the-thickness temperature distribution at various
times for a 16-ply unidirectional APC-2 laminate cooled at 2100 °C/
min.
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Fig. 8 Midsurface crystallinity distribution at various times for a
16-ply unidirectional APC-2 laminate cooled at 2100°C/min.
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Fig. 9 Through-the-thickness crystallinity distribution at various
times for a 16-ply unidirectional APC-2 laminate cooled at 2100 °C/
min.

tional 16-ply APC-2 (graphite/PEEK) laminates. The speci-
men under discussion is shown schematically in Fig. 5, where
the laminate's half cross section and the designated distribu-
tion lines are depicted. Results are presented for three differ-
ent regions: horizontal distribution (measured from the free
edge), vertical distribution (measured from the midsurface in
the through-the-thickness direction), and contour distribution
(isoparametric representation in the half-cross-sectional area).

The temperature and crystallinity profiles in the different
regions of the specimen are presented in Figs. 6-10 for a
surface cooling rate of 2100°C/min. As expected, slower cool-
ing rates are experienced at locations away from the surfaces
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Fig. 10 Overall crystallinity distribution for a 16-ply unidirectional
APC-2 laminate cooled at 2100°C/min at a) t = 6 s, b) t = 7 s, and c)
t = 8 s.
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Fig. 11 Midsurface crystallinity distribution at various times for a
16-ply unidirectional APC-2 laminate cooled at 1200°C/min.

(Figs. 6 and 7). Significant gradients in degree of crystallinity
are obtained during processing in both horizontal and
through-the-thickness directions (Figs. 8 and 9, respectively)
as a result of different cooling rates in the surfaces and in the
core of the laminate. These substantial gradients are especially
significant in the horizontal direction, where the influence of
the free edge can be readily identified (Fig. 8). An overall
picture of the volume fraction crystallinity distribution in the
cross-sectional area of the laminate at various times is pre-
sented in Fig. 10. This figure elucidates the existence of the
free-edge effect during different stages in the processing and
qualitatively emphasizes its magnitude.

The free-edge effect is very localized and appears to vanish
at a distance of approximately two times the thickness of the
laminate measured inward from the free edge. The region
where the free-edge effect takes place can also be seen in Figs.
11 and 12 for surface cooling rates of 1200°C/min and 600°C/
min applied during processing. This important observation
regarding the size of the free-edge zone is compatible with
experimental measurements reported by Unger19 and depicted
in Fig. 13 for an APC-2 laminate. Unger developed a thermal
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Fig. 12 Midsurface crystallinity distribution at various times for a
16-ply unidirectional APC-2 laminate cooled at 600°C/min.
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Fig. 13 Effect of reconsolidation zone size on failure strain for
APC-2 (Unger19).

process for fiber-reinforced semicrystalline thermoplastic lam-
inates which reduces the free-edge effect and improves static
strength and fatigue life. In this process, referred to as local-
ized reconsolidation, heat and pressure are applied to a lami-
nate's free edge to locally melt the matrix, followed by cooling
at a specified rate. A zone of reduced residual stresses was
found to be formed, causing a significant improvement in the
overall static and fatigue strength. Figure 13 shows the influ-
ence of the size of the melt zone on the axial failure strain of
a [ + 352/ - 352/02/902]s APC-2 laminate. Unger's experimen-
tal results confirm the observation regarding the size of the
free-edge effect region, as no additional improvement was
achieved when the free edge was melted beyond a distance of
two times the laminate's thickness.

Conclusions
A model which predicts the temperature and volume frac-

tion crystallinity distributions in the cross-sectional area of a
semicrystalline thermoplastic laminate during processing from
the melt is presented. The model enables the prediction of
free-edge gradients developing during processing.

Application of fast cooling rates may lead to significant
temperature and crystallinity gradients in the vicinity of free
edges. This effect is very localized, and it seems to vanish at a
distance of two laminate thicknesses measured inward from
the free edge. Moreover, existence of large free-edge gradients
during the processing is evident for any surface cooling rate
applied.
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The residual stress state is strongly affected by the tempera-
ture and crystallinity gradients occurring during processing
(and not only by the steady-state levels) through changes in
mechanical properties. Therefore, the results emphasize the
importance of the prediction of the free-edge effect developing
during processing from the melt of fiber-reinforced thermo-
plastic composites in general, and semicrystalline thermoplas-
tics in particular.
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