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In this work, the spring-in angle behavior of a U-channel shaped thermoplastic matrix laminate is stud-
ied. The consolidation of the U-channel shaped profile having two different corner radii took place in an
autoclave. Spring-in angle was measured at room temperature, after cooling in the autoclave, and during
subsequent heating at different temperatures and after final cooling to room temperature. Different ther-
mally induced spring-in angle behaviors were observed for the two inner radii of U-specimen. Thermal
expansion coefficients in the through the thickness and in-plane directions were measured. Experimental
spring-in angle data were then compared with a differential model derived from the Radford model.
Some differences between the model results and experimental spring-in data were observed. The differ-
ences observed between the two radii and between experimental and model results were attributed to
the existence of fibers distortion at the corner, leading to significant fibers misalignment and wrinkling.
Consequently, the Radford model was modified to account for the increase of thermal expansion coeffi-
cient in the through the thickness direction. Results showed a better agreement with experimental data.
Finally, the difference observed in the spring-in angle before and after heating of the composite indicates
the relevance of non-thermoelastic effects in thermoplastic matrix composites.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Thermoplastic matrix composites, based on commodity poly-
mers, are attracting increasing interest, essentially thanks to their
fast processability, high impact strength, chemical resistance, low
moisture absorption, unlimited shelf life of raw materials, and
low cost. In addition, the ability of thermoplastic matrix compos-
ites to be recycled is one of the main advantages over thermoset-
ting [1–3]. Because of its characteristics of low density, good
processability and environmental resistance, isotactic polypropyl-
ene (iPP) is considered one of the most suitable thermoplastic ma-
trix candidates for many industrial applications.

During processing of thermoplastic based composites, pressure
and temperature are applied to the material to allow fibers impreg-
nation and void fraction reduction [4,5]. At high temperatures, the
low viscosity of the polymer and the applied pressure assure ade-
quate flow of the molten phase, which impregnates the fibers [6–
8]. During the subsequent cooling stage, crystallization occurs
[9,10], forming a consolidated composite. The flow of the molten
material is governed by Darcy’s law [11–13]. As a consequence of
this, low viscosities and low migration distance of the polymer
matrix enhance the consolidation step, even in the presence of
low applied pressures. A reduced flow distance is usually obtained
using commingled yarn composites, which can then be processed
ll rights reserved.

: +39 832 297240.
).
at very low pressures. One of the most important problems associ-
ated with processing of composite parts is molding distortion. A
typical mould distortion for angle shaped parts on cooling is com-
monly called spring-in. The difference between the in-plane and
the through thickness thermal expansion coefficient leads to a
reduction of the enclosed angle [14], as shown in Fig. 1. Distortions
in thin and flexible components can be ignored because the defor-
mations can be easily corrected during assembly operations. How-
ever, in the case of rigid components, such deformations cannot be
ignored since they cannot be easily removed during assembly. The
most common residual stress effect encountered in manufacturing
composites is deformation of angled and curved parts. Currently,
tool angles are modified to compensate for part spring-in. The tool
geometries is based on either ‘rules-of-thumb’ from past experi-
ence or trial-and-error. For angular parts, the compensation is nor-
mally between 1� and 2.5�. The most common problem found in
using a standard factor is that the spring-in may vary with lay-
up, material, processing temperature, mould geometry etc. [15,16].

Spring-in behavior has been widely studied for thermoset based
composites. Many papers indicate that the spring-in behavior de-
pends upon different factors, including material properties, process
conditions and composite lay-up [14,17]. The most commonly used
approach to study the spring-in behavior of thermoset based com-
posites was developed by Radford [14]. In recent years, other stud-
ies have dealt with spring-in angle for thermoplastic matrix
composites [18–21]. It is generally accepted that also in the case
of thermoplastic matrix composite the spring-in angle is due to
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Fig. 2. Geometry of U-channel specimen and tool.

Fig. 1. Spring-in after cooling of a L-section composite (fig. by T. Gartska).
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Fig. 3. Autoclave thermal cycle: vessel set temperature (—), bag side material
temperature (-o-) and mold side material temperature (-h-).
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different thermal expansion coefficients in the in-plane and
through the thickness directions. Further, owing to their long
molecular chains, thermoplastics have a high melting temperature,
and consequently the processing temperatures are much higher
than those typical of thermoset based composites. This contributes
to build up of large residual stresses during the cooling stage [18].
Also, for thermoplastic matrix composite, the gradients in cooling
rate can result in morphological non-homogeneities in the polymer
matrix, particularly in semi crystalline polymers. This effect, which
is usually referred to as ‘‘skin-core” effect [21] is a further source of
anisotropy. For thermoplastic based composites, the evolution of
composite stiffness, and of residual stresses, is expected to be dif-
ferent than that observed for thermoset based composites. Ther-
mal distortion can arise, in thermoset based composite
processing, during the heating and the cooling stage, after the stiff-
ness develops at the cure temperatures [14,16]. On the other hand,
thermal distortion during thermoplastic processing can only take
place during the cooling stage after crystallization occurs.

In this work, the dimensional changes of a Polypropylene ma-
trix composite were studied by thermo-mechanical analysis to
determine the thermal expansion coefficients of the material both
in-plane and through thickness. Spring-in angle of U-shaped lami-
nate at room temperature after processing was measured by a
coordinate measuring machine (CMM). The spring-in angle upon
heating was measured using a laser measuring system. Experimen-
tal results were compared with the analytical model derived by the
one developed by Radford and Rennik [14] for thermoset based
composites.

2. Experimental

2.1. Materials

The composite laminate used in this work is obtained by consol-
idation of a commingled woven fabric, Twintex� T PP 60 745 AF
152. The identification of this product are: 2/2 twill balanced fabric
(T); isotactic polypropylene matrix (PP); 60% by weight of E-glass
and 40% by weight of iPP; 745 g/m2 as nominal weight; commin-
gled rowing type (AF); 152 cm width; produced by Vetrotex. The
unconsolidated fabric is about 1.5 mm in thickness. The material
can be consolidated by the combined effect of temperature and
pressure in autoclave.

An autoclave Quicklock Thermoclave Leeds and Bradford Boiler
Company Limited was used for the production of flat and U-shaped
laminates. In both cases, 8-plys of Twintex were stacked, with
symmetrical [0/90] sequences, and pre-consolidated on the tool
using a nylon 6 vacuum bagging film. Flat specimens, used for
the determination of thermal expansion coefficient (CTE), were
bagged on a flat aluminum plate. U-channel specimens, used for
determination of spring-in angle, were manufactured, with fiber
oriented along the channel longitudinal axis, on a female alumi-
num U-channel shaped tool. In particular the geometric character-
istic of the tool is an angle of 92� between each arm and the base of
the tool. In order to highlight the effect of corner radius on spring-
in angle, inner radii of 16 and 32 mm were used as shown in Fig. 2.

During the thermal cycle in the autoclave a pressure of 6.9 bar
was applied on the material. Positive pressure and vacuum were
held for the entire thermal cycle (heating and cooling) while the
temperature was measured. During the thermal cycle the material
was heated at a very low heating rate (0.5 �C/min) up to 180 �C,
and then held at constant temperature for 1 h. A faster cooling rate
(about 6.5 �C/min) was adopted. The temperature profiles during
the heating and cooling cycle in the autoclave are reported in
Fig. 3. This optimized thermal cycle was based on previous work
in Twintex� molding [22]. An homogeneous heat flow in the com-
posite from the vacuum bag and the mould side results by their
comparable thermal resistance. In facts, as reported in Fig. 3, the
maximum temperature difference between the mould side and
the bag side of the composite is about 3 �C.

Sections of U-channel were cut by diamond saw to obtain the
specimens for spring-in testing.

2.2. Thermal expansion coefficient measurement

The thermal expansion coefficient (CTE) of Twintex laminates
was measured both in the in-plane and through thickness
direction.



Fig. 5. Laser reflection technique setup.
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The CTE was measured by means of TMA 8 Perkin Elmer ther-
mo-mechanical analyzer. TMA tests were performed using a
step-wise temperature program between 20 and 200 �C with tem-
perature intervals of 20 �C, raising the temperature between subse-
quent isothermal steps at 10 �C/min. After reaching the isothermal
temperature, the sample was held for 25 min, and then the tem-
perature was raised again to the following test temperature. The
force on the sample was held constant to a value of 10 mN, corre-
sponding to about 0.014 bar, at a diameter of the quartz probe of
3 mm. Samples 7 * 8 * 17 mm were used for in-plane CTE measure-
ment. Samples 7 * 8 * 4 mm were used for through the thickness
CTE measurement. The length of the sample at each temperature
was determined as the mean value of the length measured during
the last 5 min of the isothermal step. The same temperature pro-
gram was used without the sample, determining the contribution
of quartz probe and support tube to the TMA signal. A base line
was built, which was subtracted from the TMA signal, thus deter-
mining the dimension of Twintex sample at each temperature.

2.3. Room temperature spring-in angle measurement

The spring-in angle at room temperature, after cooling in the
autoclave, was measured by means of an ARES COORD 3 coordinate
measuring machine (CMM), equipped with a 40-mm long needle
with 2-mm diameter ball. The specimens were fixed on an alumi-
num plate with epoxy adhesive as shown in Fig. 4. The fixing was
conducted taking care not to induce deformation to the sample. A
very light veil of glue was placed in edge of each arm to prevent the
needle force from moving the specimen. The aluminum plate was
screwed to the bed of CMM. The sample was left for 24 h in the
CMM room at controlled temperature (20 �C) before measurement.
This was done to avoid temperature gradients in the sample, and to
allow complete cure of the epoxy.

Six points were recorded on each of the three surfaces of the U-
channel, away from the corner radius. A surface was fitted by each
group of six point recorded by CMM. Each surface was approxi-
mated by the plane best fitting the recorded points, and the angle
was determined as the angle enclosed by the planes. The zones
used in measurement are shown in Fig. 4. This measurement pro-
cedure was repeated along the entire length of U-channel, virtually
dividing the specimen into 10 smaller U-channels. The final angle
was determined as the average value of the 10 values determined
for each U-channel.

The initial spring-in angle Dhi was calculated as the difference
between the measured angle after consolidation and the set-mould
surfaces angle. The set-mold surfaces angle is 92� for both side of
the mold as previous described.

The same procedure was followed for each of the two corner
radii.
Fig. 4. CMM tests setup for U-ch
2.4. Thermally induced spring-in angle measurement

A laser measurement technique initially developed by Radford
and Rennick and modified in the laboratories of the University of
Bristol [23] was used to determine temperature induced angle
change during heating (Fig. 5). Sections of U-channel were cut to
obtain smaller U-channel 70 mm in length. Two thermocouples
were attached on the specimen to monitor the temperature. At
each temperature the sample was held for 1 h to avoid tempera-
ture gradients in the sample. A small mirror was fixed to the arm
of each specimen using wire clips, and another mirror was at-
tached to a fixed support, and used as reference. The deviation of
the reflected laser spot from the arm mirror with respect to the re-
flected laser spot from the fixed mirror was used to determine the
angle variation at each temperature.

The geometric parameters used for the determination of the
spring-in angle variation are shown in Fig. 6, where b is the angle
variation, (d1 � d2) is the deviation from initial position of the re-
flected spot, and L = 7.3 m is the distance between projection
screen and the mirror on the specimen.

The geometric relationship between b and the others parameter
is

b ¼ 1
2

arctan
d1 � d2

L

� �
ð1Þ

The spring-in angle variation at each temperature was calcu-
lated as Dh ¼ Dhi � b.
annel angles measurement.



Fig. 6. Scheme of test where b is the angle variation, L is the distance between the
specimen and the projection screen, (d1 � d2) is the variation in the position of laser
reflected spot, 92� is set-mold surfaces angle.
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At the end of the heating stage, the sample was cooled back to
room temperature. The final spring-in angle Dhf was also measured
after cooling of the specimen, and the value was compared with
the initial value (Dhi) determined for the sample before heating
(cooling hysteresis).

2.5. Density measurement and burn-off test

Density measurement and burn-off test were carried out to
evaluate the effect of corner radius on the voids and fibers content
of the U-shaped composite. Samples were extracted from each of
the corner radii and from the flat zone, as shown in Fig. 7. The
burn-off of matrix was carried out on a muffle furnace.

Density measurements were carried out on a Sartorius balance
equipped for weighing in water. The density of the specimen and
burn-off was performed following ASTM D792 and ASTM D3171-
99.

3. Results and discussion

In-plane thermal expansion (parallel to fibers direction) is
shown as a function of temperature in Fig. 8. Through thickness
thermal expansion is shown as a function of temperature in
Fig. 9. As shown in Figs. 8 and 9, the material shows a non-linear
expansion behavior in both directions. This indicates a tempera-
ture dependence of the CTE, both in the in-plane and through
thickness direction. For a non-linear expansion, the evolution of
Fig. 7. Specimen for burn-off test from U-section.
the composite length can be predicted as a function of temperature
by applying the exact differential definition of CTE

a ¼ dd
d
� 1
dT

ð2Þ

where a is the CTE, d is the characteristic dimension of the compos-
ite (in the through the thickness or in-plane direction), T is the tem-
perature. A linear dependence of the CTE upon temperature was
assumed for temperatures above the glass transition temperature
of the polymer, Tg:

a ¼ Aþ B � ðT � TgÞ ð3Þ

Consequently, after substitution on Eq. (3) into Eq. (2) and integra-
tion, each of the characteristic dimension of the composite, d, can be
expressed as a function of temperature as

d
d0
¼ exp ðA� BTgÞðT � T0Þ þ

B
2
ðT2 � T2

0Þ
� �

ð4Þ

where d0 and T0 are the initial values of d and T.
By non-linear curve fitting of the experimental data reported in

Figs. 8 and 9 with Eq. (4), the coefficients A and B were determined
in the in-plane and through the thickness directions. Also, the lin-
ear fit of experimental parameters, deriving from the assumption
of a constant CTE, is reported in Figs. 8 and 9, clearly providing a
lower accuracy compared with non-linear curve fit. The values of
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the coefficients for the temperature dependent and constant CTE
determined from regression of experimental data are reported in
Table 1.

As expected, the through thickness CTE, which is mainly
governed by the polymer matrix CTE, is much higher than the in-
plane CTE, which is a property dominated by the glass fiber
reinforcement.

The spring-in angle measured at room temperature with a CMM
machine after cooling in the autoclave are reported in Table 2, indi-
cated as Dhi. Results reported in Table 2 indicate that a higher
spring-in angle occurs for the smaller inner radius.

Usually, differences in spring-in behavior can be attributed to
processing induced defects, including:

� Fibers distortion at the corner, involving an inhomogeneous dis-
tribution of resin [23]. The results obtained from resin burn-off
tests, reported in Table 3, show some non-homogeneity in the
fibers content measured at the corners (specimen 2 and 4 in
Fig. 7).
Table 1
In-plane and through thickness CTE parameters for Eq. (3)

A (K�1) B (K�2) Tg (K)

In-plane CTE 1.628E-5 �1.016E-7 263
In-plane constant CTE 7.29E-6 0 –
Through the thickness CTE 1.169E-4 8.713E-7 263
Through the thickness constant CTE 1.92E-4 0 –

Table 2
Outer corner angles measured by CMM at room temperature after processing

U-channel side Angle
measured
92-Dhi (�)

Measured
initial spring-in
angle Dhi (�)

Predicted initial
spring-in angle
Dhi (�) Eq. 6

Density in
the corners
(g/cm3)

32-mm outer
radius side

90.204 1.796 1.571 1.38

16-mm outer
radius side

89.672 2.328 1.571 1.38

Table 3
Burn-off test results

Specimen Weight% of fibres

1 61.01
2 56.06
3 59.28
4 56.09
5 62.47

Fig. 10. Optical microscopy images for 32
� Poor consolidation of the composite at small corner radii. The
results reported in Table 2 show that the density of the laminate
is homogeneous even in the small corners.

� Fibers wrinkling at corners. Optical microscopy observations
shown in Fig. 10a and b show significant misalignment of the
fibers accompanied by resin percolation at the corners. In partic-
ular, the fibers are better aligned along the circumferential
direction for the larger corner radius (Fig. 10a), whereas fibers
wrinkling is observed in Fig. 10b) for the smaller radius. Fibers
misalignment and resin percolation influence the thermal
expansion behavior of the composite, leading to a different
spring-in behavior for the two radii.

� Composite thickness non-homogeneities at corners. Even in this
case, the results reported in Fig. 10b clearly show that the com-
posite thickness is not homogeneous at smaller corner.

All the process induced defects involve a difference between the
actual local CTE of the composite and the measured CTE of the
composite, which is evaluated on the flat surfaces specimen. Such
effects are more evident at the smaller corner radius, and involve a
difference of the spring-in measured for the two corners.

The spring-in angle as a function of temperature measured with
the laser technique is reported in Fig. 11 for the 16-mm outer ra-
dius, and in Fig. 12 for the 32-mm outer radius. As it can be ob-
served the qualitative behavior of the two curves is similar. The
spring-in angle decreases with temperature, with a negative curva-
ture. The negative curvature is due to the temperature dependence
of the CTE. Further, for both radii, the final spring-in angle mea-
sured after cooling, Dhf is much lower than the initial spring-in an-
gle Dhi. This indicates that significant hysteresis takes place.
Hysteresis is attributed to residual stress in the thermally consoli-
dated composite parts, which can relax during the slow heating cy-
cle due to the viscoelastic nature of the polymer matrix.

In order to predict the spring-in angle for the two corner radii, a
model derived from the Radford model was used [14]. The original
Radford model, which was properly developed for thermoset based
composite, assumes that the spring-in angle is only due to compos-
ite anisotropy:

Dh ¼ h0 �
ðal � atÞDT

1þ atDT

� �
þ h0 �

/l � /t

1þ /t

� �
ð5Þ

where Dh is the spring-in angle, h0 is the initial included angle of the
component, al is the in-plane CTE, at is the through the thickness
CTE, DT is the temperature change, /l is the in-plane cure shrinkage,
/t is the through the thickness cure shrinkage.

In the case of thermoplastic matrix composite the spring-in
develops during the cooling stage. As a consequence, the cure
mm (a), and 16 mm (b) corner radius.
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shrinkage can be substituted by the crystallization shrinkage. Nev-
ertheless, for thermoplastic matrix composite, no spring-in can oc-
cur before crystallization, when the polymer is in the molten
phase. As a consequence of this, the second contribution on the
right hand side of Eq. (5) can be neglected.

Therefore, the Radford model can be rewritten as reported in Eq.
(6):

Dh ¼ h0 �
ðal � atÞDT

1þ atDT

� �
ð6Þ

For the materials studied, as al << at, and atDT << 1, the Radford
model can be further approximated as:

Dh ¼ �h0atDT ð7Þ

The simplified model, as well as the original Radford model, is
only valid if the CTE is not temperature dependent. For the Twintex
composite, the temperature dependence of both CTE requires the
use of the differential form of Eq. (7). Using the expression for
Dh = h0 � h, the differential form of Eq. (7) can be obtained as:

dh ¼ hatdT ð8Þ

By substitution of Eq. (3) into Eq. (8) and integration, the evolution
of the angle as function of temperature can be obtained, as reported
in Eq. (9):
h
h0
¼ exp ðA� BTgÞðT � T0Þ þ

B
2
ðT2 � T2

0Þ
� �� �

ð9Þ

Finally, the values of spring-in angle Dh can be obtained as

Dh ¼ h0 1� exp ðA� BTgÞðT � T0Þ þ
B
2
ðT2 � T2

0Þ
� �� �� �

ð10Þ

Although the composite is processed at 180 �C, assuming that no
spring-in occurs before crystallization of the polymer matrix, the
initial temperature for spring-in angle development can be assumed
to be equal to the onset of crystallization. The DSC analysis of the
composite during cooling is reported in Fig. 13, showing that the
onset of crystallization is about 116 �C. The DSC cooling scan was
performed at 6.5 �C/min which is a cooling rate equal to that mea-
sured during autoclave processing.

A comparison between experimental data for spring-in as a
function of temperature and model prediction according to Eq.
(10) is shown in Fig. 14 for the 16-mm corner and in Fig. 15 for
the 32-mm corner. Also, for comparison purposes, the model pre-
diction according to Eq. (10) with the constant CTE values of Table
1 are reported. As it can be observed, the model prediction with
temperature dependent CTE are in better agreement with experi-
mental data.
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Some differences between the experimental and model pre-
dicted spring-in angle can be observed in the three different phases
of the temperature evolution of each sample.

During cooling inside the autoclave the spring-in angle should in-
crease with decreasing temperature according to Eq. (10). Assuming
that the spring-in angle is zero at the onset temperature of crystalli-
zation, the spring-in angle after cooling in the autoclave, determined
from Eq. (10), can be evaluated to be 1.571�, which is slightly differ-
ent from the experimental values as reported in Table 2. The differ-
ence between experimental and analytical data can be attributed to
the fact that the spring-in angle evolution during the autoclave cycle
is not free, being constrained by the externally applied pressure and
the female tool. Also, the difference between the theoretical spring-
in value and the smaller corner spring-in is much higher than the
difference between the theoretical value and the higher corner
spring-in. This indicates that the differences observed are also a
consequence of the processing induced defects previously discussed,
which become more relevant for the smaller corner.

During the subsequent heating, the spring-in angle decreases
with temperature, as reported in Figs. 11 and 12. Also, model predic-
tion data are reported in Figs. 14 and 15. In both cases, the model is
able to predict the qualitative behavior of the spring-in. Neverthe-
less, significant differences exist, attributed to processing induced
defects.

During subsequent cooling, the spring-in angle value should be
equal to the initial spring-in angle determined at the beginning of
heating. The different behavior reported in Figs. 11 and 12 indicates
the relevance of non-thermoelastic effects, as previously discussed.

In order to obtain a better fit of experimental data, the Radford
model was modified to account for the presence of fibers wrinkling
at corner radii. According to the results reported in Fig. 10a and b,
the fibers misalignment and resin percolation should involve a de-
crease of the CTE in the through the thickness direction, and con-
versely an increase of the CTE in the in-plane direction. In both
cases, it is possible to account for such effects by considering a cor-
rective CTE, ac, which is subtracted by the through the thickness
CTE. Accordingly, the differential form of the Radford model can be
written as:

dh ¼ hðat � acÞdT ð11Þ

And by integration, assuming that ac is not temperature dependent,
and accounting for the temperature dependence of at, the following
expression can be obtained for the spring-in:

Dh ¼ h0 1� exp ðA� BTg � acÞðT � T0Þ þ
B
2
ðT2 � T2

0Þ
� �� �� �

ð12Þ
A comparison between the experimental and model prediction
according to Eq. (12) is reported in Fig. 14 for the 16-mm corner
radius and in Fig. 15 for the 32-mm corner radius. The values of
ac are 6.86 * 10�5 and 3.58 * 10�5 K�1 for the higher and the smal-
ler corners, respectively. As it can be observed, the introduction of
the corrective factor significantly increases the accuracy of the
model prediction. This indicates that processing induced defects,
resulting in an increase of the in-plane CTE and a decrease of the
through the thickness CTE, play a significant role in determining
the spring-in behavior of thermoplastic matrix composites.

4. Conclusions

In this work, the spring-in angle of thermoplastic based commin-
gled composite Twintex PP has been studied. U-channel shaped and
flat laminates specimens were obtained by vacuum molding and
autoclave curing. TMA analysis was used to determine the thermal
expansion coefficients of the composite in the through the thickness
and the in-plane directions, showing that the through the thickness
direction CTE is much higher than the in-plane CTE.

The anisotropic thermal expansion behavior of the composite
results in spring-in of the U-shaped laminate when it is subjected
to temperature variations.

In particular, it was shown that during cooling the composite
experiences spring-in, as evidenced by CMM measurements. Dur-
ing subsequent heating of the composite, spring-out is observed.
These results indicate that the spring-in behavior of the thermo-
plastic based composite is similar to that of traditional thermoset
based composite. Nevertheless, significant differences were ob-
served for the two corner radii. The observed differences can be
attributed to processing defects of the composite, which are more
evident at the smaller corner, including:

� inhomogeneous fibers distribution at corners;
� fibers wrinkling at corners;
� composite thickness non-homogeneities at corners.

In order to predict the spring-in behavior of the thermoplastic
matrix composite, a model derived from the Radford model was
applied.

The Radford model was able to capture the qualitative behavior
of the composite. In order to obtain a good fit of the experimental
data, the Radford model was modified to account for the CTE vari-
ations at corners due to fibers wrinkling.

Besides to this, the thermoplastic matrix composite shows non-
thermoelastic effects which cannot be predicted by the Radford
model. Such effects are evidenced as an hysteresis of the spring-
in, which is much lower, for both corner radii, after heating of
the material and subsequent cooling. The heating and cooling cycle
after processing can induce structural modifications of the polymer
matrix as well as viscous stress relaxations. This obviously indi-
cates that for thermoplastic matrix composite the spring-in angle
behavior can also depend on the holding time of the material at
high temperatures, which in turn mainly depend on the cooling
rate during processing. For faster processes a more relevant effect
of residual stresses on spring-in angle is expected. This could also
result from a lower degree of crystallinity due to higher cooling
rates. However, the residual stresses should be lower if an amor-
phous matrix is used, thanks to its lower relaxation times.
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