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Modeling of Thermoplastic Composite
Filament Winding

Xiaolan Song

(Abstract)

Thermoplastic composite filament winding is an on-line consolidation process,
where the composite experiences a complex temperature history and undergoes a number
of temperature history affected microstructural changes that influence the structure’s
subsequent properties. These changes include melting, crystallization, void formation,
degradation and consolidation. In the present study, models of the thermoplastic filament
winding process were developed to identify and understand the relationships between
process variables and the structure quality. These include models that describe the heat
transfer, consolidation and crystallization processes that occur during fabrication of a

filament wound composites structure.

A comprehensive thermal model of the thermoplastic filament winding process
was developed to calculate the temperature profiles in the composite substrate and the
towpreg temperature before entering the nippoint. A two-dimensional finite element heat
transfer analysis for the composite-mandrel assembly was formulated in the polar
coordinate system, which facilitates the description of the geometry and the boundary
conditions. A four-node ‘sector element’ was used to describe the domain of interest.
Sector elements were selected to give a better representation of the curved boundary
shape which should improve accuracy with fewer elements compared to a finite element
solution in the Cartesian-coordinate system. Hence the computational cost will be
reduced. The second thermal analysis was a two-dimensional, Cartesian coordinate, finite
element model of the towpreg as it enters the nippoint. The results show that the
calculated temperature distribution in the composite substrate compared well with
temperature data measured during winding and consolidation. The analysis also agrees
with the experimental observation that the melt region is formed on the surface of the

incoming towpreg in the nippoint and not on the substrate.



Incorporated with the heat transfer analysis were the consolidation and
crystallization models. These models were used to calculate the degree of interply
bonding and the crystallinity achieved during composite manufacture. Bonding and
crystallinity developments during the winding process were investigated using the model.
It 1s concluded that lower winding speed, higher hot-air heater nozzle temperature, and
higher substrate preheating temperature yield higher nippoint temperature, better
consolidation and a higher degree of crystallization. Complete consolidation and higher
matrix crystallization will result in higher interlaminar strength of the wound composite

structure.
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Chapter 1 Introduction

The filament winding process is a low-cost, automated composite manufacturing
technique. A continuous reinforcement is impregnated with resin and laid down on the
surface of a rotating mandrel along a predetermined path. The matrix materials can be
either thermoset or thermoplastic resins. Thermoplastic filament winding offers the
additional advantage of on-line consolidation, where the resin impregnated fiber bundles
are continuously oriented, laid down, and, consolidated onto the tool surface in a single
step. When integrated with a computer-controlled system, the process can be fully
automated resulting in additional cost savings by increasing productivity and reducing

labor cost.

The use of thermoplastic resin eliminates the need for high temperature cure of
the entire structure in an autoclave or convection oven which minimizes the build-up of
residual stress in thick-section parts caused by large volumetric changes during the post-
processing [1]. High-levels of residual stresses may lead to dimensional instability and
premature failure [2-4]. Hence, the on-line consolidation process has the potential to

produce better quality composite structures.

In addition to the above-mentioned advantages, thermoplastic filament winding
offers benefits for design flexibility and performance. With localized heating, this process
is suitable for manufacturing parts with large surfaces and moderate curvatures, such as
fuselage structures and deep submersibles [5]. Because the towpreg is fully consolidated
and locked in the vicinity of the melting point as it is placed onto the structure,
conceptually there is no limitation on producing parts with thick cross-sections and large
surface areas [6]. Furthermore, complex, non-geodesic, and even concave winding paths

are achievable, thus allowing design flexibility [7].

The basic components of on-line consolidation process are illustrated in Figure
1.1. A focused heat source is aimed at the interface between the incoming towpreg and
substrate and creates a molten zone. Once the proper molten zone has been created,
pressure is applied via the compaction roller which results in flow and deformation of the

resin impregnated fiber tow. Once intimate contact between the mating surfaces is



achieved, bonding of the towpreg/substrate interface occurs by autohesion. The roller
pressure should be applied until the temperature of the bonded interface drops below the
melting/softening point of the resin in order to prevent void formation by either

volumetric shrinkage or the release of spring energy from the fiber network.

Thermoplastic filament winding is a nonisothermal manufacturing process where
the composite experiences a complex temperature history. The composite substrate is
repeatedly heated and cooled as additional layers are wound onto the structure. This
thermal cycling can cause microstructural changes that influence the structure’s
properties. These changes include melting, crystallization, void formation, degradation
and consolidation. Therefore, a comprehensive heat transfer analysis must be developed
to predict and understand the rapid temperature changes associated with the

manufacturing process.

In the thermoplastic filament winding process, the rate of consolidation depends
on the time required to achieve intimate contact and complete autohesive bonding
strength at the interface between the towpreg and the composite substrate. In general, the

winding speed,

heat source intensity, and roller pressure are the key variables that determine the

processing window.

It is well recognized that the surfaces of towpregs are uneven. Under the proper
pressure and heat, the viscous matrix is compressed, the gaps at the interface are filled
and perfect contact is formed. This mechanism is identified as intimate contact formation.
Once two adjacent interfaces come into contact, the mechanism of autohesion controls
the interply bond formation. Polymer chains of amorphous thermoplastics above the glass
transition temperature or semicrystalline thermoplastics above the melt temperature
diffuse across the interface and entangles with molecular chains on the other side of the
interface, so that the interface is no longer distinguishable from the bulk polymer. The
resulting bond strength is a function of the processing parameters (temperature, pressure
and time) to which the interface is subjected. Individual plies consolidate into a laminate

by bonding at the interfaces. The two major mechanisms governing the development of



interply bonding, intimate contact and autohesion, are believed to occur sequentially or

simultaneously.

The final step of thermoplastic composite consolidation is to cool and solidify the
consolidated parts. For semicrystalline thermoplastics, crystallization occurs during
cooling. The cooling rate has been identified as the most important influence on the
morphology of the matrix and the degree of crystallinity. In general, slower cooling rates
yield higher degrees of crystallinity which correspond to an increase in tensile strength,
compressive strength, and solvent resistance of the matrix. As the temperature history
that the material experiences in the process is very complex, the crystallization behavior
is also significantly influenced by the complicated phenomena such as melting, cooling,

remelting, resolidification, and annealing [8].

Continuous operation of the on-line consolidation process is achieved by rotating
the mandrel during filament winding. However, the speed of on-line consolidation is
limited by the quality requirements for the parts, such as bonding strength and
crystallinity. In general, the winding speed, the heat intensity, and the roller pressure are
used to describe the processing window of on-line consolidation. The objectives of this
study were to develop process models to simulate the on-line consolidation filament
winding process and identify the relationships between process variables and the
structure quality. In particular, the effects of process parameters on consolidation

conditions and crystallization were investigated.
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Figure 1.1 General configuration of the thermoplastic filament winding process



Chapter 2 Literature Review

Previous studies have dealt with the modeling issues involved in the on-line
consolidation process of the thermoplastic composites. These include models for the heat
transfer, consolidation and crystallization. A survey of the current research in these areas

will be presented in this chapter.

2.1 Heat Transfer Analysis

Complicated heating and cooling cycles are involved in the manufacturing
processes for thermoplastic composites. It is well known that final mechanical properties
of a composite structure significantly depend on the thermal history during manufacture.
A number of heat transfer models have been proposed to investigate this thermal history

for tape placement [9-16] and filament winding [17-21].

Grove [11] developed a two-dimensional finite element model to investigate the
temperature profile of the tape laying process with a single laser heat source. The region
close to the tape/substrate interface was modeled using a coordinate system moving at the
same speed as the lay up head and thus, the given geometry could be represented by a
fixed finite element mesh. Furthermore, the movement of the laying head was modeled
by a process of incrementally shifting the calculated temperature distribution through the

mesh at an appropriate time interval.

Giiceri and his coworkers [16-17] used a finite difference method to show that
very high temperature gradients existed near the nip point, and that the roller velocity,
heat input and preheating significantly affected the temperature field within the laminate.
An Eulerian control volume, which includes the region influenced by the local heat
source, was chosen and the problem was formulated as steady state using an Eulerian
approach. Giiceri et al. [16,17] investigated the anisotropic heat conduction phenomenon
by modeling the filament wound structure as an orthotropic domain employing the
concept of angle ply sublaminates. The effect of winding angle was incorporated in the

effective orthotropic conductivity tensor.



James and Black [19-20] investigated the continuous filament winding process
using an infrared energy source. Similar to the formulation proposed by Giiceri et al., the
transient thermal model was transformed into a quasi-steady problem by working in an
Eulerian reference frame. The model was subdivided into two regimes. A one-
dimensional Cartesian coordinate heat transfer analysis of the tape regime was coupled
with a three-dimensional cylindrical coordinate heat transfer analysis of the
composite/mandrel assembly. The explicit finite difference method was used to solve the

problem numerically.

Shih and Loos [22] adopted the commercial finite element package, ABAQUS to
study the transient heat transfer problem involved in continuous filament winding process
with a hot-air heater. Assuming that little energy would propagate across the interface
between compaction roller and composite substrate, the process was modeled in two parts
to study the temperature profile in the substrate cylinder and the towpreg prior to
reaching the nippoint, respectively. The hot-air heater was treated simply as a convective
boundary condition and the hot-air film coefficient was measured by experiment. It was
concluded that the hot-air heater used does not melt the resin on the surface of the

substrate, but instead melts the resin of the incoming towpreg.

2.2 Nonisothermal Consolidation

The consolidation of thermoplastic composites consists of two phenomena [23].
First, two adjacent ply surfaces coalesce and come into “intimate contact” under an
applied pressure. Second, bonds form at the ply interface by the autohesion process [21]
in which the molecular chains diffuse across the interface and entangle with their new
neighbors. The following sections discuss the previous research on intimate contact and

diffusion bonding.

2.2.1 Intimate Contact

The prepreg ply surfaces are uneven and spatial gaps exist at the ply interfaces at
the beginning of consolidation. Application of heat and pressure causes flow and
deformation at the ply interfaces which results in intimate contact between adjacent

surfaces. The degree of intimate contact is a measure of the amount of surface that is in



contact. Dara and Loos [21] used a two-parameter Weibull function to model the tow
height distribution of AS4/P1700 prepregs. Lee and Springer [23] simplified the model
by Dara and Loos and represented the irregular surfaces of the plies by a series of
rectangular elements. Two geometric parameters, tow width and tow height, were used to
describe the variations in the prepreg surface. They treated the deformation of the
rectangular elements as a one-dimensional laminar squeezing flow. The geometry
parameters were measured from photomicrographs of the cross section of an
uncompacted ply, and the viscosity parameters were obtained by matching the model

results to the degree of intimate contact versus time data.

Mantell and Springer [12] extended the Lee-Springer model [23] to incorporate
the tape laying and filament winding processes. By assuming that the temperature and
pressure were constant and that the contact time is equal to the arc length of contact
between the roller and composite divided by the roller speed, an expression for the degree
of intimate contact was derived for the tape laying process. For the filament winding
process, the expression for the tape laying process is modified by replacing the roller
speed with the product of the speed of mandrel rotation and the radius of the cylinder at
the contact interface. To verify the model, Mantell et al. [24] conducted short beam shear
tests and lap shear tests for specimens fabricated both in a press and with a specially
constructed tape laying apparatus. The degree of intimate contact was determined from
the C-Scan pictures by comparing the areas in contact to the total area. The model
parameters were obtained by matching the model results to the degree of intimate contact

versus time data.

Li and Loos [25] measured the surface roughness of the prepreg plies with a
surface topology characterization machine. The prepreg geometric parameters were
measured directly, and consequently, eliminate the necessity of determining the
geometric parameters by matching the intimate contact data with model predictions
[23,24]. Models were developed to predict the degree of intimate contact at the ply
interfaces of both unidirectional and cross-ply laminates. The experimental data agreed

well with the simulation results.



Sonmez and Hahn [26] used the Lee-Springer model to study on-line
consolidation in the tape placement process. A heat transfer analysis was incorporated
into the consolidation model to consider nonisothermal processing. Further bonding
behavior during the subsequent lays up was studied. It was found that a significant

portion of the bonding occurred during the placement of subsequent layers.

2.2.2 Diffusion Bonding

There have been many research investigations to study diffusion bonding of
thermoplastic polymers [27-33]. Fundamental to all fusion bonding processes is the
intermolecular diffusion between surfaces in intimate contact. Higher temperature
promotes the diffusion process, thus shortens the required time to achieve complete
bonding. Isothermal diffusion of polymer chains in an amorphous material can be
modeled using the reptation and healing theories [31,32]. The diffusion behavior is

characterized by a temperature dependent reptation time (7. ), which corresponds to the

time needed to completely heal the interface [27-29].

Dara and Loos [21] reported the relation for autohesion of carbon fiber
polysulfone composites. Dara and Loos related the temperature dependence of relaxation
time to the zero shear rate viscosity and the shift factor. The temperature-dependent
viscosity was represented in the form of an Arrhenius equation. By assuming that the
same relation was valid for APC-2, James and Black [19] used the relation reported by
Dara and Loos and examined consolidation of APC-2 plies during the filament winding

process both experimentally and numerically.

Bastien and Gillespie [30] developed the nonisothermal healing model for
diffusion bonding of AS4/PEEK thermoplastic composites. For nonisothermal
processing, conditions commonly observed during the composites fusion bonding
process, the thermal history is divided into many time intervals with sufficiently small
time steps and the temperature is assumed constant over each time interval. Therefore,
the isothermal healing theory can be used in each of those isothermal time steps and the
nonisothermal model was developed based on the minor chain length criteria and the

interpenetration distance criteria.



2.3 Crystallization

It has been shown that the mechanical properties of thermoplastic matrix
composites can be related directly to the crystallinity of the polymer [34-39]. Therefore,
it is essential to determine the effects of processing parameters on the crystallization

behavior of the matrix to control part quality.

Most of the crystallization models used in the literature are based on the
theoretical work by Avrami [40-42], Tobin [43-45] and Malkin [46,47]. Lee and Springer
[23] established a model that related the cooling rate applied during processing to the
crystallinity of the material. The model was developed for a flat plate in which the
temperature varied only across the plate but not along the plate. The simple expression
proposed by Ozawa [48] was adopted to correlate the measured rate of crystallization
with temperature. The heat transfer analysis to study the temperature distribution and the
crystallization model were coupled by taking heat generated due to crystallization into
account in the energy equation. A finite element algorithm was developed to calculate the
temperature and the crystallinity as functions of position and time. The model was
verified by the tests to measure the crystallinity of PEEK 150P polymer specimens
cooled at different rates. The cooling rates were determined by recording the temperature
inside APC-2 composites during cooling. The crystallinities of the specimens were

measured by differential scanning calorimetry (DSC).

Mantell and Springer [12] studied the crystallization behavior in the tape
placement process. The rate of change in crystallinity was related to the crystallinity, the
temperature and the change in temperature by several empirical expressions [23,49-51].
During heating, the model proposed by Maffezzoli et al. [49] was adopted. During
cooling, the model of Lee and Springer [23] or the model developed by Velisaris and
Seferis [50,51] was applied. Nejhad et al. [52] applied the Velisaris and Seferis model
[50,51] to the filament winding process.

Choe and Lee [53] developed a kinetic model for the nonisothermal
crystallization of PEEK based on Tobin Equation [43-45]. Development of a crystalline
phase in the PEEK polymer melt includes two competing nucleation and growth

processes, heterogeneous nucleation and homogeneous nucleation. The crystallization



kinetics was expressed in terms of a linear combination of two Tobin expressions. The
model included the effect of melt temperature and correlated well with nonisothermal
crystallization data. Sonmez and Hahn [8] used the Choe and Lee model [53] to study the

crystallization in tape placement process.

10



Chapter 3 Heat Transfer Analysis

3.1 Introduction

During processing, thermoplastic composites undergo a number of
microstructural changes such as melting, crystallization, and autohesion depending on the
thermal history. Hence, the resulting material properties depend strongly on their thermal
history. Therefore, it is important to control the temperature distribution inside the
composite during consolidation to ensure the quality of the fabricated part. A
comprehensive thermal analysis must be developed to predict the complex temperature

changes that occur inside the composite during the manufacturing process.

In the on-line thermoplastic filament winding process, a high-intensity heat source
is focused at the interface between incoming towpreg and the composite substrate, and a
molten region is formed at the nippoint. (Figure 3.1) There are four components included
in the domain of interest: the composite substrate, mandrel, towpreg, and compaction

roller.

Note that the heat source is aimed at the surfaces of both the towpreg and the
composite substrate simultaneously. We assumed that little energy would propagate
across the interface between the roller and composite cylinder. Hence, the analysis was

divided into two parts: the composite-mandrel assembly and the towpreg-roller assembly.

In the present investigation, the hot air heater uniformly heats the substrate
cylinder along the mandrel axial direction and the towpreg across the width, so the heat
conduction problem is reduced to separate 2-D finite element heat transfer models for the
composite substrate and the towpreg. The analysis was performed using an Eulerian
approach. In a previous experimental study by Shih and Loos [22], it was concluded that
the hot-air heater does not heat the surface of the substrate up to the melt temperature of
the matrix resin, but a melt region is formed on the surface of the incoming towpreg in

the nippoint.

11
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Figure 3.1Geometry of the heat transfer problem
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3.2 Simulation on Heating of the Substrate Cylinder

Figure 3.2 displays the control volume, the boundaries, and the coordinate system
used in simulation on heating of the substrate cylinder. The composite-mandrel assembly
is rotated at a certain speed. In order to simulate the mandrel rotation, the coordinate
system is fixed onto the hot-air heater and we move the hot-air heater in the opposite
direction of the mandrel rotation instead. The thickness of the towpreg is small and the
increase in the diameter of the composite substrate in one rotation is negligible. A quasi-
steady state is assumed to prevail throughout the process and the problem is formulated

as steady state in the Eulerian framework.

3.2.1 Governing Equation

By applying the principle of conservation of energy to a finite differential region,
the temperature distribution of the composite-mandrel assembly is governed by the

conductive heat transfer equation given as,

pe,T =Q+00k OOT) (3.1)

~

where p is the density, C, is the specific heat capacity, k is thermal

conductivity tensors, T’ is temperature, t is time and 7 = % The left hand side of the
t

equation, pC pT , represents the rate of change of thermal energy stored within the
control volume. The first term on the right hand side of the equation, Q, is the volumetric

rate of thermal energy generation, and the second term, [J ml; (IIT), represents the net

conduction heat rate into a unit volume.

13



Free convection boundary

S

Composite substrate

Mandrel

S
Prescribed
boundary
Sy —r
T2
| |
| | LB
o | '
>
2 |
(0]
ot T |
£ ! |
(D)
|_
Heat affected zone
- >i
P

Figure 3.2The control volume and boundary conditions of the winding problem
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In the domain of interest, the composite is heterogeneous with the fiber and
matrix having different thermophysical properties and the mandrel is generally isotropic
and homogeneous. In order to simplify the analysis, we treat the composite as an

anisotropic yet homogeneous continuum.

The composite tow is assumed to be a transversely isotropic (in the plane normal
to the fiber direction) material. k£, and k, are the tow principal conductivities in the
longitudinal and transverse directions, respectively. k, and k, are assumed to be

constant. The anisotropy of the composite substrate is modeled as an orthotropic domain
employing the concept of angle ply sublaminates [16,17]. Therefore the effective

orthotropic conductivity tensor is

0 0O
0 (3.2)

~ [k
k=n"
%) ke

where £, is the conductivity in the radial direction and is equivalent to k,, k, is the

conductivity in the circumferential direction expressed as
ko =k, cos®> @+k, sin’ @ (3.3)
where @ is the winding angle.

In comparison to the amount of heat supplied to melt the resin in the towpreg
material, the heat generation due to crystallization, 0, is negligible for the composite

substrate and the term does not apply to the mandrel.

Therefore, in a fixed coordinate system, (R,©), the governing energy equation

becomes

DT 1. 8 .oTf. 1. o 10T
2 ek (RO +— ke —(— 3.4
P Dt R ROR( aR) R @ae(Rae) 34)

The heat source is moving along the circumferential direction and the relation

between fixed coordinate system (R, ®)and the moving one (r,0) is as follows:
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R=r
0=0-wt

(3.5)

where w is the mandrel winding speed.

Consequently,

o (3.6)

When using the Eulerian description, the variables are expressed in terms of

instantaneous position and time, and the comoving derivative of local temperature 7 is

given as,

DT(R,0,1) _ o7 (r,0,1) +(0T(r,9,t)ﬁ+ 07(r,6,1) 06

3.7
Dt ot or ot 00 at) 3-7)

Combining equation (3.6) and equation (3.7),

DI(R®,) _or  or G8)
Dt ot 06 ’

With the steady-state assumption, the first term on the right hand side of equation

(3.8) vanishes and the governing equation is given in equation (3.9).

T 1. 9 or. 1. 8 10T
cool-1, 9,0, 1, 0 10T
PC,0ag =k 5 g ke 59 ag)

(3.9)

3.2.2 Boundary Conditions

For the inner surface of the mandrel, that is, the boundary S, in Figure 3.2, the
temperature is prescribed to be a constant. If the mandrel is preheated, it is equal to the

preheat temperature:

T=T on S, (3.10)

1

For §,, the area exposed to air, we have the free convection boundary condition:
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krg—T:—ha(T—Ta) on S, (3.11)
r

where /, is the film coefficient and 7, is the air temperature.

A hot gas torch is used to heat the interface between the composite substrate and
the towpreg. In the heat affected zone, the following forced convection boundary

condition is prescribed:

oT
k== (T=T,) on S, (3.12)

where 7, is the hot gas film coefficient and 7}, is the temperature of the hot gas.

In previous experimental work by Shih and Loos [22], it was noted that the hot
gas temperature in the heat-affected zone is not uniform and the highest temperature
occurs around the nippoint. Therefore a series of step functions as shown in Figure 3.2

are used to model the temperature variation in the heat-affected zone.

3.2.3 Sector Element

In the present study, a four-node ‘sector element’ in polar coordinates is used to

discretize the domain of interest.

As shown in Figure 3.3, the sector element is formed by two straight sides with 6

constant and two arcs with » constant. The domain of a sector element is defined by the
locations of its four nodal points 7, ,a = 1,[IIJ4 in the R’ plane. We assume the nodal

points are labeled in ascending order corresponding to the counterclockwise direction
(see Figure 3.3). We seek a change of coordinates which maps the given sector into the

biunit square called the parent domain, as depicted in Figure 3.4. The coordinates of a

> g
point & = %’;D in the Biunit Square are to be related to the coordinates of a point
o

in Q° by mappings of the form

([

F=g
v
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ntn
2 (3.13)
0,-6, 8,+6,
n+
2 2

n—n
r= &+
2

0=

The shape functions in the parent domain are

N, =(1-E)1-n)/4
N,=(1+¢&)1-n)/4
, =(1+8)A-m) (3.14)

N, =(1+E)1+n)/4

N, =(1-§)d+m)/4

The definition of a sector element facilitates the finite element formulation of the
problems in the polar coordinate system. Sector elements give a better representation of
the curved boundary shape which should require fewer element to achieve the same

solution accuracy as rectangle or triangle elements in the Cartesian-coordinate system.

3.2.4 Finite Element Formulation

With the governing equation and boundary conditions specified, the statement of

the problem is:

Determine 7'(r,68) such that

1., 0, 0T, 1 0 10T or
ke ek, LA = pew i Q
e e R ae o) TP Yo
T =T, on §,
3.15
—kra—T=ha(T—Ta) on S, G-13)
or
orT
—k,5=hhg(T—Thg) on S,
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Figure 3.3Four—node sector element

L 3

+1
3 2
4
+1
- 1
& 0
-1 2

(r.9)

Figure 3.4Mapping of parent domain and local element domain
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Galerkin’s method [54] is used to derive a finite clement formulation. We

elaborate upon this below:
Let ¢:Q — R be a smooth function such that =0 on S,, that is, ¢ vanishes
on the part of the boundary where essential boundary conditions are prescribed.
Multiplying both sides of the governing eq. (3.15) by @ and integrating the result

over the domain Q we obtain

H“’E —(r—) . ae(ig—g)— a—T%drdB 0 (3.16)

By using the chain rule of differentiation, we get

.U —k —(r—)rdrde _Uk %T( _)_ %Z—TD " -
IL9, ok, E(ig_g)rd d6 = ﬂ;ke%(%g_g iggggm o :
The use of the Gauss’s theorem yields

ﬂ;k,%(Ql)ra_T)drd@ :J;quo’”a—Tn,ds -
Hgksaa ¢6T)dd9 Ik qoaTnedS (3.18)

Substitution from eq. (3.18) into eq. (3.17) and the result into eq. (3.16) yields

aqoaT 1 dpoT or
L2807 ppccw yrdrdd
L%, ar ko 750 99 TPPW g 310
10T (-19)

—J'Sqo(krr n +k, raeng)ds

The last term of the above equation vanishes on the boundary S,, where @ is 0.
On the boundaries S, and S, :

n.ds =do

ng =0 (3.20)

r=r

o
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where 7, is the outer surface radius of the substrate cylinder.

The last term on the right-hand side of eq. (3.19) satisfies convection boundary
conditions given in eq. (3.15), and eq. (3.19) becomes

[, &, 99T, L0201 | 9T\ rdras
or ar r= 0600 06 (3.21)

+L2 h,r,@TdO +J;3 h,,7,9Td6 :_[92 h,r,@T, dO +J'S3 h, 1, 9T,,d6

hg'o

With the definitions
0@ 0T 1 dpoT or
B(p,T k thy ———+ w—)rdrd@
@D = Lk o T e = 30 98 TP Y a9 (3.22)

+J'S2 h,r,@TdO +J;3 h,,7,9Td6

and
l(qo):-[9 h,r,T @dO +J’ 1, T,,0d6 (3.23)

we can write eq. (3.21) as

B(p,T)=1(9) (3.24)
Let

H=W|y:Q - R,J’QDw.Dtde < oo} (3.25)
Hy={OH".Y=00nS,} (3.26)

we can now state the weak form, W, of the given problem as follows. W: Find 7 0 H'

such that T =T, on S, and equation (3.24) holds for every ¢ H, .

In order to derive the Galerkin formulation of the problem, we introduce an

auxiliary function G H'such that G=T, on S,. Then for every FOH,, F+GOH".
Substitution of 7 = F + G in eq. (3.24) yields

B(@,F) =1(9) - B(¢,G) (3.27)
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Thus, the Galerkin formulation of the given boundary-value problem can be stated as

follows: Find FOH, such that eq. (3.27) holds O@OH,. Let H," be a finite

dimensional subset of H, and F" OH,", " OH,". Then the Galerkin approximation of

the given problem is:

Find F" O H}" such that

B(g", F")=1(¢") - B(¢",G) (3.28)
for every ¢" OH,".

Let ¢,,4,, -+, denote a set of basis functions in H,". Then we can write

Q' =cy,, F"=dy, (3.29)

where summation on a repeated index is implied and the indices i and j range over 1

through ». The linearity of B(LI)) in each of its arguments implies that

B@",F")=B(cy,,dW,)=cBW. Y,)d, =cK,d, (3.30)
where

K, =BW,.y;) (3.31)
Similarly, with P, =/(y,),

@) =lew,) =clW,) =c,P (3.32)
Eq. (3.28) becomes

cK;d, =c,(P-BW,,G)). (3.33)

Since eq. (3.28) holds for every ", therefore eq. (3.33) should hold for every choice of

¢,,C,, ¢, , which is possible if and only if
K,d, =P -BW,;G), i=12,,n (3.34)

The matrices K and P are called the global stiffness matrix and load vector,

respectively.
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In practice, the global stiffness matrix and load vector are assembled element by
element for the entire mesh by ignoring the contributions to the load vector from terms

containing the function G . Essential boundary condition 77 =17, on S, is imposed by the

standard procedure to modify the global stiffness matrix and load vector. The algebraic

equations are solved to get the nodal temperatures.

Basis Functions can be obtained by patching together the appropriate shape
functions. In the present study, four-node sector elements introduced in Section 3.2.3 are

used. We assume a suitable variation of temperature in a finite element as
4
T"(r,0) = Z N, (r,0)d, (3.35)
i=1

where N, are shape functions.

The global stiffness matrix and load vector can be assembled with the element

stiffness matrices and load vectors.

[Ki/]ZZ[Kmn]e n=1L2,---4

3.36
7= [P’ =12, (3.36)
where
Kmne = Kmn' + Kmn" + Kmn '
P° =J'Sn ehaTarondG +I T, N, dO
0N, 1 0N, ON,
'H (k ar ar tho s #2090 00 (3:37)

K. =L,
K, = g NN, a8+ [ h,r,N,N,d6

mn 5,nQ hg'o

By using the mappings of the form shown in eq. (3.13), eq. (3.37) can be
integrated in the parent domain (¢,n):
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; 1 do
P, :haTaroI_l(—N Vg, aed + Iy, T, 0_[( g nqedn

| aN ON, d laN aN d dr do
Ky = [ o Do O Doy g g, 100 OV (@yy B9y
S8 0 Var ron on do ' dEdn 3
ON, dn.dr do ’

K,, :J._l_[._l[Pcw " an de]d_fd_ dédn

K, —hrfl(—N N+ [ (—N N, rged

3.2.5 Accuracy Evaluation

In order to evaluate the accuracy of the finite element code, we study a problem
with a known analytical solution and compare the numerical solution to the analytical

solution. In the polar coordinate system (r,8), consider an infinitely long cylinder with
the inner and outer radii of R, and R, , respectively. The surface temperatures are

specified. Two cases with different surface temperature distribution are tested.

In the first case, the temperature on the inner surface, 7, ~ is 50°C and the

nner

temperature on the outer surface, 7, is 100°C. The temperature at any distance r

outer

from the center is expressed as [55]

_ AT
T =Ty ¥y G ir )ln(ru /r) (3.39)

where AT =T -T

inner outer *

In the second case, the temperature on the upper half outer surface, 7 is

outer,,

100°C, the temperature on the lower half outer surface, 7, is 0°C, and the

uter,

temperature on the inner surface, 7, is the average of 7, andT,,, , that is, 50°C.
The temperature at any point (7,60) in the cylinder is [55]
> 2T,,. —T 2y
T0-0) =T + 3 Qo Lo B 770 i) (3.40)
n=135, - nit A r, " -7 "

As shown in Figures 3.5, 3.6 and 3.7, the temperature simulations compared well.
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3.2.6 Results

Shih and Loos [22] measured temperature profiles in a composite ring during the
winding process. The on-line consolidation, filament winding system included a
computer-controlled filament winding machine and a consolidation head which housed a
compaction roller and a hot-air heater. In order to measure the temperature profile during
the winding and consolidation processes, a 26-ply APC-2 thermoplastic composite ring
was manufactured with eight K-type, fast responding thermocouples installed in various
positions inside the ring. The position of each thermocouple is shown in Figure 3.8. The

thermocouples captured the local temperature history.

The finite element model presented in Section 3.2.4 and Section 3.2.5 was used to
calculate the temperature distribution in the composite ring during winding. Figure 3.9
shows the finite element mesh used in the simulation. Through the thickness, the five
inner most elements are assigned for the aluminum mandrel and one element is assigned
for each layer of towpreg wound. There are 3000 four node sector elements used in this
simulation with finer mesh in heat affected zone. Table 3.1 shows the input material
property parameters for the heat transfer calculations. The properties of APC-2, carbon
fiber PEEK matrix towpreg were used for the composite ring. The towpregs were wound
onto an aluminum mandrel with the inner radius of 66.80 mm and outer radius of
73.05mm. The boundary condition parameters used for the calculations are listed in Table

3.2.
Note, the formula to relate the fixed coordinate system (R,©) in Lagrangian

framework to the moving one (r,0) in Eulerian framework is © =60 —w¢. The

relationship yields

,-8-0 (3.41)
w

Using eq. (3.41), the resulting temperature distribution 7'(r,8) in Eulerian
framework is transformed into temperature history 7(R,0,¢) in Lagrangian framework.

The temperature data from thermocouples denoted as Tc0, Tcl, Tc2, Tc7 were compared

with the numerical predictions for different winding speeds of 1rpm, 1.5rpm and 2rpm in
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Figures 3.10, 3.11, and 3.12, respectively. Very high temperature gradients are observed
around the nippoint. The predictions for the temperature between the 22nd and 23rd
layers were about 10% higher than the measured temperatures. Nevertheless the overall
prediction captured the transient heating very well. The mandrel speed significantly
affected the temperature field within the composite cylinder. The predicted temperatures
for the outermost layer, layer 26, are compared for winding speeds of 1.0rpm, 1.5rpm and
2.0rpm in Figure 3.13. As expected, higher winding speed yields lower surface
temperature. It should be noted that the maximum temperature on the surface of the
composite cylinder is well below the melting temperature of PEEK resin composite. The
simulation confirms the experimental observation that it may be difficult to create a
molten zone on the surface of substrate cylinder for the processing conditions studied. In
order to successfully consolidate the thermoplastic composites using the on-line
consolidation technique, the air heater must focus on melting the resin in the incoming
towpreg. A finite element model is constructed to predict the temperature distribution in

the towpreg in the following sections.
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Figure 3.5 Temperature as a function of radial distance from center
for hollow isotropic cylinder. Comparison between the
finite element solution and analytical solution (Eqn 3.39)
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Figure 3.6 Temperature distribution in the lower half of isotropic hollow
cylinder. Comparison between the finite element solution
and analytical solution (Eqn 3.40)
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Figure 3.7 Temperature distribution in the upper half of isotropic cylinder.
Comparison between the finite element solution and
analytical solution (Eqgn 3.40)
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Thermocouple L ocation

Number (Layer)
TcO 2-3
Tcl 10-11
Tc2 16-17
Tc3 22-23
Tca 22-23
Tch 22-23
Tc6 22-23
Tc7 22-23

Tc7

Tch

N \ Heating
/ Tc6 Zone

Figure 3.8 Locations of thermocouples installed in the composite ring
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Figure 3.9 Mesh for the heat transfer simulation of
substrate cylinder heating
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Table 3.1 Input material parameters for heat transfer calculation

Properties APC-2 Aluminum
Density (kg/m?) 1562 2700
Specific Heat (J/° K) 1425 905
Thermal Conductivity 6.0 oy
Longitudinal (W /m°K) ' 7
Thermal Conductivity 0.72 oy
Transverse (W /m°K) ' 7

Table 3.2 Input boundary condition parameters for heat transfer analysis

Hot Gas

Air Fil . Hot Gas Film| Temperature 7,

Inner-surface Ir .l m Air Coefficient “C)

Temperature [Coefficient /2, | Temperature i 35
0 0 4 Figure
T, (") 2o T, (°C) ”& see Higure 2.
W/im®°K) W I m* °K)

L | L | L
65 10 25 280 250 | 575 | 500
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Figure 3.10 Comparisons between the measured and calculated
temperatures at a winding speed of 1 rpm
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Figure 3.11 Comparisons between the measured and calculated
temperatures at a winding speed of 1.5 rpm
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Figure 3.12 Comparisons between the measured and calculated
temperatures at a winding speed of 2 rpm
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Figure 3.13 The impact of winding speed on the maximum temperature
on the outermost surface. The winding speeds are denoted
in the inset.
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3.3 Simulation on Heating of Towpreg

In the previous section it was concluded that the hot-air heater used in the on-line
consolidation system was unable to create a molten zone on the surface of the substrate.
A two-dimensional finite element program was constructed to determine the towpreg
temperature before entering the nippoint and verify that the hot-air heater could melt the

resin of the incoming towpreg.

3.3.1 Governing Equation and Boundary Conditions

During winding, towpreg continuously passes through the heating zone as shown
schematically in Figure 3.14. In order to simulate the towpreg motion, the coordinate
system is placed at the location of the hot-air heater and moves in the direction opposite
to the motion of the towpreg. A quasi-steady state is assumed to prevail through the
process. In the Eulerian framework, the problem is formulated as a steady-state
conduction heat transfer problem and the governing equation for energy balance

becomes,

o oT d oT oT
K. —(—)+K_—(—)=pC,—(- 3.42
xxax(ax) zzaz(az) pC, x( v,) (3.42)

where, T is the temperature, K and K_ are the composite thermal conductivities in x
and z directions, respectively. v_ is the velocity of the moving coordinate system, p is
the mass density of the towpreg, and C, is the specific heat. The moving coordinate

system velocity v_ is related with the mandrel winding speed w,
v. =WR (3.43)

X

where, R is the radius of the substrate cylinder.
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Figure 3.14 Schematic of towpreg heating
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Note that,

Kxx = KL

3.44
Kzz :KT ( )

where, K, and K, are the longitudinal and transverse conductivities, respectively.

The thermal boundary conditions for the model are illustrated in Figure 3.15. The
top surface is heated by the hot air and a forced convection boundary condition is applied.
For the bottom surface on the compaction roller, an adiabatic boundary condition is
assumed. The left edge is also assumed to be adiabatic. For the region to the right of the
heated zone, both the top surface and the bottom surface are subject to free convection.
The right edge temperature is prescribed to be air temperature. The boundary conditions

of the problem are summarized as follows:

T=T, on S,
Kzza—TZ—ha(T—Ta) on S,
0z
k. L =pr-T) on S,
0z
oT (3.45)
Kzzgz_hhg(T_Thg) on S3
Kxxa—T=0 on S,
Ox
—Kzza—T=0 on S,
0z

where, 7} is the prescribed temperature, £, is the film coefficient, 4,, is the hot gas film
coefficient, 7, is the air temperature and 7), is the hot gas temperature. Note that the hot

gas temperature is not uniform in the heating zone. For simplification, a step function is

used to model this variation.
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Figure 3.15 Boundary conditions for towpreg heating problem
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Figure 3.16 Heat transfer problem in a plate with prescribed boundary conditions

40



3.3.2 Finite Element Formulation and Accuracy Evaluation

Following the standard procedure of Galerkin’s method [54], the finite element

formulation of the towpreg heat transfer problem can be obtained
KT, =F, (3.46)

The matrices K and P are the global stiffness matrix and load vector, respectively and

they can be assembled from the element stiffness matrices and load vectors:

[K,1= Y [K,,]'

(3.47)
[P1=3 [P,
where
K ‘=K, '+K "+K, "
P°= s osna TN dl + .[vs: T N, dl
. ON, ON ON ON
Ko = [ (K ax’" ax” +K. az'” az” )dQ (3.48)

; oN
K, =[[,~PC,v.N, --dQ

K "= Hszmﬁw h N N dI + ﬂ;g N, N,dr

and, N, and N, are shape functions. Four node quadrilateral elements and the
corresponding shape functions are used in the study.
The accuracy of the finite element code was verified with a test problem where

the analytical solution exists. Consider a two-dimensional square plate (10 cm x 10 cm)

as shown in figure 3.16. Temperature is prescribed on the boundaries:

=1 x=0
T=T1 x=10 cm
T=T y=0 (3.49)

T=Tmsin(%x)+Tl y =10 cm
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In the study, both 7, and 7, are given as 25°C. The temperature at any point (x,y) on

the plate is expressed as [55]

smh.(T[y/IO) sin(E
sinh(7T) 10

)+ T, (3.50)

As shown in Figure 3.17, the exact solution and the finite element solution

compare well.

3.3.3 Results

A two dimensional finite element model was developed in the previous sections to

study whether the hot-air heater could melt the resin of incoming towpreg. APC-2

towpreg was used in the investigation and the resin’s melt temperature is 345°C .

The calculated towpreg temperatures before entering the nippoint for different
winding speeds (1.0 rpm, 1.5 rpm, and 2.0 rpm) are listed in Table 3.3. As indicated in
the Table, the hot—air heater is able to melt the towpreg resin under the specified
processing conditions. Mandrel winding speed significantly affects the heating of
towpreg, and thus affects bonding behavior. For a specified hot-air heater temperature,
high winding speed causes insufficient heating which yields insufficient bonding between
the towpreg and composite substrate and a low winding speed may cause overheating and
thermal degradation of the towpreg resin. The finite element model of towpreg heating
can be used to predict the towpreg temperature and to provide operational limits to avoid

insufficient heating or thermal degradation.
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Figure 3.17 Temperature as a function of position (x,y) in the plate. Comparison
between the FEM solution and analytical solution. (Eqn 3.50)
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Table 3.3 The towpreg temperature before entering the nippoint

Mandrel Winding Speed (rpm)

1.0

1.5

2.0

Temperature (°C)

482

434

365
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Chapter 4 Consolidation Submodel

4.1 Introduction

In the on-line consolidation process of thermoplastic composites, heat and
pressure are applied to the system to consolidate individual plies into a laminate by
bonding at the interfaces. To form good contact and bonding, the major mechanisms,

intimate contact and autohesion must occur sequentially or simultaneously.

Incomplete consolidation results in high void content and seriously degrades the
interlaminar shear strength of the laminate. Very small shear loads may cause failure of a
composite part by delamination. Other phenomenon such as warpage and residual
stresses may also occur due to improper consolidation. Therefore, accurate modeling of
the on-line consolidation process plays an important role in ensuring the quality of the
resulting composite structure. The models to simulate intimate contact and healing are

presented in the following sections.

4.2 Intimate Contact Model

In the present study, the intimate contact model developed by Lee and Springer
[23] was adopted and used to calculate the progression of the bonding progress during the
placement of subsequent layers onto the composite substrate. Since the towpreg surfaces
are uneven, spatial gaps exist between the adjacent ply surfaces prior to the application of
heat and pressure. The irregular tow surface is represented by a series of uniform
rectangular elements of height a, width b, and spacing w. Under pressure and heat, the
element height decreases, the element width increases, and the element spacing, which
represents the spatial gap, decreases to zero (Figure 4.1). Therefore, the degree of

intimate contact is defined as

= b 4.1)
w, +b,

ic
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where b, and b are the initial (#<0) and instantaneous (at time ¢) widths of each
rectangular element respectively, and w, is the initial distance between two adjacent
elements. When b is equal to the sum of w, and b,, the degree of intimate contact

reaches unity and the plies are in complete contact. The deformation and flow of the
rectangular elements under pressure and heat can be modeled as a laminar, one-

dimensional “squeezing” flow between two parallel plates. Thus the following expression

for the degree of intimate contact D, [23] is derived:

!
]

] P
D, =L g5t Moy oy 42)
1+ 0 Mo o b O
bO

where P, is the applied pressure, a, is the initial height of each rectangular element,

and n, is the zero-shear-rate viscosity of the resin, which is a function of processing

temperature.

For the filament winding process, P,,, is the pressure applied by the compaction

roller to the substrate cylinder (Figure 4.2). Under an applied force f, the roller is in

contact with the composite through an arc length g—#% (Figure 4.2). The distance

between g and /4 is denoted by /.. Then P, can be written as

S
Pap = (4.3)

where H, is the width of the compaction roller. The contact time ¢ is related with the

contact length as

= (4.4)

where r, is the radius of the substrate cylinder.
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Substituting equations (4.3) and (4.4) into equation (4.2), the degree of intimate
contact for filament winding process may be calculated by the following expression [12]
1 a, .,

_ S
D = d+5(1+b0)(b0) wr.H, n,

B

0 (4.5)
O

bO

Note that the initial degree of intimate contact D, (z <0) is defined in equation

(4.6):

= = (4.6)

Substituting equation (4.6) into equation (4.5) gives the final expression for the

degree of intimate contact for the thermoplastic filament winding process:

Ly

D, D"@ 5— —ig 4.7)
D) 'b,” wrH, n% '

D? is assumed to be 0.5 for the first pass. The degree of intimate contact reached after a

pass should be taken as initial degree of intimate contact for the calculation of the

subsequent pass.

4.3 Autohesion Model

Once two adjacent interfaces come into contact, the mechanism controlling
interply bond formation during processing of thermoplastic composites is recognized to
be autohesion [23]. During autohesion, segments of the chain like molecules diffuse
across the interface (Figure 4.3). The extent of the molecular diffusion increases with
time. After sufficient time has elapsed, some of the chains will have diffused across the
interface and entangled with molecular chains on the other side of the interface. Hence,

the interface is no longer distinguishable from the bulk polymer.
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The motion of a chain in an amorphous polymer has been modeled by the
reptation theory [27-29]. The chain is assumed to move in a fixed isothermal network and
is considered to be confined in a tube of length L. As the chain moves in the tube, its
extremities exit the tube. Then the chain ends, called minor chain, are free to move
(Figure 4.4). The length of the minor chain, /, varies with the square root of time as

following,

I OB
L a5

where T, the reptation time, is defined as the time at which the chain has totally exited
its original tube (/ = L). 7, is a strong function of temperature. Researchers [27-33] have
attempted to characterize the extent of autohesion by measuring the interply bond

strength and calculating the degree of autohesion, D, . It is defined as,

au

S
D =— 4.9
A\ (49

where S is the bond strength at time ¢ and S, is the ultimate bond strength, i.e., the

strength of a completely bonded interface. And the time dependence of the interfacial

bonding strength was found to be

S Ot B
g—%g (4.10)

For the nonisothermal processes, the temperature history is divided into
infinitesimal time intervals during which the temperature is assumed constant. In each
isothermal step, the healing theory can be applied [30]. Following this approach by
Bastien and Gillespie [30], Sonmez and Hahn developed their nonisothermal autohesion

model [26]. The model of Sonmez and Hahn was employed in the present study.
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By differentiating Equation (4.8), Equation (4.11) is obtained as

dl dt
—= 4.11
L 2tT. 1D
Integrating Equation (4.11)
f ds _¢_dn 4.12)
0 J, 02 ’7Tr
yields
! J’ dn (4.13)
L »2nT.
therefore

| —

S [ ; ¢ dn
D,(==-=0H = %— (4.14)
S O Ha2dnrm{

The relation (4.14) also holds for PEEK films and prepregs [26].

00

4.4 Bonding Model

During processing, autohesive bonding of the ply interfaces occurs at the areas in
intimate contact once the temperature exceeds the glass transition temperature for
amorphous polymers or the melt temperature for semicrystalline polymers. Hence, the

degree of bonding, D, is a convolution integral of the degree of intimate contact and the

degree of autohesion:
oD,
D =D -7)—&, 4.1
b(t) J:/) au (t T) o1 dt ( 5)

For the case where autohesion proceeds much faster than intimate contact, the

equation is simplified to the expression [26]:

Db = D[c mau (4.16)
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4.5 Results

Shih and Loos [22] experimentally studied the impact of processing parameters
on the bonding quality of filament-wound thermoplastic composites. Nine composite
rings, 26-ply thick and 19mm wide, were fabricated with APC-2 towpreg from Fiberite,
Inc. Interlaminar shear strength (ILSS) tests were conducted to measure the interlayer
bonding quality of each composite ring. The degree of bonding on the test interface is
assumed to be proportional to its interlaminar shear strength, i.e.,

S
D, == (4.17)

00

where S, 1s the strength resulting from the interlaminar shear strength tests and S, is

the ultimate bonding strength. For APC-2 composite, an interlaminar shear strength of

71.8MPa was used as S_. This is the value of the ILSS for an APC-2 composite

fabricated using the manufacturer’s recommended processing conditions of 380°C for 5

minutes under a hot press loading at 1380kPa.

In the present study, the bonding model developed in the Section 4.4 is used to
calculate the degree of bonding for nine carbon fiber, PEEK matrix APC-2 composite
rings that were consolidated under different processing conditions. The additional
bonding during the placement of subsequent layers was also investigated in the study.
During the placement of subsequent layers, the same interface may experience high
temperature and pressure again and the bonding process is resumed. However, as the

layers are laid down, the temperature at that interface will gradually decrease. Note that
bonding below 270°C was reported to be very slow for PEEK [26]. Accordingly, if the

maximum temperature at the interface falls below 270°C, bonding calculations are

stopped. Figure 4.5 shows the solution procedure used for the bonding analysis.

Input parameters for the bonding analysis are given in Table 4.1. Table 4.2 lists
the processing conditions for each ring taken from the experimental study reported by

Shih and Loos[22].

Shown in Table 4.3 is the model prediction of bond strength development on

different layer interfaces for an APC-2 composite ring consolidated using the processing
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conditions for cylinder #2. The bond strength in the cylinder is not uniform in radial
direction. The interply bond strengths for the inner layers, closest to the mandrel, are
lower than for the intermediate layers in the composite. For the inner layers, the influence
of heat loss due to the high thermal conductivity of the aluminum mandrel yields lower
nippoint temperature, and hence affects the consolidation process. The degree of bonding
for the interface between layer 25 and layer 26, the outermost layer, is low possibly due
to heat losses to the ambient. The bond strength continues to increase during the

placement of subsequent layers when the maximum temperature on the interface is above

270° C. For example, the degree of bonding at the interface between layers 20 and 21 is
0.85 after the 21st lay-up and it increases to unity after winding the 22nd layer. Lowest
values of the degree of bonding, representing the weakest part for the composite rings,
were used to predict the bond strength developed for the composite and compared with
the experimental results. Figure 4.6 shows that the model prediction and the experimental
results fit well. It can be concluded that for a specified winding speed, a higher nozzle
temperature yields higher bond strength; and a slower winding speed results in better

consolidation quality for specified nozzle temperature.
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Figure 4.5 The solution procedure for the bonding analysis
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Table 4.1 Input parameters for the bonding Analysis

Intimate Contact Model

Applied force f 551b
Width of the compaction roller H, | 2 inch
Geometric ratio a, /b, , Ref. [25] 0.008

2869

. ) =0.1 4.0617 + Palls
Viscosity 1, , Ref. [25] o exp( T(”K)) ¢
Autohesion Model, Ref. [26]
o e 1 1 0

The reptation time 7. T =t expF—(=——)0

gk T 7,8

Constant 7, 0.11 sec

Activation energy E, 57300 J/mol

Universal gas constant R 8.314 J/(K mol)

Reference temperature Tref 673°K
Table 4.2 Processing Conditions for the nine cylinders

Nozzle Temperature indi
Cylinder Number 0 P Winding Speed
(°C) (rpm)

1 635 0.79
2 677 0.46
3 635 1.25
4 635 0.44
5 539 0.46
6 649 0.79
7 576 0.79
8 539 0.99
9 677 0.99
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Table 4.3 Bond strength development on different interfaces (Cylinder #2)

Interface Lay-up D, D, D,
Layer 1/Layer 2 2nd 0.79 0.79 1.00
Layer 5/Layer 6 6th 0.82 0.82 1.00

Layer10/Layer 11 11th 0.85 0.85 1.00
13th 0.85 0.85 1.00
Layerl2/Layer 13 14th 1.00 1.00 1.00
21st 0.85 0.85 1.00
Layer 20/Layer 21 22nd 1.00 1.00 1.00
25th 0.85 0.85 1.00
Layer 24/Layer 25 26th 1.00 1.00 1.00
Layer 25/Layer 26 26th 0.85 0.85 1.00
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Chapter 5 Crystallinity Submodel

For semicrystalline thermoplastic matrix composites, the degree of crystallinity
affects significantly the mechanical properties of the composite. Therefore, it is essential
to estimate the change in morphology during the process and determine the effects of
processing parameters on the crystallization behavior of the matrix in order to control

part quality.

Crystallization behavior of thermoplastic matrix composites is a temperature
history dependent procedure. In the filament winding process, the temperature history
that the material experiences is very complex. The area exposed to the heat source is
rapidly heated to the melt and then cooled as the consolidated tow moves away from the
nippoint. Hence, initial crystallinity is established. As the winding process continues, the
crystallinity may keep changing until the maximum temperature in the existing
consolidated layers is below the glass transition temperature. When the polymer is raised
to a temperature above its melting temperature, but not high enough to melt the last traces
of the crystalline phase, the surviving crystals will serve as nucleation sites on subsequent
cooling. Consequently, crystallization and nucleation rates are enhanced. On the other
hand, too high a temperature reduces the number of residual nuclei and therefore retards
crystallization [8].

The objective of this study is to study the crystallization behavior of the

thermoplastic composites during the melting, cooling, remelting, resolidification, and

annealing in the filament winding process.

5.1 Crystallization Kinetics Model

In the present study, the model of Sonmez and Hahn [8] for nonisothermal
crystallization of APC-2 is adopted. The model involves both crystallization and melting
processes to study the crystal growth and the crystallinity development. But in their
model, the volume fraction crystallinity at infinite time Cv(c) is assumed to be only
dependent upon temperature. Actually, cooling rate has a more significant influence on

the value of Cv() during the cooling process while temperature is the dominant factor
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to determine Cv(o0) for the annealing procedure. In the current study, we modified
Sonmez and Hahn’s model by using different models to calculate Cv(e) for the cooling
and annealing mechanisms.

Based on the Tobin equation [43-45], the crystallization procedure is described by

the following expression:

a(t)
1-a(t)

= KNt" + KI" (= w)"[L=a (w)ldw (5.1)

where, the first term on the right hand side of the equation represents the heterogeneous
nucleation mechanism and the second term the homogeneous nucleation mechanism. w

is a dummy integration constant, a (¢) is the volumetric relative crystallinity, K contains

nucleation and growth parameters, n is an integer whose value depends on the nucleation

mechanism and on the form of crystal growth, N is the initial number of heterogeneous

nuclei, and 7" is the rate of homogeneous nucleation. It was found experimentally that
crystal growth occurs via the formation of three dimensional spherulites and n is equal to

3. The nucleation and growth parameter is described by

K= énw (5.2)

where, v is the radial growth rate of the spherulite. v has the form:

lplTn?

T -1) G-

E
v=v, exp(— R_dT) exp(—

where, v, is a universal constant for a semicrystalline polymer (v, = 7.5%10°(um/s),
T is an equilibrium melting temperature, E, is the activation energy of diffusion of
crystallizing segments across the phase boundary, and §; is a constant related to the free

energy of formation of a critical nucleus.

The following expression for 7 is used:

.1,

(T, - T)) G4

E
17 =1, exp(——L) exp(—
o €xp( RT) p(
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where /, is a constant related to the free energy of formation of a growth embryo.

Equation (5.1) describes only isothermal crystallization and an equation to

analyze the nonisothermal process is obtained by differentiating equation (5.1):

1) = K, exp(= L) exp(- %)ﬁ[l ~a( + -
K, expl=) exp(—%—"f}?) W-a)F [ (= w)l1 -a()ldw
where,
K, =4nNv,” and K, =4mlv,’ (5.6)
The volume fraction crystallinity C, (¢) is defined as
C, (1) =aC, () (5.7)

where C, (o) is the volume fraction crystallinity at infinite time. Values for C ()

during the heating process are determined from data reported by Blundell and Gaskin
[56]. Blundell and Gaskin used WAXS to measure the crystallinity of APC-2 that has
been quenched into the amorphous state and then post annealed for 30 minutes at
different temperatures. During the cooling process, Ozawa’s model [48] is adopted to

estimate C, (o) for APC-2:

C, () =-0.03 ln(cjl—{) +0.42 (5.8)
The crystal melting kinetics is described by

C,()=C(,)1- OSf Kdt)® (5.9)

where 7, is the initial time and K is described by an Arrhenius relation:

Ea
RT

K =K, exp(——%) (5.10)
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Equations (5.5) and (5.7) are used during cooling from the melting temperature

T, to the glass transition Temperature 7, and during heating from glass transition up to

320°C. Equation (5.9) is used during heating from 320°C and whenever the
temperature is above the melting temperature (345°C). Below the glass transition
temperature, the crystallization rate is assumed to be zero. During heating, the transition

temperature between crystallization and melting is chosen to be 320°C because both

models predict very small rates at this temperature [8].

The solution procedure used for the crystallinity calculation is shown in Figure

5.1. Table 5.1 presents the input parameters for the model.

5.2 Results

The crystallinity development during winding of nine 26-ply thick, 19 mm wide
APC-2 composite rings with different torch temperatures and winding speeds was
calculated using the model described in Section 5.1. The crystallinity at the top surface of
the 20th ply for the nine cylinders is compared in Table 5.2. It can be concluded that for a
specified winding speed, higher torch temperature yields higher crystallinity, and lower
winding speed results in higher crystallinity for a specified torch temperature. Figure 5.2
shows the temperature profiles and the corresponding crystallinity development at the top
surface of the 20th ply as the 21st layer and the subsequent layers are being wound. It is
shown that crystallization continues for subsequent windings until the maximum

temperature in the layer falls below the glass transition temperature.
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Figure 5.1 The solution procedure for the crystallinity development analysis
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Figure 5.2 Temperature profiles experienced by the top surface of the 20th ply
during winding and the corresponding crystallinity development
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Table 5.1 Input parameters for the crystallinity calculation

Crystallization model
Equation (5.5)
K, kinetic constant [53] 9.03x10* s~
K, , kinetic constant [53] 9.32x10%* s™*
@, kinetic constant [53] 8.02x10° K
Y, kinetic constant [53] 1.79x10° K
E,, activation energy for diffusion [53] 1.52%10* cal / mol
T?, equilibrium melting temperature [53] 385C
R, universal gas constant 8.314J /mol LK
Melting model
Equation (5.10)
K, , kinetic constant [56] exp(73)s”'
E_, activation energy for melting [56] 397 KJ / mol

Table 5.2 Crystallinity development comparison in different manufacturing conditions

Nozzle
Cylinder Number | TEMPERATURE Winding Speed Crystallinity
(°C) (rpm)
1 635 0.79 0.104
2 677 0.46 0.168
3 635 1.25 0.082
4 635 0.44 0.134
5 539 0.46 0.153
6 649 0.79 0.105
7 576 0.79 0.096
8 539 0.99 0.083
9 677 0.99 0.089
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Chapter 6 The Effect of Preheating

In this chapter, the heat transfer analysis, the consolidation model, and the
crystallization model are integrated to study the temperature profiles, consolidation
development and crystallization behavior in the manufacture of a 30-ply APC-2
composite ring. Especially, the effect of preheat temperature was investigated. In the
simulation, the towpreg was continuously wound onto an aluminum mandrel. The inner

radius of the mandrel was 0.lm and the outer radius 0.125m. The hot air heater

temperature was 677 °C and the mandrel winding speed was 0.46 rpm. Three different

substrate preheat temperatures 65 °C, 80 °C, and 100 °C are investigated. Figures 6.1,
6.2, and 6.3 show the temperature profiles and Figures 6.4, 6.5, 6.6 illustrate the
crystallinity development on the top surface of layer 20 for substrate preheat temperatures

65°C, 80°C, and 100 °C, respectively. The towpreg temperature before enter the

nippoint was calculated to be 633 °C and the preheat temperature of the substrate does

not affect the calculation. Table 6.1 shows the variation of the degree of bonding and
crystallinity with the preheat temperature of the substrate. It lists the lowest values of the
degree of bonding for the composite cylinder, which occur at the interface between the
first plies and the second plies, and the crystallinity on the top surface of layer 20. It can
be concluded that the higher preheat temperature yields better consolidation and higher

crystallinity, therefore, improves the quality of the composite.
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Table 6.1 The effect of preheating

Preheat temperature 65°C 80°C 100 °C
Lowest value of degree of
0.76 0.77 0.79
bonding
Crystallinity on the to
Y v P 0.170 0.179 0.195

surface of layer 20
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Figure 6.1 Temperature profile of the composite for the
substrate preheat temperature of 65 ° C
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preheat temperature of 65 °C
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

In this investigation, a comprehensive model was developed to simulate the hot-
gas heating on-line consolidation filament winding process. The model included heat
transfer analyses of the composite substrate and the towpreg, consolidation of the

composite substrate and the crystallization development of the composite matrix resin.

Two-dimensional finite element heat transfer analyses of the composite substrate
and the towpreg were constructed to predict the temperature distribution in the composite
and the temperature history during the on-line consolidation process. Both models were
formulated with an Eulerian approach and solved in a quasi-steady state fashion. The
models were used to study winding of graphite fiber, PEEK resin towpreg into composite
cylinders. For the processing conditions studied, the hot-air heater does not create a
molten zone on the surface of substrate cylinder but melts the resin on the surface of the
towpreg at the nippoint. The mandrel winding speed was found to significantly affect the
temperature distribution in the towpreg and the substrate. Lower winding speed yields

higher temperature both in the substrate cylinder and in the towpreg.

An on-line consolidation model was constructed which included intimate contact
and the autohesion of the interply interface formed as the incoming towpreg is laid on the
surface of the composite substrate. The influence of the additional layers over the
previously consolidated composite substrate was studied by combining the consolidation
model with the heat transfer analysis. The model was verified with the experiment by
Shih and Loos [22]. Model predictions of the temperature history and the degree of
bonding compared well with the experimental data. The winding speed and the hot-gas
temperature are two significant parameters that control consolidation. Slower winding
speed or higher hot-gas temperature results in higher bonding strength hence better

consolidation quality.

A model was used to study the crystallization behavior of PEEK resin involved in
the complex phenomena of melting, cooling, remelting, resolidification and annealing in

the filament winding process. Both the consolidation model and the crystallization
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kinetics model are strongly dependent upon the temperature history experienced by the
composite. Therefore, the heat transfer analysis, the consolidation model and the
crystallization kinetics model were combined to study the on-line consolidation filament
winding process and identify the relationships between the process variables and the
structure quality. Lower winding speed or higher nozzle temperature yields higher
nippoint temperature, better consolidation and higher crystallinity, which improve the
quality of the composite structure. Preheating the substrate was also found to improve

composite consolidation.

7.2 Future Work

The heat transfer analysis and experimental observation [22] show that the hot gas
heater forms a melt zone on the surface of the towpreg. The surface of the substrate
cylinder is heated to a temperature well below the melting temperature of PEEK resin.
Hence, when the towpreg and the substrate cylinder enter the nippoint, heat transfer will
occur due to the temperature difference. Further investigation should be devoted to this

phenomenon.

Other important areas of work will be studying off-axis winding and
manufacturing of large surface structure. The three-dimensional heat transfer model

needs to be developed to study the heat conduction in axial direction.
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