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Shrinkages, distortions and high residual stresses in the thermoplastic composite parts are induced due to high
processing temperature, anisotropy, and fiber-matrix shrinkage mismatch. In this paper the shrinkages have
been investigated experimentally and modeled by thermo-mechanical constitutive equations for PolyPhenylene
Sulfide (PPS) and the unidirectional Carbon Fiber (PPS/CF) composite prepreg. The thermal shrinkage and the
crystallization shrinkage were retrieved from Thermal Mechanical Analysis and compared to a Pressure specific
volume Temperature diagram. To describe the crystallization shrinkage in the cooling process accurately, the
crystallization kinetics of PPS was evaluated using Differential Scanning Calorimetry. The temperature-
dependent elastic modulus was measured by a shear rheometer to formulate a new constitutive model. The
mathematical model for shrinkage was validated by a press consolidated [0];2 laminate and unbalanced lami-
nates in four lay-ups. The thermo-mechanical model results presented here provide significant rules for the

thermomechanical and shrinkage predictions for the industrial applications of thermoplastic composite.

1. Introduction

Unidirectional fiber reinforced thermoplastic composites offer
excellent lightweight products for aerospace, automotive and have po-
tential applications in wind turbine structures. In addition to recycling,
thermoplastic composites provide advantages over the thermoset ones
like lower processing time, higher toughness, ductility, good chemical
resistance, formability and weld-ability. However, there are still some
challenges due to their high viscosity, higher cost and higher tempera-
tures in the production process. Because high-performance thermo-
plastic composites are produced by processing temperature above
300 °C, cooling shrinkage rises up because of crystallinity, which is
increased by increasing process temperature and cooling rate.

Although high-performance thermoplastic composites have been
widely utilized for over 40 years and their properties are well defined,
accurate models to predict the shrinkage need to be developed and
improved using modern equipment. In-depth studies have been pub-
lished on thermoplastic composite distortions and residual stresses
about the experimental and theoretical studies on thermoplastic matrix
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[1,2]. Although, the simulation tools are well developed in thermoset
composite and hybrid structures [3,4,5], more research on thermo-
plastic behavior need to be performed. As the demand for thermoplastic
matrix composites is increasing, accurate modeling to understand
shrinkage behavioral is needed, therefore in this paper research is per-
formed on thermo-mechanical properties of industrial thermoplastic
prepregs to use in PPS/CF composites. Because thermoplastic produc-
tion requires much higher temperatures than the thermoset matrix, a
wide range of temperature and cooling rate properties are analyzed.
Instead of the irreversible curing process in thermoset composites,
thermoplastic solidification is a reversible procedure: so, it must be
heated up to the process temperature to soften and cooled down to so-
lidify the final product. Another distinction for thermosets is the degree
of curing, which is time and temperature dependent, while for semi-
crystalline thermoplastics the degree of crystallinity depends on crys-
tallization kinetics, like temperature, cooling rate and environmental
effects.

The shrinkage of the thermoplastic composites consists of two types,
occurring during cooling from process to room temperature. The first
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shrinkage type, the thermal one, is described by the Coefficient of
Thermal Expansion (CTE). The thermal contraction occurs due to losing
of the thermal energy of macro-molecules by solidification in cooling
process. The thermal expansion happens during the heating which is
repeatable after the contraction during cooling. The second type is the
Crystallization Shrinkage (CS), which reflects the volume decrease by
exothermic transformation from melt to rubbery state by crystallization
and is quantitated by the Degree Of Crystallization (DOC). The crystal-
lization shrinkage takes place in a reversible physical process for ther-
moplastics. Therefore, the thermal shrinkage is common in both
thermoplastic and thermoset composites which is the first type of
shrinkage (CTE), but the second types of shrinkage have different
source, thermosets have curing shrinkage which is irreversible process
while thermoplastics crystallize with physical reversible phenomena.

Chapman et al. [6] focused on the residual stresses of thermoplastic
composites and discussed shrinkage of PEEK (PolyEtherEtherketone).
They showed how the coefficient of thermal expansion (CTE) changes
during cooling. Although constant contraction is normally considered
below T, and above the crystallization temperature, they noticed an
additional expansion due to the second crystallization. They concluded
that the difference between thermal shrinkage and crystallization seems
difficult tomeasure. Lawrence et al. [7] divided the thermoplastic
shrinkage contributions into heat and crystallization and determined the
unidirectional fiber composite shrinkage by micromechanics. For neat
PEEK and CF / PEEK composites, they concluded that crystallization and
cooling rate had small effect on the overall shrinkage and the final value
of the process-induced strains, however the CTE played a dominant role.
They observed that the PEEK elastic modulus versus temperature change
is a possible cause of stress and distortion at different crystallization
values. Barnes et al. [8] investigated directly the CTE of thermoplastic
composites by laser interferometer equipment and found that shrinkages
over temperature have U-shaped variation, they confirmed that
shrinkages for different angle plies are related to principal ply direction.
For Glass Mat Thermoplastic and other thermoplastic composites,
Trende et al investigated the compression molding residual stresses, by
calculating volume change and superimposing the thermal shrinkage to
the crystallization shrinkage to find the total shrinkage [9]. Based on
dimensional variations of thermoplastic composites using viscoelasticity
Kim et al. [10] extracted the shrinkage of PA12. They assumed an
isotropic incremental volumetric shrinkage, relying on the density
dependent crystallinity [7]. Besides, they inserted density by crystal-
linity content, amorphous density and full crystalline densities in rule of
mixture. Brauner et al. [11] computed the composite CTE by micro-
mechanics and discovered less shrinkage in the longitudinal direction,
while in the transverse direction the shrinkage had no crystallinity de-
pendency; therefore, they concluded that the transverse shrinkage is
primarily induced by matrix contraction. Recently, Greisel et al. [12]
introduced the representative CTE versus temperature for the PPS/CF in
three different heating cycles. They reported that the irreversible ther-
mal expansion is due to the relaxation of the process-induced residual
stress, because the moisture absorption of PPS is negligible and the
thermal treatment did not influence the degree of crystallinity of the
samples Normally the moisture absorption is different for polymers and
leads to dimensional variations and mechanical degradation. Moisture
changes the thermoplastic composite properties which has been recently
investigated for PPS [13]. Furthermore, the moisture effect can be
reduced during processing and by heat treatment [14].

Some researchers focused on modelling the manufacturing process of
the thermoplastic composite parts [15,16]. Recently, the properties of
commercial thermoplastics have been extensively characterized
[3,17,18,19]. However, that accurate and comprehensive thermo-
mechanical and viscoelastic properties are not presented in the exist-
ing studies. The identification of thermomechanical behaviour of ther-
moplastic composites in cooling from melt to room temperature are not
sufficiently supported by both laboratory examination and
manufacturing facilities. The present work offers a detailed model for
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the manufacturing of industrial thermoplastic composites PPS/CF pre-
pregs. Accurate input will be provided in order to calculate the induced
distortions. In this paper a new thermo-mechanical methodology is
introduced for evolution characterization of thermoplastic composite
prepregs. The techniques carried out on unidirectional PPS/CF, include
(a) shear rheometer to investigate the elastic modulus during cooling,
(b) TMA (Thermal Mechanical Analysis) to follow the strain variation
evolving solid to rubber and viscous region with successive heating and
cooling to identify the behavior during crystallization, (c) DSC (Differ-
ential Scanning Calorimetry) of neat thermoplastic and unidirectional
prepregs of thermoplastic composite to investigate the crystallization
kinetics. All measurements are presented graphically and are mathe-
matically fitted by novel regression equations. The above-mentioned
laboratory measurements and extracted evolution thermomechanical
value are compared by data of press forming (d) Consolidated unidi-
rectional laminates and (e) out of plane deformations in different un-
symmetrical laminates. Finally, a micromechanical based CLT (Classical
Lamination Theory) model is compared with the experimental results to
validate the methodology.

Many studies have been performed on the measurement of thermal
and transformation strains during processing of thermoset composites,
but less are found in the case of thermoplastic composites, especially
during crystallization.

2. Materials and methods
2.1. Materials

The semi-crystalline thermoplastic composite assayed in this manu-
script is unidirectional carbon fiber and PolyPhenylene Sulphide (PPS)
matrix. The unidirectional PPS/CF plies were on a roll of 315 mm width
and 0.16 mm thickness from Phoenix TPC. The PPS neat semi-crystalline
thermoplastic material is provided by TenCate Cetex TC1100 as trans-
parent glassy films with 0.05 mm thickness.

2.2. Sample preparation

The heating and cooling cycle to produce PPS/CF flat laminates in
compression molding is presented in Fig. 1 as well as the pressure over
time. The temperature is raised to melt the thermoplastic, and then the
pressure is increased to consolidate the laminate while the press is
cooled down. The samples are heated under closed press, from room
temperature by 7.5 °C/min up to 330 °C, hold the 330 °C temperature
for 20 min, and the last step was the cooling by 15 °C/min. Flat UD
laminates and strips are produced for the investigation. The UD plies are
cut and the laminates with [0];5 lay-up are made. The PPS/CF prepreg
plies, from Phoenix TPC are first cut precisely using hand board cutter
machine in 0 and 90° and laid up accurately in the layers and orienta-
tions and fixed by portable ultrasonic point welding machine. Thereafter
the non-consolidated laminate is placed in Kapton foil envelop (2Mill 50
1 m) to prevent squeeze out of the unidirectional fiber and matrix at melt
temperature. They are then consolidated between hot plates Joos press,
which is located at the Delft Aerospace Structure and Materials Labo-
ratory (DASML [20]. The shrinkage of the Kapton foil according to the
producer is 1.25 % at 400 °C [21]. The press temperature was controlled
by hot water and air. The temperature and pressure applied to the
laminate are measured and shown in Fig. 1.

The bi-laminar strips from PPS/CF prepregs are arranged in an un-
symmetrical lay up such that 4 plies are always in the longitudinal di-
rection at the one side and 4 plies in the transverse direction on the other
side of laminate. The manufacturing procedure of the bi-laminar spec-
imens is applied in the same way as for the UD laminate.

The prepregs and the consolidated laminates are examined for den-
sity by method of water immersing according to ASTM D 792 and ISO
1183-1. If the weight of test specimen in air is m and the weight of
immersed in a water is m; the density can be calculated as p = m/(m—m
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Fig. 1. Temperature and pressure in compression molding for PPS/CF consolidation laminate.

) in (gr/cm3).

In Table 1, the densities of prepreg tape and each fabricated laminate
are determined and compared. The density value of prepreg was lower
than for the consolidated laminate, due to the process conditions, and
void content. However, for consolidated unsymmetrical laminates the
density values were calculated by dividing the laminates total weight by
total volume, which leads to a good approximation. The density by rule
of mixture is about 1.57 (gr/cm>) for Vr = 0.49. The prepreg fiber vol-
ume content was determined using microscopy of epoxy mounted
specimens. The PPS/CF void content was found near 1%+0.1% for
prepreg, however the consolidated laminates [0];2 have less than 1%
+0.1% void content.

The dimensions and the thickness of the PPS/CF laminates were
measured by a micrometer at six points, and the average values are
shown in the Table 2. The thickness variations were recorded to be
about 0.8%, because the investigated specimen area (length x width) is
smaller compared to the pressed laminate area (600mmX600mm). The
pressed PPS/CF laminates show enlargement in width and length of 2%
with respect to the original prepreg lamina.

The unsymmetrical lay-ups are selected and illustrated in Table 2
with different lamina sequences. In Table 2 the stacking sequences of
unsymmetrical lay-ups are designed to have different strain evolutions
during cooling, as the different curvatures are due to the internal ther-
mal residual stress by consolidation. The unsymmetrically bi-laminates
Table 2, decrease from a high to low degree of non-symmetry. The
shrinkage in fiber direction is negligible because of high stiffness and
small CTE. In the transverse direction (90°), the matrix is dominant and
the stiffness increases by cooling and solidification from soft state to
rubbery or glassy. The strip curvatures of consolidated laminates are
measured by two methods. First by curvature measuring method, the

Table 1
Density of PPS/CF prepreg and consolidated laminates.

Density sample dimensions

(gr/cm3) (mm x mm X mm)
prepregs tape (Phoenixx TPC) 1.48 £ 2% 20 x 15 x 0.12
[0];2 Laminates (consolidated as Fig. 1) 1.57 + 1% 12 x 12 x 1.7
[04/904] Laminate (consolidated as Fig. 1) 1.58 + 1% 300 x 50 x 1.1
Rule of mixture (V; = 0.49) 1.57 -

maximum deflection and the total cord were measured and substituted
ink = %’}W. The curvature « is given by trigonometry of the arc, where
h is the deflection and c is the cord length and « is the curvature (the
inverse of radius). While the second method is carried out by Digital
Image Correlation (DIC) very similar to recent use by M. Peron et. Al
[22].

2.3. Experimental equipment and methods

A shear rheometer makes it possible to measure the thermoplastic
stiffness by a plate-to-plate small angle oscillation test for a neat PPS.
The shear rheology is performed on a ThermoFischer Haake Mars III —
Nicolet iS10 FT-IR [23]. The neat PPS foil of 0.5 mm thickness are cut in
30 mm width and 150 mm length. The 40 layers were stacked in
aluminum mold, heated to 330 in vacuum oven and cooled down in
10 °C/min to room temperature. This neat PPS sample is punched in a
circular disc with 8 mm diameter and 1.5 mm thickness, then it is placed
between the rheometer plates, and heated to the temperature (~350 °C).
The PPS angular deformation is recorded in response to the applied
torque by the machine during the cooling down by —9°C/min to room
temperature. The elastic shear modulus is extracted from the shear
rheometer and is shown as a function of cooling time in Fig. 2 from the
melt to the solid state.

Thermal Mechanical Analysis (TMA) is an accurate method for
measuring the Coefficient of Linear Thermal Expansion (CLTE), but TMA
is commonly used for solid and not for melt state polymers at different
temperatures. The purpose of this paper is to identify the thermal
shrinkage and crystallization shrinkage, so two experiments were
designed to investigate PPS/CF by Perkin Elmer Diamond TMA equip-
ment: the first in solid state and the second in the transition from the
melt to the solid states.

2.4. TMA for solid state PPS/CF

To determine the CTE of the PPS/CF, the [0],» laminates are fabri-
cated by compression molding thereafter cut in square samples with
approximately 6mmX6mmX1.7 mm dimensions, and then placed under
the probe of the TMA equipment. The samples are heated at a rate of
10 °C/min to the heat deflection temperature(~260 °C) [36] and cooled
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Table 2
Dimensions and thickness variations of PPS/CF laminates.
5] t t3 tave 1 w
[0]12 1.58 + 0.3% 1.61 £+ 0.2% 1.74 £ 0.2% 1.6 + 0.8% 204 103
[04/904] 1.05 + 0.4% 1.15 + 0.3% 1.27 + 0.2% 1.15+ 0.8 % 303 52
Unsymetrical laminates of PPS/CF
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Fig. 2. Shear elastic modulus G’ and temperature over time for semi-crystalline neat PPS.

with a rate of 10 °C/min twice sequentially. The heat deflection tem-
perature is chosen to avoid probe penetration in the samples due to PPS
softening at high temperature. The TMA probe measures the thickness
variations like expansions and contractions.

The strain is first calculated from the thickness changes and then the
a2 should be estimated by az = 5 = (I-l)/lo/(T —To). The calcula-
tions are a kind of differentiation, so it leads to a lot of strain fluctuations
due to discontinuous thickness values recorded by the TMA equipment.
The proposed way here is to fit a linear regression curve for the length
versus temperature to find the relation L(T) = a2(T).(T —To) + L, so
that the CLTE can be obtained from the linear expansion as ag; = % %.

2.5. TMA for solid to molten PPS/CF

As mentioned earlier, the TMA equipment is not designed for
measuring the CTE in the melting and softening region of thermoplastics
prepregs. The first test in Fig. 4 was carried out from room temperature
to the softening temperature (220 °C for PPS which is far below the melt
temperature). In order to reach the melting point and capture the
expansion in a viscous state, a consolidated [0];5 PPS/CF sample in
cylindrical shape was located in an aluminum pan (5 mm in diameter)

and was covered with an aluminum head. The probe sensor (3 mm in
diameter) was precisely placed on the cover with a slight compression
force (5 m N) to maintain contact of the cover with the sample. When the
aluminum pan is heated up and cooled down in an isolated chamber of
the TMA equipment, the cover moves up and down by the PPS/CF
samples expansion and contraction, while the sensor records the height
of sample, and indicate the effect of CTE. To ensure the contact of the
cover to the sample in contraction and softening states, the probe sensor
force was increased (5 mN to 50 mN in 2 mN/min); see Fig. 5(a). The
measurement was calibrated by an empty aluminum pan-cover, and the
heating cycles were repeated with PPS/CF samples in order to find the
suitable heating rate, cooling rate and probe force over time.

2.6. Dsc

The crystallization should be studied in the laboratory over time by
the experimental method named the Differential Scanning Calorimetry
(DSQ). In this study DSC measurements were performed using Perkin
Elmer DSC 8000 equipment. It needs 10 mg of thermoplastic in a pan to
study the thermal behavior during heating and cooling.

To study the crystallization properly, the heating up to the process
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temperature and cooling down to the room temperature can be repeated
many times by the DSC equipment. The total time above melting tem-
perature of the part under press according Fig. 1 is about 35 min. This
time is adjusted to prevent degradation of the samples during the TMA
and DSC successive heating/cooling cycles.

3. Theory of constitutive equation in cooling

Most of constitutive models are derived from thermo-mechanical and
viscoelastic behavior of the material during shrinkage [10,24,25]. The
total shrinkage is expressed by the composite strain during the cooling in
Eq. (1), as an incremental summation of elastic strain, thermal strain,
crystallization strain, strain due to moisture and viscous strain.

de;jgml :d&_;la.u[c+d€Zle;‘/na[+d€:_.1'_ry.\'mlli.\'ation+d€;}mi:mre+d6;f'sms (1)

Where the suffix i and j are the tensor notation and are defined for three
dimensions. The stress induced by the strains is derived from the
Hooke’s law for incremental elasticity and is described by Eq. (2).

doy = Cyy.deg™™ 2

Where the Cjj is the mechanical stiffness tensor. The linear stress-strain
model from incremental linear elasticity describes well enough the
shrinkage of thermoplastic prepregs [11,26]. After substituting the in-
cremental elastic strain from Eq. (1) in Eq. (2) the constitutive model
would take the form as in Eq. (3).

_ total thermal crystallisation moisture viscos
doy = Cyyy. (ds[j —delf™ — dej; —de} —dej] ) 3)

In this study, it is assumed that the thermal strain and the crystallization
strain in Eq. (3) does not affect the moisture strain and the viscous strain,
so the simplified form in Eq. (4) is obtained for stresses raised by
shrinkage. The moisture and viscous strains are not investigated here
and the study focuses on the thermal and crystallization shrinkages.

_ total thermal crystallisation
day = Cya. (e — delfe™ — def ) )

The thermal strain and crystallization strain together can be measured
directly or estimated by micromechanical formulation and could be
named shrinkage because the thermoplastic prepreg normally shrink
from the melt to the solid states during cooling. The thermal strain is
estimated by the thermal shrinkage matrix a; and it is assumed to be
proportional to the temperature difference; however, the crystallization
strain is calculated by crystallization shrinkage matrix and is propor-
tional to the degree of crystallization DOC. The thermal shrinkage is
assumed to be temperature dependent, but not crystallization (DOC)
dependent, as stated in Eq. (5).

doy = Cy. (de;;'"’ —ay.dT — a,;,-,dx> (5)

Where the a;; is the thermal expansion or shrinkage tensor and the y; is
the crystallization shrinkage tensor [27]. X is the degree of crystalliza-
tion (DOC) and gets a value from zero for an amorphous (non-crystal-
line) to one for a full crystalline polymer. For semi-crystalline polymers,
the DOC varies between zero and one (0 < X < 1) and it depends on the
thermoplastic macromolecules, the manufacturing process and the
cooling procedure.

Using micromechanics is a well-known method for estimating the
unidirectional composite CTE, residual stresses and shrinkages-
warpages [10,24,28]. The Micromechanics formulations are based on
the fiber volume fraction of the composites besides fiber and matrix
shrinkages as well as elastic properties. The thermal and crystallization
shrinkage in Eq. (5) are derived from micromechanics for PPS/CF uni-
directional prepregs in the longitudinal and in the transverse directions
in Eq. (6) [29]:

Composites Part A 156 (2022) 106879

g Ep. Vi + By (1 — V5)
Ey.V +En.(1-Vy) (6)

Ay = Q33 = ((lzf + C(]f.l/lzf).Vf + (1 + ym).am.(l — Vf) — V2.0

=

Where the index f and m indicate the fiber and matrix. Fibers’ Poisson’s
ratios are considered constant, the thermoplastic Poisson’s ratio from
room to melt state increases, but have no significant effect on the
composite shrinkages. In order to express the crystallization shrinkage of
the unidirectional prepreg in a homogenized form, the micromechanical
thermal shrinkages in Eq. (6) are assumed to be valid if the fiber crys-
tallization shrinkage is zero. The formulas for longitudinal crystalliza-
tion shrinkage and transverse crystallization shrinkage are given in Eq.

(7):

Y- En-(1 = V5)

= Ey.Vi +E,.(1-Vy) @)

Yo =rn=(1 +Vm)~7m-(1 - Vf) — VY

For the mentioned specific thermoplastic prepregs the thermal
shrinkage and crystallization shrinkage are dependent on temperature
and cooling rate. The material properties for carbon fiber and PPS, are
listed in Table 3 for room temperature. The aim of this paper is to
develop a model for the thermomechanical properties for higher
temperatures.

Thermoplastics composites crystallize differently due to fiber rein-
forcement type, reinforcement architecture, manufacturing and post-
processing conditions. The high performance semi-crystalline poly-
mers like PPS have different crystals and DOC. Golzar [30] discussed the
properties for a semi-crystalline polymer as a function of DOC, amor-
phous property and crystalline property. Consequently, it is rather
difficult to determine the shrinkage of amorphous and crystalline parts
separately, therefore the sum of thermal and crystallization shrinkages
of thermoplastics are the objective of this paper. As the first step the
elastic modulus E,, is required as the function of temperature and
crystallization to insert in Eq. (6) and Eq. (7).

4. Results and discussion
4.1. Elastic stiffness of thermoplastic matrix

The elastic modulus of a thermoplastic polymer changes significantly
with temperature and has an important impact on shrinkage of matrix
and composites. Measuring the thermoplastic elastic modulus is possible
when temperatures are far below the melting temperature, i.e. for PPS or
PPS/CF up to 220 °C. The matrix elastic modulus is utilized in the
micromechanics formulas to homogenize the composite elastic proper-
ties [6,9,10,11,19,26]. The elastic shear modulus is extracted from the
shear rheometer in Fig. 2 during cooling time from the melt to the solid
state. For the PPS matrix, as an isotropic thermoplastic the relation in
Eq. (8) is valid for the elastic modulus.

E=2G.(1+v,) (€)

In Eq (8), E is the Young’s modulus, G is the elastic shear modulus and

Table 3
Carbon fiber and PPS properties at 25 °C.
E; Ey Gia V12 a(le- as(le- p
(GPa) (GPa) (GPa) 6/°C) 6/°C) (gr/
em?
Carbon 230 22 22 0.3 -1.3 7 1.8
Fiber
Matrix PPS 3.8 3.8 1.4 0.36 52 52 1.34
[37]

PPS/CF 137.5 4.2 4.4 033 0.6 35 1.57
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Um is the Poisson’s ratio of PPS. Decreasing the temperature of the
molten PPS, causes the macromolecules coming closer (Van der Waals
bonding), therefore the melt elastic modulus increases slightly. By
further cooling, the solidification starts, and the PPS elastic modulus
increases rapidly by forming the crystalline parts; at lower temperatures
whereas the PPS amorphous part is frozen at T, the PPS elastic modulus
increases further. The experimental results from shear rheometer are
extracted and presented in Fig. 2 for PPS elastic modulus versus tem-
perature. The solid, rubbery and melt states of PPS are indicated in three
thermoplastic regions. The starting point of solidification is assumed to
be the start of stiffness raising during cooling, when the PPS macro-
molecules start to build up the crystal structure depending on the
cooling rate and the external force. After the initial solidification the
elastic stiffness tends to increase linearly by cooling and makes a second
increase into the glassy region.

For the thermoplastic semi-crystalline elastic modulus, Eq. (9) is
devoted ; which is recently suggested and applied for thermoset prepregs
[19] elastic modulus as a function of temperature:

N
¢ En
Erﬂ (T7 T:mﬂ) = Z onset (9)
1 ¢ exp (M)

Where E, is the elastic modulus in rubber-glassy state of the thermo-
plastic. The degree of crystallization enters the elastic model as T,
which depends on the cooling rate. By cooling down, the elastic modulus
increases at T™* temperature; this temperature is the crystal formation
temperature and is lower than the melting point. As seen from Fig. 2, the
starting point of solidification is about 240 °C where the elastic modulus
is increasing. The unknown coefficients (E,, 6Ty, 7,andN) are found
numerically using a non-linear least square fitting with minimum root.
By nonlinear regression of data in Fig. 3, the shear elastic modulus
Grg’ = Erg/2/(1 +v,,) unknown coefficients are obtained by Eq. (9) and
listed in Table 4.

According to the coefficients in Table 4, Eq. (9) does not match the
experiments precisely in the melting state for T > 240 °C, where the
elastic modulus is in viscous region and shows fluctuations. Estimating
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the viscous elastic modulus, it results in an average value of E, =
286 F 45(Pa). The slight increase of viscous elastic modulus before so-
lidification is interpreted by decreasing of internal energy of the melt
and can be proposed as function of temperature in Eq. (10).

E,(T) = —0.52T +452(Pa)forT > 240°C 10)

From Eq. (9) and Eq. (10), the viscous-rubbery-glassy expression of
elastic modulus can be combined in Eq. (11). According to Eq. (11),
during cooling and before the crystallization onset temperature
T > T?™¢, the thermoplastic is still in the viscous state and solidification
does not occur and therefore the denominator of the first term in the
right side of Eq. (11) will have a value near one and the elastic modulus
simplifies to E,. After the solidification for T < T?™*, the right side of
Eq. (11) will converge quickly to the elastic modulus in rubbery glassy
Eyrg, since the denominator of first term tend to be very large and thereby
the first term in Eq. (11) becomes zero.

E, — E,

1 +exp (Lﬂ\: 7T)

The constant ct in the Eq. (11) expresses how sharp the transition from
viscous to rubbery state goes and must be selected between
10 < ct < 0.01. In the exponential function the constant (ct = 0.5) en-
ables to model the sudden raise of elastic modulus near solidification
point, so that makes the transition possible from low elastic modulus in a
viscous state of the thermoplastic to a higher value in rubbery state.

Evrg = + Erg (€R)

4.2. Shrinkage measurements (thermal and crystallization)

Recently, accurate measurements of the thermoset thermal and
chemical shrinkage during curing process were carried out and reported
for the curing prepregs [19]. For PPS/CF composites and thermoplastic
polymer, it is difficult to perform the shrinkage measurements, because
of the high processing temperatures; thus, in this research two alterna-
tive experimental methods are performed: a novel method using TMA
measurement, and an approximate method using the PyT diagram. First

1,0E+10 3
I ——Evrg fromEq 11
1,OE+09 F ,
: \ Gr' = Erg/2/(1 + )
oy o E from G
1OE+08 | o G'Experimental
s
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Fig. 3. Elastic modulus and the model by cooling of neat thermoplastic PPS.
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of all, the PPS/CF prepregs are consolidated and prepared in different
layups to measure the density and to examine the thicknesses
uniformity.

4.3. TMA measurement for PPS/CF prepreg

As a result, the transverse CTE can be determined and can be seen in
Fig. 4. The TMA measurement in Fig. 4, shows a 5 um + 2 um drop after
first heating expansion which is observed but no quantity is reported in
literature [12]. In the second heating the irreversible contraction
(sample length difference of first and second heating) is also observed
about 13 ym + 3 um while in the literature was 41 um + 4 um after
successive heat treatment [12]. As seen in Fig. 4, the PPS/CF expands in
the first heating cycle and contracts surprisingly in the glassy transition
region; this is also reported, and interpreted as softening and possible
cold crystallization, but after the first contraction the sample starts to
extend again to 220 °C [12]. However, it seems from the crystallization
section presented later (Fig. 7 and Fig. 8), that the reason behind first
heating contraction and irreversible contraction are partially related to
the cold crystallization, the moisture and the relaxation. In the first
cooling the sample contracts as expected, and the slope is higher than
during first heating expansion; the contraction by cooling is continued
up to T,. The contraction under T in the glassy state is nearly linear as
the linear fitting shows the least deviation and is repeated by the second
heating and cooling, while the nonlinear parabolic regression matches
better to expansion and contraction above T, based on the fitting root
mean square less errors. It is obvious that crystallization does not occur
in the second cooling and heating cycle; the reason is that the PPS/CF
achieves its major crystallization value at the first heating cycle and
crystallizes only by cooling and not by a second heating (see Fig. 7 and
Fig. 8).

The results in Fig. 5 show that the sample smoothly extends during
the first heating below T, but after that an obvious contraction occurs,
which was previously reported only for PPS before by the dilatometer
equipment [12]. Thereafter, the sample expands by temperature rise so
that the highest expansion at the melt temperature is captured.
Increasing the temperature from melt temperature (280 °C for PPS) to
process temperature (330 °C) shows a contraction; this contraction
could be due to lateral possible squeezing of the sample. When the

cooling starts, the molten sample shrinks linearly but at the solidifica-
tion phase a significant shrinkage decrease happens due to crystalliza-
tion. By further cooling, the PPS/CF shrinks by a nonlinear manner from
the rubbery state to glass temperature, while cooling down below T,
indicates constant shrinkage and linear expansion. The similar linear
and quadratic behavior are illustrated in Fig. 4 for below and above Tj,
respectively.

The maximum PPS/CF shrinkage was measured from the melting T,
to room temperature to be 4.5% and this can be readily found from Fig. 5
(b), while it is not measured easily by the manufacturing process. The
total measurable shrinkage is about 3.2% in the thickness direction,
which reflects the shrinkage of laminas in the consolidated thermo-
plastic composite laminate. For the thermoset composite material,
characterization of the thermal and chemical shrinkage was carried out
during their whole processing cycle thanks to TMA or equivalent
methods [31-33]. So, the novelty here is the measuring of the CTE for
thermoplastic composite from process to room temperature by TMA as
stated in the end of the introduction.

4.4. Total shrinkage by PvT diagram

One feasible solution is to extract the Coefficient Volumetric Thermal
Expansion (CVTE) for thermoplastics from Pressure specific volume
Temperature (PvT) data. For thermoplastic processes like high pressure
injection molding, the PvT diagrams are essential and are available for
some thermoplastics [34,35]. Fig. 6 shows the PvT diagram for PPS from
Toray [36], which was extrapolated here by the authors for thermo-
plastic at a pressure of 10 bar. The Toray PvT data were given for 20, 40,
80, 100 and 120 MPa and the temperature range of Toray PvT data was
90 °C to 340 °C, so the linear extrapolation was done for 20 bar and 40
bar as shown in Fig. 6. Recently a special new device is developed for
high performance thermoplastic to measure the PyT in different pressure
and cooling rate [37].

For the semi-crystalline thermoplastic, the shrinkage can be esti-
mated from volume change as in Eq. (12).

1dv aX aX

Totalshrinkage = — — — y”ﬁ =p- J’vﬁ

vV dr (12)

Where V is the volume replaced in v the specific volume, T is the
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temperature, y, is the volumetric crystallization shrinkage, X is the
crystallization rate and g is the Coefficient of Volumetric Thermal
Expansion or shrinkage (CVTE). The shrinkage estimation from volume
variations is well known and identical to strain [38], so that the a = /3
and the y =y,/3 can be calculated as a function of temperature. For
amorphous thermoplastics, the CVTE can be derived from the volume
over temperature in Eq. (13). Shrinkage of amorphous thermoplastics
without crystallization (X = 0) is only thermal shrinkage, named by f.

14av
CVTE = 8 = — — fornocrystalinityX = 0 a3

vV dT

Fig. 6 illustrates the PvT results for PPS [36]. The total shrinkage, esti-
mated CTE, thermal shrinkage and crystallization shrinkage are calcu-
lated after applying Eq. (12) to the PvT data.

Another way to extract the CTE from PvT is the direct differentiation
of volume with respect to temperature in the mathematical model. An
example of a common mathematical model is the PvT Tait model, which
is a well fitted model to the PyT diagram. However, the following
assumption with negligible error is also reliable: constant shrinkage for
glass region (@) and viscous region (a,) but linear shrinkage in rubbery
region (). The simplified CTE form can be summarized as in Eq. (14):
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Table 4
Coefficients for elastic modulus of neat thermoplastic PPS.
n=1 n=2 n=3 n=4
E, (MPa) 173 153 38.74 35.825
8T, (°C) —102 —115 —189 -222
7, (°C) 4.932 10.74 13.03 1.635

Table 5
Degree of crystallization for PPS and PPS/CF.
Cooling rate (°C/min) 2 5 7 10 20
Neat PPS
AH (J/g) —30.52 —30.47 -30.71 —30.05 —-30.13
X % 39.9 39.8 40.1 39.3 39.4
PPS/CF
AH (J/g) —9.12 —9.16 —8.94 —8.35 —6.97
X % 35.1 35.2 34.4 32.1 26.8
a, T <0
totalshrinkage = § a, =a.T+b 0T <T, (14)
a, T >T,

Where a = [(y + &) —ag | /Ty, b= [T .0 —To.(r + ) | /Tr, T' =
T—T, and T, = T"™*" —T, are functions of the crystallization rate. The
constant values in Eq. (14) are obtained first by finding the slope of the
PVT diagram. The next step is to find Ty and T from DSC measure-
ment, and to fit the Eq. (12) by constant shrinkage beyond the crystal-
lization part. The fitting is done by least mean square method to %. by
assuming constant shrinkage below Ty, and above T¢™* and linear
shrinkage function for temperatures between glassy and melt states. The
result from Eq. (14) and Table 6¢can be substituted into the micro-
mechanical equations. The viscous state (melt) indicates only thermal
shrinkage (@,), but no crystallization shrinkage exists. Just in the
rubbery state, the crystallization shrinkage (@,) occurs. Within the solid
or glassy (solid) state, the crystallization shrinkage is vanished and
thermal shrinkage (a,) arises. The contribution of crystallization
shrinkage to total shrinkage is about (1.2/3) = 40% according to Fig. 5,
although it depends on the crystallization kinetics.

4.5. Crystallization and crystallization kinetics during cooling

When the thermoplastic is cooling down from the process tempera-
ture, the crystals can nucleate and grow. Fig. 7 illustrates the heat rate
versus temperature for the neat PPS and for as- received PPS/CF pre-
preg. In the first heating after recording the glass transition temperature
to be Tg &~ 95°C, the cold crystallization occurred between 125 °C and
145 °C i.e., T, < T < T;,. The cold crystallization happens to com-
plete the maximum potential crystallization. Later, all crystalline parts
melt and the heating continues up to the process temperature and then
by cooling down, the crystallizations take place again at 220 °C and
240 °C. By further cooling, the PPS sample shows heat change at the
glass transition temperature and finally becomes solid in the glassy state.
During cooling, the crystallization occurs above the 125 °C; therefore, as
seen in Fig. 7, no crystallization occurs below of 125 °C and only T, can
be detected. The DSC measurements are performed at different cooling
rates for a neat PPS/CF and the results are presented in Fig. 8. For the
semi-crystalline PPS, different cooling rates are applied in order to
investigate the cooling rate effect. The thermoplastic prepreg PPS/CF
was tested in the DSC equipment and compared to the neat PPS as in
Fig. 8. Five cooling rates were applied on the PPS/CF consecutively, as
20, 10, 7, 5 and 2 (°C/min) in combination with the heating rate of
10 °C/min. The repeated heating by 10 °C/min shows no clear T, and no
cold crystallization, since the maximum crystallization is formed during
the first cooling at 10 °C/min. By comparing the five cooling rates, it can
be concluded that higher percentage of crystallinity is achieved for
higher cooling rate, while this was not reported before. However, by
presence of different fiber types, some research has mentioned different
crystal growth and DOC in the literature. Lee et al [39] compared the
DSC and DMA to determine the crystallinity. In their work, the DSC had
higher errors for low crystal content and due to the inherent
crystallization.

The DOC of PPS and the PPS/CF prepreg are calculated as a function

of fiber weight fraction X = Wgw)' The AH90% js the theoretical
-V

enthalpy of fusion for 100% crystalline PPS and is taken here equal to
76.5 J/g [40]. The enthalpy of fusion AH is computed from the area
enclosed by the DSC heat flow and the sigmoidal base line in crystalli-

zation. The fiber weight fraction is found by Wy = /< V; = {4,0.49 =

0.66 .The DOC for the thermoplastic polymer (PPS) and the PPS/CF
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prepreg are listed in Table 5 for different cooling rates. Some decrease in
the crystallinity was obtained for the higher cooling rates.

Depending on the cooling rate, the crystallizations occur below the
melting temperature, and lead to solidification of the semi-crystalline
thermoplastic. There are some models available in the literature for
time dependent crystallization of PPS and PPS/CF ([39,41]). For a non-
isothermal crystallization, the Avrami equation is well known and
proved to fit the crystallization kinetics:

— ] _ KO

(15)

10

Where y(t) is the relative crystallinity, X.(t)is the crystallinity, t is time
and X, is defined for the maximum crystallinity, K(T) and n are con-
stants from isothermal crystallization. Extending Eq. (15) for non-
isothermal crystallization is more applicable for manufacturing
induced distortion and residual stress calculations [42,43]. The so-called
Nakamura model (Eq. (16)) is proved to have good results [41].

dl//c ([) _ -l

nk(T)(1 =y )( = In(1 —y.)) ™ 16)

dt

Where k(T) = (K(T))'/" = (In(2) )}/ <L) and the t, /; is the half time of

ti2
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Table 6
Shrinkage' from different approaches.
Method ag” a=aT+b?> a,° 7
T"<0 O<T<T T>T,
PPS PvT? 120 0.7*T + 50 190 60
PPS/CF Micromechanics® 71 0.36*T + 39 110 33
(transverse) TMA®(220 < 20)°C 41 0.35*T + 17 NA NA
TMA®(330 — 20)°C 37 0.45*T-3.5 124 38

! All shrinkage values are in [1e-6/°C] and the uncertainties are about 5%
2 ag, aranda, are defined in Eq. (14)

3 fromFig 6

4 from Eq. (6) and Eq. (7)

S Fig. 4 and Fig. 5

crystallization process. In order to find the constants in Eq. (16), a
nonlinear curve fitting should be applied to the DSC measurements. The
different cooling rates lead to different degrees of crystallinity, as the
measurements show several crystallization onset temperatures and ki-
netics. The melting temperature based on DSC results in heating and
cooling, is T;, = 277 £ 1 °C. the onset crystallization is varied according

~0.023
to Tomset = 259( > in which T?™¢ is the starting crystallization

temperature in °C and the <E) is the cooling rate in (°C/min). For the

crystallization temperature (peak of exothermic crystallization in cool-
0.021

ing T2°%) the same relation is valid T2** = 243 (%—f) .

The relative crystallinity over time is shown in Fig. 9 for 20, 10, 7, 5
and 2 (°C/min) cooling rates. Auer et al. [44] investigated the effect of
the melt temperature and time on the crystallinity and have fitted the
Avrami model for crystallization kinetics. They investigated different
type of fibers and found the Avrami constant to fall in a range from n =
2.1 to 2.7 in PPS composites. However, Leonardo et al. [45] imple-
mented the non-isothermal crystallization to the kinetics using DSC
measurements. They determined the Avrami index in the non-
isothermal crystallization experiments close to the isothermal one. For
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dimensional stability, the study on crystallization kinetics and
morphology leads to some practical recommendations. For example, Jog
et. al. [43] recommended that PPS spends 10-15 s above 190 °C in the
mold during cooling and before demolding in order to reach a stable
morphology. Kenny and Maffezzoli [41] have investigated the crystal-
lization kinetics of PPS and PPS/CF composites. They determined the
Avrami coefficient of the neat PPS to be around 2 and for the PPS/CF
composite, the crystallization was less by the same cooling rate, however
lower cooling rate may result in more amorphous PPS [41]. Based on
these results the non-isothermal measurements will be exploited in
future investigations. the crystallization kinetics (Fig. 8 and Fig. 9) can
specify the crystallization, its rate and T?™*; thereafter using these
quantities, the Eq. (12) and Eq. (13) determine the CTE in glassy,
rubbery and melt states as explained before in the PyT section.

4.6. Validation of the constitutive model

4.6.1. Validation of total shrinkage for the laminate

For the UD [0];2 laminate the total shrinkage values are compared in
Table 6 from PyT, micromechanics, TMA and the proposed model. The
micromechanics approach, to estimate the CTE in unidirectional com-
posite are close to the experimental results except in the glassy state. The
homogenized CTE from micromechanics gives good results in the
transverse direction in the rubbery and viscous states. The results from
TMA and the micromechanics are listed in Table 6 for comparison. In
Table 6 there is a deviation in glassy CTE by micromechanics and TMA,
which can be seen by first and second heating in TMA too, this could be
due to inexact fiber properties and cold crystallization.

A basic assumption for fibers is to have constant properties with
temperatures, while the semi-crystalline thermoplastics have tempera-
ture dependent shrinkage. The processing temperatures of thermoplastic
composites like PPS/CF reaches a maximum of 400 °C, then the tem-
perature dependent thermoplastic shrinkage is determined by matrix
phase change from melt to solid, which depends on contraction and
crystallization rates. Therefore, the shrinkage study of PPS/CF needs to
consider the cooling rate besides the thermoplastic crystallization

-2,822-‘ r 105
279 ; 100
\ | i 2 °C /min
‘ 0 T "' / -
c ; e — A~
‘ ‘ .yl 5°C/min B i 80
s L . : L7 |
3 —— v
£ D e
c —_ _ - 60 £
g in [ e
‘ ! 9
: ‘ ‘ &
3 ! i 3]
2 10 °C /min Ly O
L b : .
g /V ! X
I ; -3
104 20 °C /mm i
H Heat Rate _— F20
! Crystallization rate------------
124 “ Ty
' r10
14 7 ,0
15 T T T T T T T T T T T -5,024
0 5 10 15 20 25 30 3 40 45 50 55 60
Time (min)

Fig. 9. Heat flow and the crystallization rate of PPS/CF prepreg in different cooling down 20, 10, 7, 5 and 2 °C /min respectively.
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kinetics.

The values for shrinkage are obtained according to Eq. (14) and are
given in Table 6. Fig. 5(b) shows the maximum expansion of prepreg at
the melt temperature. For the prepreg, it can be recommended to in-
crease the process pressure before the melting temperature and to hold
the pressure after solidification until the glass temperature.

4.7. Unsymmetrical laminates

The total experimental shrinkages for unsymmetrical laminates are
compared and validated to the model. Using the Classic Lamination
Theory (CLT), the deflection of unsymmetrical laminates can be deter-
mined. If the curvature is modeled in an incremental form, then Eq. (17)
derives the strain and curvature of the laminate:

de A B '[dn"

dx B D dam™
where de and dk are the strain and curvature and A, B and D are the
stiffness matrices and dN™ is calculated from dNeastic —

dNmal _gnthermal _ gpgerystallisation. 1¢ the material properties change during
the cooling and solidification, then Eq. (18) becomes:

H

The closed form of Eq. (18) is derived by Abouhamzeh [4]. The stiffness
matrices A, B and D in Eq. (17) and Eq. (18) are calculated using CLT,
and the properties are fed into it as a function of temperature, so that the
PPS elastic modulus from Eq. (11), the CTE of PPS from Eq. (14) and
carbon fiber properties in Table 1, are substituted in the micro-
mechanical formulas [4]. The dN™ and dM™ are incremental thermal
forces and incremental thermal moments respectively, caused by the
thermal and crystallization shrinkages.

By DIC method the total part deflection and the curvature are
compared in two dimensions in Fig. 10, where the measurements of the
deflected parts over their length are illustrated close to the real deflected

17

7 —1
A B dN™
B D am™
T,

P

(18)

[
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parts in the same figure. Table 7 indicates the unsymmetrical lay-up
curvatures after cooling down from the processing temperature 330 °C
to the room temperature 23 °C. The cooling down rate was 10 °C/min.
The uncertainty of average curvature measurement from DIC and cur-
vature formula is about 0.09 (m)™. The calculated and measured cur-
vatures show good agreement with a maximum error of 17 %.

5. Conclusion

This paper offers a new constitutive model, which is fundamental to
estimate and control the thermal shrinkage and crystallization shrinkage
of thermoplastic composites. No matter which manufacturing process is
taken, e.g., compression molding, autoclave or automated lay-up, the
model can be used in process simulation in order to control the com-
posite part dimensions and to avoid unwanted deviations due to
warpage. Furthermore, to optimize the process window, the cooling rate
dependent solidification and the elastic modulus evolution model can be
used.

A high performance prepreg was studied here for thermal shrinkage
and crystallization shrinkage of the thermoplastic composite PPS/CF.
For this purpose, the total shrinkages from TMA were measured and
compared to the PvT diagrams. The proposed method can estimate the
shrinkage to reduce and avoid high residual stresses and warpages in
complicated parts. Generally, the degree of crystallization and crystal-
lization rate are determined by DSC, and the crystallization rates are
measured at different cooling rates. To fit the constitutive model to the

Table 7
Curvature of unsymmetrical laminates due to thermal and crystallization
shrinkages.

Lay-up CF/ PPS Thickness (mm) Kealulated (M) Kmeasured (M) Error %
[04/904] 1.16 3.209 3.536 10
[03/90/0/9053] 1.15 2.844 2.827 0.5
[02/902]2 1.14 1.082 1.269 17
[0/9014 1.16 0.483 0.565 17

The uncertainty of the laminate thickness values is 0.02 (mm).
The uncertainty of measured curvature values is 0.09 (m).
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Fig. 10. Comparison of deflected part and the DIC measurements.
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measured data, a general non-linear least square regression is conduct-
ed. To complete the micromechanics, a significant increase of elastic
modulus in the onset of crystallization was observed due to viscous to
rubbery transformation and successfully modeled. The solidification
point was found for the thermoplastic, and thermal dependent solidifi-
cation model was validated and suggested to apply for all viscous
rubbery and glassy moduli in future prediction models.

This work indicates significant results to support the shrinkages for
modeling in high performance thermoplastic composites, however, the
degree of crystallization in solidification will be exploited using the
crystallization kinetics proposed here in future work. Further investi-
gation must be carried out to complete the engineering basis for more
precise composite parts assembly. It is indeed interesting to develop the
effect of other laminate lay-up and to study the quasi-isotropic laminates
for multidirectional loading in aerospace structures. Additional studies
can extend the dimensional stability and tolerances in thermoplastic
composite during automated manufacturing.
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