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(ABSTRACT)

An on-line consolidation system, which includes a computer-

controlled filament winding machine and a consolidation head assembly, has

been designed and constructed to fabricate composite parts from

thermoplastic towpregs.  A statistical approach was used to determine the

significant processing parameters and their effect on the mechanical and

physical properties of composite cylinders fabricated by on-line consolidation.

A central composite experimental design was used to select the processing

conditions for manufacturing the composite cylinders.  The thickness,

density, void content, degree of crystallinity and interlaminar shear strength

(ILSS) were measured for each composite cylinder.  Micrographs showed that

complete intimate contact and uniform fiber-matrix distribution were

achieved.  The degree of crystallinity of the cylinders was found to be in the

range of 25-30%.  Under optimum processing conditions, an ILSS of 58 MPa

and a void content of <1% were achieved for APC-2 (PEEK/Carbon fiber)

composite cylinders.

An in-situ measurement system which uses a slip ring assembly and a

computer data acquisition system was developed to obtain temperature data

during winding.  Composite cylinders were manufactured with eight K-type

thermocouples installed in various locations inside the cylinder.  The

temperature distribution inside the composite cylinder during winding was

measured for different processing conditions.



ABAQUS finite element models of the different processes that occur

during on-line consolidation were constructed.  The first model was used to

determine the convective heat transfer coefficient for the hot-air heat source.

A convective heat transfer coefficient of 260 w/m2°K was obtained by

matching the calculated temperature history to the in-situ measurement data.

To predict temperature distribution during winding an ABAQUS winding

simulation model was developed.  The winding speed was modeled by

incrementally moving the convective boundary conditions around the outer

surface of the composite cylinder.  A towpreg heating model was constructed

to predict the temperature distribution on the cross section of the incoming

towpreg.  For the process-induced thermal stresses analysis, a thermoelastic

finite element model was constructed.  Using the temperature history

obtained from thermal analysis as the initial conditions, the thermal stresses

during winding and cooling were investigated.
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1 Introduction

1.1 Motivation and Objective

When considering replacing conventional materials with composite

ones, costs are the major concerns.  While the cost of raw materials will

usually decline as the demand goes up, the production costs can be reduced

only through the use of low-cost, automated manufacturing technology.  Yet

automated processes sometimes raise concerns about product quality.  For the

thermoplastic composites, the newly developed on-line consolidation

technique may have the potential to achieve both desired quality and lower

production costs.

On-line consolidation is a composite manufacturing process where the

resin impregnated fiber bundles (“towpreg” or “prepreg”) are continuously

oriented, laid down, consolidated, and cured onto the tool surface in a single

step.  Once the surface of the designed structure has been covered and the

thickness has been achieved, the part is finished.  Secondary processing steps

such as autoclave or hot-press consolidation are eliminated.  When

integrated with a computer controlled system, the process can be fully
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automated which leads to further cost savings in fabrication by increasing

productivity and reducing labor cost.

In addition to the reduced cost, on-line consolidation also offers

benefits for design flexibility and performance.  With localized heating, this

process is inherently suitable for manufacturing parts with large surfaces and

moderate curvatures, such as fuselage structures and deep submersibles [1].

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

[2].  Furthermore, complex, non-geodesic, and even concave winding paths

are also achievable, thus allowing design flexibility [3].

Thick-section thermoplastic composites experience a build-up of

residual stresses caused by the large volumetric changes during melting and

solidification in post consolidation [4].  The effects of residual stresses on the

mechanical properties of composite structures have received considerable

attention [5-14].  It has been demonstrated that the high level of residual

stresses may lead to dimensional instability and premature failure.  However,

due to localized heating and solidification, the on-line consolidation process

has the potential to prevent the build-up of residual stresses and, in turn, to

produce better quality composite structures.

The objectives of this study were to design and develop low cost on-

line consolidation techniques that can be used for reliable and consistent

fabrication of composite structures using thermoplastic towpreg.  This

investigation will experimentally determine the processing window and
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thereby evaluate the feasibility of the on-line consolidation technology.

Process simulation models will be developed and used to calculate the

temperature field and the associated thermal stresses and to relate the

processing parameters to the quality of the consolidated parts.

1.2 On-Line Consolidation

On-line consolidation techniques are commonly used in

manufacturing processes such as filament winding and tape laying.  Despite

differences in the machines used to implement these two manufacturing

processes, similar procedures are required to ensure complete bonding

between the composite layers.  The basic components of on-line consolidation

process are illustrated in Figure 1.1.

A focused heat source is aimed at the interface between incoming

towpreg and substrate to create a molten zone.  The intensity of the heat

source must be properly adjusted to ensure melting on both mating surfaces.

Once the proper molten zone has been created by the heating system,

adequate pressure must be applied via fiber tension and/or roller compaction

to compress the uneven melting surfaces and to squeeze the matrix flow to

fill the gaps.  Subsequently, intimate contact and diffusion bonding in the

interface can be established.  The roller pressure should be held constant until

the temperature at the exit of the molten zone drops below the melting point

of the resin to prevent void formation by either volumetric shrinkage or the

release of spring energy from the fiber network.
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Continuous operation of the on-line consolidation process is achieved

by either rotating the mandrel and moving the carriage during filament

winding or, in the case of tape laying, by moving the lay-up head.  However,

the speed of on-line consolidation is limited by the time required for intimate

contact and diffusion bonding.  In general, the speed of consolidation, the

heat intensity, and the roller pressure are used to describe the processing

window of on-line consolidation.

For the purpose of analysis, the on-line consolidation process can be

divided into the three stages shown in Figure 1.2, and discussed in detail in

the following section.  These include localized melting, non-isothermal

consolidation, and controlled cooling.

1.2.1 Localized Melting

For the on-line consolidation process, it is preferred that melting occurs

only in the neighborhood of the nippoint where the incoming towpreg and

consolidated substrate meet.  If the required speed of consolidation is so high

that a single nippoint heater is unable to achieve the designed temperature, a

pre-heating system could be adapted to elevate the temperature of incoming

towpreg.

Since the towpreg must be heated to well above melting temperature

in seconds, highly focused heaters must be used to guarantee melting of the

mating surfaces.  However, excessive heating may lead to matrix degradation

by polymer chain scission and oxidation, and consequently may affect the

crystallization, adhesion of the fiber/matrix interface, and matrix properties
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[15].  Therefore, appropriate selection and arrangement of the heating sources

are the most important factors for a successful on-line consolidation system.

Many heat sources, including hot-gas, focused infra-red, laser,

ultrasonic, microwave, induction, and conductive energy can be used for

diffusion bonding of thermoplastic composites.  Among these, the highly

focused heat sources, such as hot-gas and laser energy, are commonly used for

nippoint heating and the infra-red heaters are mostly found in the pre-

heating stage [16-23].

1.2.2 Non-Isothermal Consolidation

On-line consolidation is a non-isothermal manufacturing process that

involves continuous heating, compacting, and solidification which results in

a large temperature variation in the deformation zone.  However, it is very

difficult, if not impossible, to physically measure the rapid change in

temperature in the deformation zone.  Therefore, a model which takes into

account all mechanisms involved in the non-isothermal consolidation must

be established to obtain the vital information.

Three major mechanisms, including resin flow, intimate contact, and

diffusion bonding (healing), must be carefully investigated in the model.  It is

believed that to form good contact and bonding, the above mentioned

mechanisms of consolidation must occur sequentially or simultaneously [24-

26].  A schematic description of the physical phenomena in non-isothermal

on-line consolidation is shown in Figure 1.3.  The variation of thicknesses of

the towpreg is used as an indicator to show the occurrence of each
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mechanism.  The time scale in on-line consolidation is generally less than a

few seconds.

It is well known that the surfaces of commercially available prepregs

are uneven.  When two surfaces are brought into contact without applying

pressure, gaps exist at interface.  It is clear that polymer chains cannot diffuse

without intimate contact.  Hence, providing a proper pressure field to

compress the viscous matrix, fill the gaps, and form perfect contact are

essential for a successful fusion bonding.

The time needed for polymer chains of semi-crystalline thermoplastics

to diffuse across the interface and randomization is relatively short compared

with the time needed for resin flow.  Therefore, it is believed that diffusion

bonding is completed immediately after the two molten surfaces merge; and

the micro- structure of the contact zone is also assumed to be identical to that

of any other bulk sections [27,28].

However, some portion of the applied pressure is taken by the fiber

network, and the energy stored in the deformed fiber network may be

released at the exit of the roller and form voids.  Therefore, the fiber network

must be locked in the matrix before the exit.  In other words, the roller should

act as a heat sink to decrease the temperature of the deformation zone and to

initiate crystallization before exiting.  This is critical due to the fast

consolidation speed.

1.2.3 Cooling
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The last step of on-line consolidation is to cool and to solidify the

consolidated parts.  It is well known that, in addition to the reinforcement,

the physical and mechanical properties of composites are determined by the

microstructure of the matrix, while the morphology of the thermoplastics is

determined by its thermal history [29-32].

For semi-crystalline thermoplastics, crystallization will occur during

cooling.  The equilibrium between crystalline and non-crystalline phases is

delicate.  Moreover, the presence of the reinforcing fibers, which provide a

large surface for nucleation, further complicates the crystallization kinetics for

a thermoplastic composite [29-32].  In order to thoroughly understand changes

in the mechanical properties of thermoplastic composites processed under

different conditions, we must study more than just the degree of crystallinity.

Nucleation density, spherulite sizes, and the degree of crystalline perfection

should also be taken into account [32].  However, correlating the changes in

the mechanical properties with the changes in the morphology of matrix

material is not within the scope of the present study.  Instead, the effect of the

degree of crystallinity on the mechanical properties of thermoplastic

composites will be investigated.

While the physical and mechanical properties of bulk thermoplastic

composites are influenced by the entire processing cycle, 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 [33].  Due
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to the rapid temperature change in on-line consolidation, the cooling rate

may be too high to achieve a designated crystallinity.  Therefore, a controlled

cooling rate or a secondary annealing process may be incorporated into the

overall process.

For on-line consolidation, cooling starts immediately after the nippoint

heating.  This makes it more difficult to monitor and control the thermal

history.  However, the physics involved through the process must be well

understood and carefully analyzed in order to control each step in the

processing-structure-property loop and thus predict the mechanical properties

of a consolidated laminate.
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2 Literature Review

2.1 On-Line Consolidation System

Over the past decade, the on-line consolidation of thermoplastic

composites has attracted attention.  Many studies have been devoted to

develop this promising composite manufacturing technique [1-2, 4, 17, 20-22,

34-49].  The present review will briefly describe the previous research.

Almost all existing on-line consolidation systems have similar

processing steps that start with unwinding preimpregnated towpreg from the

spool.  The continuous towpreg passes through a tensioner and guide rollers,

and then arrives at the nippoint, where the towpreg and composite substrate

meet.  Energy from a highly focused heater melts the surfaces of the towpreg

and composite substrate while, at the same time, the compacting roller

compresses the material and squeezes out excess resin.  Finally, the towpreg is

solidified and consolidated onto the tool surface.  However, the choice of

apparatus for each system is unique and depends largely on its applications.

For production, the capability of producing large structures with high

throughput is the major concern.  For laboratory research purposes, the
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custom-made, single-purpose setups are the most common and have been

proved sufficient for evaluating project feasibility and for studying the

involved physics.  The following reviews some of the existing on-line

consolidation systems organized by different heating methods.

2.1.1 Laser Heating

Utilizing a laser as the heat source was first introduced by Beyeler and

Güçeri [36].  An 80 watt CO2 laser was used to partially melt the incoming tape

and substrate.  A horizontal rotating table combined with air cylinder and

linear bearing provided the necessary rotation for hoop winding RYTON®

AC40-60 towpregs onto a vertical mandrel.  Micrographs of rings with various

thickness indicated high quality composites.  Furthermore, with the help of a

motion controller, helical springs using APC-2 prepreg tows were successfully

produced [22].

The  laser-assisted processing technique was adapted by Mazumdar and

Hoa [41].   A 65 watt CO2 laser with a wavelength of 10.6 mm was used as the

heat source.  The steel consolidation roller driven by a speed controlled motor

compacted the APC-2 towpregs onto the steel mandrel.  In addition to the

microstructure study, process-induced deformation and interlaminar fracture

have been assessed. The impact of processing parameters on consolidated

rings were investigated and the results from double cantilever beam tests

assured that the laser could be a promising heat source for producing quality

composites using the on-line consolidation technique.
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For mass production purposes, McDonnell Douglas Aerospace (MDA)

had developed a laser-assisted fiber placement machine that is capable of

producing parts up to 52 inches in diameter and up to ten feet in length.  The

fiber placement facility included a winding machine and a gantry which

housed optics to control the size of the heating zone, a compliant compaction

shoe for pressure application, and a band-cut-and-add head for handling the

towpregs.  Their scale-up venture will fabricate submarine structures 35 feet

long and 20 feet in diameter [50].

2.1.2 Hot Gas Heating

Due to the lack of flexibility and narrow processing window for

satisfactory consolidation using laser energy, alternative heating methods

need to be investigated.  Because hot-gas welding of thermoplastic resins has

been a common practice, the idea of applying the same heating technique in

thermoplastic composites comes naturally for many researchers.

Although Gruber [51] reported on the use of hot gas as the heat source

for on-line consolidation, the author chose to reveal few details.  The first

experimental demonstration of utilizing hot gas heating in on-line

consolidation systems was done by Werdermann et al. [52].  They developed a

hybrid system that consisted of two types of heating elements.  In addition to a

hot gas heater that aims at the nippoint, an infrared radiation oven was used

to preheat the incoming towpreg.  The basic set-up of the hybrid system had

been extended by Buijs and Nederveen [40].  The preheating stage consisted of

two sections, each of which housed a pair of 1000 watt opposite placed line

heaters.  Two hot gas torches, one aimed at incoming tow and the other at
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substrate, were also installed to promote melting.  Recently, the hybrid system

has evolved one step further.  A prewarmed chamber was used to house the

material delivery system which included towpreg feeder and tensioner.  In

addition to the preheating section and two hot air heaters, an infrared line

heater placed right on top of the heated mandrel was used to provide a

constant nippoint temperature.  This arrangement helped to realize

consolidation speeds as high as twelve meters per minute for Glass fiber/PET

thermoplastic composite [53].

Another approach is to integrate a compact consolidation mechanism

into existing commercial automatic machines, such as robotic arms and

filament winding machines.  Automated Dynamic Corporation (ADC)

developed a robotic winding system (ROWS) to place and consolidate

towpregs onto a stationary mandrel [54].  Steiner [55] integrated a compact

thermoplastic consolidation head with a six-axis AEG-Westinghouse PUMA

762 robot to place the towpreg onto a rotating mandrel.  This robotic winding

system was modified by Hümmler et al. [56] to accomplish double-concave

winding.  Felderhoff and Steiner [57] reported the latest development on the

compact robotic head design which contained a cut-restart mechanism,

tension control, infrared preheaters, and an additional hot-gas torch.

Combined with a computer-controlled filament winding machine, a

thermoplastic processing head which included a tow cut-restart mechanism, a

constant-load compaction roller, and a hot gas torch was developed through a

cooperative team effort [39].  The hot-gas torch is capable of heating the

nitrogen up to 1200°C.  This allowed the successful fabrication of many
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complex composite structures such as integrally stiffened cylinders and

cylindrical sandwich structures with a phenolic honeycomb core.  Mazumdar

and Hoa [42, 58] have chosen the same hot gas torch to replace the laser

energy.  Optimum processing conditions for on-line consolidation of APC-2

composites using hot Nitrogen gas have been studied.

Due to its flexibility and minimum equipment cost, the hot-gas heating

system has received much attention from researchers [34, 39, 40, 43, 45, 59-61]

and has been chosen as the major heat source for the thermoplastic towpregs.

Despite the specific design and different components required in various

systems, most of the on-line consolidation systems using hot gas energy are

conceptually similar to the one developed by ICI and ADC.

2.1.3 Continuous Ultrasonic Heating

Ultrasonic welding utilizes high-frequency vibration energy to join two

thermoplastic towpregs.  The heat is generated through deformation and

friction in the interface which melts and becomes solid again to form

molecular bonds.  Benatar and Gutowski [16] reported that a relative bonding

strength of 80 percent was achieved in welding PEEK composites.  The

limitations of their approach were the requirement of the triangular energy

director made of the same material as the matrix.  As a result, these energy

directors will then form resin rich areas in the interface and may introduce

voids in the interface as well.

Recognizing these limitations, Bullock and Boyce [62] modified the

traditional method of energy input in ultrasonic welding and developed an
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Ultrasonic Tape Lamination (UTL) apparatus.  The developed a proprietary

wave guide and transducer system to efficiently couple the ultrasonic energy

into the tapes without the help of a energy director.  The hoop wound rings

produced by the UTL winding apparatus at a feeding rate up to 3.5 cm/sec

ware tested and shown to achieve 96 percent consolidation.  Details of the

rings' mechanical properties, however, were not revealed.

One of the most important features distinguishing Ultrasonic on-line

consolidation from other heating methods is that the strength of bonding can

be monitored in-situ by gauging power consumption.  The power absorbed in

the interface increases dramatically when the glass transition temperature is

reached.  In a very short period of time, the polymer becomes viscous then

the ultrasonic vibration energy compacts both surfaces and forms intimate

contact.  In the mean time, the polymer chains migrate across the interface,

develop entanglements and bond the interface.  The energy absorbed by

towpregs drops when bonding is complete.  The ultrasonic energy has been

successfully shown to be a cost-effective alternative for on-line consolidation

systems.  However, the greatest challenges lie in scaling up and process

control.

2.1.4 Summary

From the various available combinations, we chose one that consists of

a commercial filament winding machine and a hot-air heating system.  The

rationale is twofold.  First, we need a computer-controlled winding machine

to expand our ability to manufacture parts such as tubes and cylinders in the

lab.  Second, the cost of the hot-air heating system is lower and most of the
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required components are commercially available.  The challenge lies in

integrating all ingredients into a consolidation head that can be attached to

the horizontal carriage of the filament winding machine.  The head assembly

must be easy to remove from the winding machine since the machine may be

used regularly for other purposes; and the control devices for both electrical

and pneumatical systems should be well placed inside a metal enclosure to

avoid interference with the winder.

These guidelines for our design are concise but sufficient.  Mass

production is not within the scope of our study.  We are most interested in

investigating the fundamental physics involved in the process and how we

can utilize the obtained knowledge to push the on-line consolidation

technology a step further.

2.2 Heat Transfer Analysis
Virtually all manufacturing processes for thermoplastic composites

involve heating and cooling cycles.  In the on-line consolidation process,

melting and solidification occur in seconds and the associated thermal history

in the laminate is quite complicated.  It is well-known that mechanical

properties of consolidated parts depend on their thermal history during

manufacture.  Therefore, a transient heat transfer analysis is needed to

investigate this thermal history.

Colton and Leach [34] solved the transient heat transfer problem by

using the one-dimensional finite difference method.  The energy required for
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localized melting and heating methods, including radiant heating,

conductive heating and convective heating, were discussed.  The thermal

analysis for the on-line consolidation process included four stages: infrared

oven pre-heating, nippoint hot gas heating, roller conductive cooling, and

atmosphere free convective cooling.  However, both heat generation due to

crystallization and the effect of roller speed have been neglected in this study.

Grove [35] has developed a two-dimensional finite element model to

investigate the temperature profile of the tape laying process with a single

laser heat source.  A fixed finite element mesh, representing the neighboring

area of the tape/substrate interface, was used.  The movement of the laying

head has been taken into account by using a coordinate system moving with

the tape laying head.  Furthermore, by assuming that the moving tape-laying

head travels much faster than the rate of longitudinal heat conduction in a

unidirectional carbon fiber prepreg, movement of the laying head was

modeled by incrementally shifting the calculated temperature distribution

from the previous step through the mesh at an appropriate time interval.

For the boundary conditions, the effect of air cooling was also evaluated, and

the consolidation roller as well as the lay-up table were considered as heat

sinks.

Beyeler and Güçeri [36] investigated the anisotropic heat conduction

phenomena of the laser-assisted tape laying process using a two-dimensional

finite difference technique.  In order to simplify the geometric complexity of

the present problem they employed a boundary-fitted coordinate system

technique which transforms a complex physical domain into a uniform
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rectangular computational domain.  Heat release from crystallization and

local material velocity were also included in their thermal analysis.

In addition to heat release and tape motion during tape laying process,

Ghasemi Nejhad et al. accounted for the size effect of the heating area [2].

Their two-dimensional, steady-state approach and numerical grid generation

method were similar to those proposed by Beyeler and Güçeri [36].  Ghasemi

Nejhad et al. found that, as the size of the heating area decreased, the

processing window narrowed.  The identical finite difference approach for the

parametric study were later extended to include a three-dimensional thermal

analysis of thermoplastic filament winding [37].  The effect of the winding

angle was modeled by an orthotropic conductivity tensor obtained by

transforming the tow conductivity tensor into the mandrel coordinate

system.  A large temperature gradient in the vicinity of the consolidation

point was predicted in both tape laying and filament winding.

The transient heat transfer models described above were carefully

formulated for their particular use.  They were not programmed to be applied

in all cases.  Therefore, to simulate the on-line consolidation process, we had

to develop our own models that incorporated both the geometry of the

mandrel and the thermal properties of the composite materials.  Since the

domain of interest is fairly complicated, it required a special transformation

technique as stated in Ref. 36 when using the finite difference analysis.

Therefore, on its own merits of versatility and ease of implementation, a

commercial finite element package, ABAQUS, was adapted to analyze the

rapid temperature change during the manufacturing process.
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2.3 Non-Isothermal Consolidation

The consolidation of thermoplastic composites can be considered as an

autohesion process in which the molecular chains diffuse across the interface

and entangle with their new neighbors.  The interface is formed by bringing

two identical polymers into contact through an applied pressure.

Thus, it is believed that the strength of the interply bonds depends

strongly upon two basic mechanisms, namely intimate contact and diffusion

bonding.  Many theories, models, and experimental results have been

published to describe these controlling mechanisms both qualitatively and

quantitatively.  The following sections discuss the previous research on

intimate contact and diffusion bonding.

2.3.1 Models for Intimate Contact

It has been recognized that the thickness and surface topology of

commercially available prepregs are not uniform.  Dara and Loos [28] used the

two-parameter Weibull function to model the tow height of AS4/P1700

prepregs (AS4 graphite fiber and Udel P1700 polysulfone resin).  A reinforce-

ment/viscosity factor “c” has been introduced to account for the presence of

carbon fibers in prepregs.  A power law viscosity model was adapted and the

non-Newtonian viscosity coefficient and the power law exponent were

obtained by matching the model results to degree of intimate contact versus

time data.
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Simplifying the model developed by Dara and Loos [28], Lee and

Springer [63] used a series of uniform rectangles with two geometric

parameters, namely generalized width and height, to describe the variations

in prepreg thicknesses.  They treated the deformation of the rectangular

elements as a one-dimensional laminar squeezing flow in the transverse

direction.  For the verification of the proposed model, a single ply APC-2

prepreg was consolidated in a hot-press under various conditions of

temperature, pressure, and compression time.  The percentage of the

uncompressed area was correlated to the degree of intimate contact.  The

temperature dependent matrix-fiber viscosity and the geometric parameters

were obtained by matching the model to degree of intimate contact versus

time data.

Mantell and Springer [49] extended the Lee-Springer model [63] to

incorporate the tape laying and filament winding processes.  By assuming that

the temperature and pressure were constant during the manufacturing

process, a simplified expression for the degree of intimate contact was derived

and related to contact time.  For the tape laying process, the contact time is

equal to the arc length of contact between the roller and composite, divided by

the roller speed.  For the filament winding process, the same expression for

degree of intimate contact was used except that the roller speed was replaced

by the product of the speed of mandrel rotation and the radius of the cylinder

at the contact interface.  For model verification, Mantell et al. [64] fabricated

sixteen-ply short beam shear specimens and two-ply lap shear specimens

made of unidirectional APC-2 prepreg by compression molding and tape

laying.  By assuming that autohesion proceeded much faster than intimate
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contact, the degree of intimate contact approximated the degree of bonding.

Ultrasonic C-Scan was used to visually determine the ratio of contact area at

the interface, while shear fracture tests were used to physically measure the

strength and modulus of the specimens.  The geometric parameters in the

intimate contact model formulation were obtained by matching the model to

degree of intimate contact versus time data obtained from the C-Scan results.

For processing the thermoplastic composites in a hot-press, the

predicted degree of bonding which was modeled as a function of degree of

intimate contact and degree of autohesion, agreed well with data.  However,

in the case of tape laying, large discrepancies between the prediction and the

measured degree of bonding were found in short beam shear tests.  This

suggested that the nitrogen gas heating at the selected processing speed may

not have provided enough energy to completely melt the interface.  Thus,

even though sufficient pressure was applied to compress the prepreg and

achieve high degree of intimate contact, the autohesion process was not

complete due to lower temperature achieved at the interface during the tape

laying process.

Li and Loos [65] measured the surface of the prepreg plies by using 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 models [49. 64].  The surface roughness of prepregs can be best

described as a sinusoidal curve and can be simplified as a rectangular step for

modeling purposes.  After Lee and Springer [63], a series of uniform rectangles
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was used to represent the waviness of the prepreg.  The consolidation process

of the thermoplastic composites in a hot press was also modeled as a

squeezing flow between two rigid parallel plates of infinite width.  Zero-

shear-rate viscosity was used in the model; interfaces of both unidirectional

and cross-ply laminate have been studied.  The experimental data agreed well

with the simulation results.

A power law squeezing flow model was proposed by Wang and

Gutowski [66] to study the transverse spreading of unidirectional

thermoplastic composites.  Liu and Tsai [48] combined the Wang-Gutowski

model with the intimate contact model of Lee and Springer [63] to simulate

numerous microscopic viscous flows during the on-line consolidation of

thermoplastic composites.  To investigate transverse spreading of

thermoplastic tow during on-line (in-situ) consolidation, a tow placement

machine was used to place an AS4/PEEK towpreg on top of the heated tool

plate.  Tow widths at various locations after in-situ consolidation were

measured and the experimental results agreed with the model prediction.

The intimate contact portion of the model was not directly verified by the

experiments.  Instead, an interply bonding model similar to the one proposed

by Mantell and Springer [49] was used to investigate the combined effect of

intimate contact and autohesion.  Lap shear test coupons were fabricated

under three torch temperatures and four external forces.  After taking into

account the thermal degradation at the interface, corrected prediction agreed

with the data.
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2.3.2 Diffusion Bonding

There have been many attempts to model diffusion bonding of

thermoplastic polymers [67-68].  Micro-mechanical models, including the

widely accepted reptation theory are commonly based on the motion of

molecular chains.  However, in the current research, we focus mostly on the

effects of variables on the property of diffusion bonding.  It is our purpose to

model and to correlate the experimental parameters to the interlaminar shear

strength of composite laminate.

The strength of the autohesion bonding is generally described by the

interface fracture property.  Many investigators have shown that variables

such as molecular weight, time, pressure, and temperature play decisive roles

in governing the autohesion bonding developed in thermoplastic polymers

[67-70].  It has been experimentally determined that the development of the

interface fracture energy (GIC) is inversely proportional to the molecular

weight of the polymer and proportional to the square root of time [67].  Wool

et al. [67] also concluded that the effect of pressure can be neglected once

intimate contact has achieved 100 percent.  As for the effect of temperature,

higher temperature promoted diffusion bonding, thus shortening the

required time to achieve complete bonding.  However, it should be noted that

too high a temperature may cause polymer degradation.

For on-line consolidation of semi-crystalline thermoplastic composites,

the heating energy must be sufficient to raise the temperature in the interface

well above the melting point.  Therefore, it is reasonable to assume that

diffusion bonding is complete as soon as the two molten surfaces are brought
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into contact.  Nevertheless, the validity of this assumption must be further

investigated by related experiments.

2.3.3 Summary

Using squeezing flow between two parallel platens to describe the

consolidation mechanism of thermoplastic composites under hot press has

proven successful.  Yet, the consolidation mechanism under compaction

roller and mandrel has not been investigated thoroughly.  Just by looking at

the complexity of the geometry involved in on-line consolidation, one would

expect the consolidation mechanism under a roller to be far different from

the one under a hot press.  For the tape laying and the filament winding

processes which involved a roller and a flat platen, Mantell and Springer [49]

proposed models to estimate the degree of intimate contact.  However, their

models requires isothermal conditions at towpreg and composite substrate

which might not be valid under on-line consolidation conditions.  Further

investigations on non-isothermal consolidation mechanism are required.

For the present study, micrographs taken at the cross-section of the composite

cylinder are used to study the intimate contact under different filament

winding conditions.

2.4 Formation Of Residual Stresses

The heterogeneous and anisotropic natures of composite materials

offer the flexibility of tailoring the mechanical properties for a given

application.  However, this flexibility does come with a price.  Different
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properties of the constituent materials during processing may cause

undesirable residual stresses.  These process-induced residual stresses have

been widely observed to reduce the performance of the composite.  The

interfacial micro-debonding and matrix crazing inside a lamina and the

delamination in the laminate are attributed to the pre-existence of processed

induced residual stresses.  Therefore, it is important to study how to reduce or

optimally to eliminate the residual stresses and consequently learn how to

make better composite parts.

Minimization is not possible without knowing how the residual

stresses have formed during processing.  For convenience, the process-

induced residual stresses are divided into micro, macro and global levels [71].

Though they occur simultaneously during processing, the mechanisms that

cause these stresses are totally different.  It is clear that differences in the

thermal expansion coefficients and the discontinuity of elastic properties of

the constituent materials cause the micro-residual stresses in laminae.  For

laminates, the macro-residual stresses are formed by the different elastic and

thermal properties due to orientation of the plies.  In addition, the various

thermal gradients in the individual processes will introduce the global level

of stresses.

In on-line consolidation of thermoplastic composites where rapid

heating and cooling are required to instantaneously achieve intimate contact

and bonding of the layer, transient thermal effects become the important

factor of the formation of residual stresses.  Therefore, in the present study,
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we will focus mainly on the formation of global thermal stresses and

investigate their effects on the quality of the consolidated parts.
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3 On-Line Consolidation System
Development

3.1 Introduction

To develop an on-line consolidation system is the most important task

in the present study.  In other words, we want to build the most concise

system using minimal parts, yet still be able to demonstrate the feasibility of

the concept, that is to produce quality thermoplastic composite cylinders

without a post-consolidation process.

Through reviews on the existing design, we concluded that a successful

on-line consolidation system should at least include a computer-controlled

filament winding machine and a well designed consolidation head which

houses a compaction roller and a hot-air heater.  The basic apparatus as

schematically illustrated in Figure 3.1, includes a towpreg delivery system, a

computer-controlled filament winding machine and a thermoplastic

consolidation head assembly.  Figure 3.2 shows a photograph of the on-line

consolidation system.  The detail of each piece of equipment is discussed in

the following sections.
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Figure 3.1 Illustration of the on-line consolidation system.
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Figure 3.2 Photograph of the on-line consolidation system.
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3.2 System Description

3.2.1 Towpreg Delivery System

The first step in the on-line consolidation process is to unwind the

thermoplastic towpreg from the spool.  The towpreg then passes through a

tensioner which applies pre-selected back tension on the towpreg to ascertain

a smooth, consistent delivery to the consolidation head assembly.  It should

be noted that the use of towpreg tension here is only for the purpose of

material handling.  We believe that there would be essentially no impact on

the quality of resulting composite cylinders by changing the tension level.

Therefore, a constant fiber tension of two and half pound will be used

throughout the present study.  A photograph of the towpreg delivery system

is shown in Figure 3.3.

3.2.2 Consolidation Head Assembly

Compaction pressure and highly focused heat sources are the most

significant ingredients required for making quality parts using the on-line

consolidation technique.  Pressure can be provided by a roller, contact shoe

and/or fiber tension, while commonly used heat sources include hot-air

torches, focused infrared spots, laser, direct electrical heating and ultrasonic

energy [51, 62, 72].  Of the many possible combinations the most common one

is that of a steel roller and a hot-air gun due to its low construction cost.

Thus, it is adapted for the present study.
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Figure 3.3 Photograph of the towpreg delivery system.

ON-LINE CONSOLIDATION SYSTEM 33



The consolidation head assembly is designed so that it can be easily

mounted on the horizontal carriage of the filament winding machine.  As

shown in Figure 3.4, all components including air heater, pressure cylinder,

compaction roller, and guiding rollers are installed on a simple T-shaped

structure consisting of two perpendicular tool steel platens bolted together

with reinforcing steel angles.

The Serpentine Heat Exchanger Type II by Osram Sylvania Inc. was

chosen as the single heat source.  It has a maximum operational temperature

of 870°C (1600°F) which will ensure melt of the thermoplastic resin towpreg.

The control of temperature is via a temperature controller also by Osram

Sylvania Inc.  The temperature controller, pressure gauges, and adjusting

knobs are integrated into a metallic chassis sitting on top of the winding

machine console for ease of access during operation.

The 25.4 mm (1 in) O.D. steel compaction roller and its holder were

manufactured in the ESM machine shop.  The assembly was then mounted

on a small bore pneumatic cylinder.  The cylinder can operate on compressed

air pressure up to 1034.3 kPa (150 psi).  With a force factor of 442.2 Newtons

(99.4 lbs) per 689.5 kPa (100 psi) air pressure, the cylinder will provide

sufficient compaction on the incoming towpreg
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Figure 3.4 Photograph of the on-line consolidation head assembly.
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3.2.3 Computer-Controlled Filament Winding Machine

The model ULD computer-controlled filament winding machine from

Composite Machines Company (CMC) was purchased for the present study.

This "laboratory-sized" filament winder is capable of controlling dual-axis

motion, namely spindle rotation and linear carriage motion, via the CMC

machine control system.  The control system uses a programmable multi-axis

controller (PMAC) card made by Delta Tau Data Systems. The PMAC card

accepts output from the feedback encoders and produces an analog signal for

driving the motor controller.  A 486 based personal computer (PC) is used to

provide supervisory control, to display information, and to store and load the

machine's motion and control program.  This particular winder can wind

objects 12 inches in diameter and 72 inches in length using both wet winding

and tape winding techniques.  A photograph of the filament winding

machine is given in Figure 3.5.  Winding patterns for symmetric shapes and

for some non-symmetric shapes such as elbows are generated off-line by

CADWINDTM pattern generation software.

3.3 Manufacturing Composite Cylinders

The present on-line consolidation system, described above, is used to

manufacture composite cylinders from commercial thermoplastic towpreg.

In this section we discuss the selection of material systems, mandrel

construction, winding pattern generation, and finally the procedure of the

actual winding process.
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Figure 3.5 Photograph of the filament winding machine.
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3.3.1 Selection of Material Systems

Fiber reinforced semi-crystalline thermoplastic composites have been

utilized in many applications due to their superior mechanical properties and

fracture toughness.  The most commonly used thermoplastic systems include

Polyphenylene Sulfide (PPS) developed by Phillips Petroleum, Polyether-

etherketon (PEEK) developed by ICI and Polyether-keton-keton (PEKK)

developed by DuPont.  At present, we use 6.35 mm wide APC-2 towpreg

(carbon fiber and PEEK) from Fiberite, Inc.

As we examine the surfaces of the towpreg visually, different

roughness are observed on the two sides.  The difference may result from the

prepregging process where only one surface was in contact with the

impregnation roller.  This observation was later verified by the Environment

Scanning Electron Micrographs (ESEM).  On the smooth side, individual

carbon fiber is clearly observed and only very little resin is found, as shown in

Figure 3.6.  On the rough side, the resin distribution is uneven.  Figure 3.7(a)

shows a resin rich area while we find only a thin layer of resin stretching

across a few fibers in Figure 3.7(b).

Based on the observations, the topology of the towpreg might have an

impact on the quality of consolidated parts.  For the present study, the hot-air

heater is directed at the rough surface of the towpreg since it is easier to melt

the resin rich surface of the towpreg.

ON-LINE CONSOLIDATION SYSTEM 38



(a)

(b)

Figure 3.6 Environment Scanning Electron Micrographs on the "smooth"
surface of the APC-2 towpreg.
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(a)

(b)

Figure 3.7 Environment Scanning Electron Micrographs on the "rough"
surface of the APC-2 towpreg. (a) resin rich, (b) thin layer of
resin.
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3.3.2 Mandrel Assembly

The aluminum mandrel assembly consists of a 6.35 mm thick hollow

circular tube, two circular platens and a pair of shafts for attaching the

mandrel onto the winding machine.  The mandrel is 152.4 mm (6 in) long

and 146 mm (5.75 in) in diameter.  The circular platens are bolted onto both

ends of the cylinder and the shafts are screwed into the circular platens.

3.3.3 Winding Pattern Generation

Although the computer controlled winder is capable of winding

complicated shapes and close-end bottles, only circular cylinders will be

produced and tested throughout this work.  After the desired winding pattern

is generated, displayed, and checked in real-time on the computer screen, it is

then converted to the control code listed in Figure 3.8 for the winding

machine.  The control code shows the machine position for an entire

winding process.  The X-variable indicates the horizontal movement of the

carriage and the A-variable indicates mandrel rotation.  It is also noted that

the Q variables, Q97 and Q98, are used as the limit and counter, respectively.

That is, for a 26 layer composite cylinder, the program must loop 13 times.

For every loop the towpreg will cover the surface twice.  Figure 3.9 shows a

typical computer generated pattern for hoop-wound cylinder.

3.3.4 Winding  Procedure

The towpreg was unwound from the spool mounted on the tensioner,

then passed through the guide rollers, and secured by heat-resistant tape onto
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the mandrel surface.  Since we want the towpreg to absorb as much energy

from the hot-air heater as possible, a large angle between towpreg and heater

is preferred.  Therefore, the passage of the towpreg through the guide rollers

given previously in Figure 3.4 was changed to that shown in Figure 3.10.  It

should be noted again that the hot-air heater is aimed at the rough surface of

the towpreg for all cylinders.

To set the air temperature and roller pressure, we simply adjust the

knobs on the control box.  The winding speed is adjusted from the control

panel.  After the set temperature is stabilized, the winding program that was

loaded onto the computer earlier is started by hitting the start button in the

control panel.  After this, all the winding is automatic.  The last thing is to cut

the towpreg when the cylinder is completed.  Figure 3.11 shows a consolidated

cylinder and a composite ring.
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;Created by CADWIND for a two axis machine
;05/30/1996 14:40
close open prog 1 clear; setup for 
program
sendp "!ID C:\CADWIND5\575-70H.DAT$"; set 
ID statement
LINEAR ABS; linear & absolute position 
mode
TA350 TS120 FRAX(X); set accel time for 
move to start
F3; feed rate for inches per second
HMZ1; zero spindle
X2.0; move to start position
STOP
Q98=0 Q97=13

INC TS0 TA10    ;TS10 TA25; set 
acceleration to a low value
N1
A-777.104500 X0.529000 TM15567.300
A-182.895300 X0.028000 TM3678.500
A-10.000000 X-0.007000 TM200.400
A-1009.998600 X-0.618000 TM20090.700
A-10.000000 X0.007000 TM357.900
A-170.001500 X0.061000 TM3366.800
Q98=Q98+1
if(Q98<Q97) GOTO 1
CLOSE

Figure 3.8 List of control code for filament winding machine.
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Figure 3.9 Computer generated pattern for hoop-wound cylinder.
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Figure 3.10 Modified passage of the towpreg through guiding roller.
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Figure 3.11 Photograph of a consolidated cylinder and a composite ring.
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3.4 Mechanical and Physical Tests

As stated previously, one objective of this study is to test whether or

not the quality of the composite cylinders made by the on-line consolidation

system can compete with the quality of those made by conventional hot press

consolidation.  Therefore, emphasis should be placed on mechanical

properties resulting directly from the manufacturing process such as

interlaminar shear strength (ILSS), and not on the material properties

themselves.  In addition to mechanical testing, it is equally important to

determine the overall quality.  Next, we'll discuss the specimen preparation

and general procedures for quality evaluation and mechanical testing.

Once the composite cylinders have been produced their thickness was

measured, recorded at twenty different locations around the circumference,

and then the composite cylinders were sent to the machine shop to trim off

rough edges.  After the composite cylinders were cleaned and marked, they

were again sent back into the machine shop for fabricating test coupons.  First,

a 6.35 mm (quarter-inch) wide ring was cut out from the center portion of the

cylinder.  Second, a thin diamond cutter was used to cut open the ring and the

opening dimension was then recorded.  Different displacements indicate that

the process-induced residual stresses might have varied due to different

processing conditions.  Third, fifteen coupons were machined and ground to

conform to the dimensional requirements as described in ASTM standard

D2344-84 and as shown in Figure 3.12.

ON-LINE CONSOLIDATION SYSTEM 47



Span = S
P/2 P/2

Loading Nose
6.35 mm dia.

P

Specimen Length = L

Specimen Radius 
R=73.02 mm

Specimen 
Thickness = H

Specimen Width
W=6.35 mm

For a carbon fiber reinforced composite 
S/H = 4 and L/H=6

Figure 3.12 Apparent interlaminar shear strength test standard
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It should be noted that the length-to-thickness ratio of five was taken

for each cylinder to ensure the occurrence of shear failure, since, when

incorrect length-to-thickness ratio is chosen, the specimens do not always fail

in shear mode.

During the mechanical testing, the crosshead speed was 1.27 mm per

minute.  The load applied on the specimen was recorded twice every second

and displayed on the computer screen.  Figure 3.13 shows the INSTRON

testing machine and the fixture for interlaminar shear test.  As observed by

sharp audible reports during tests as well as by the first drop in load in the

load-displacement curve, it is noted that noncatastrophic cracking initiated

before the final failure was reached.  For a designer, the point at which crack

initiates is much more important than the shear strength itself.  However, for

the calculation of apparent interlaminar shear strength, maximum load alone

is used.  The equation for calculating the apparent shear strength is given as

follows:

    SH = 0.75 PB / b d (3.1)

where:

  SH  = shear strength, (MPa),

  PB  = maximum load, (N),

  b  = width of specimen, (mm), and

  d  = thickness of specimen, (mm).
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Figure 3.13 INSTRON testing machine and fixture for interlaminar shear
strength test.
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To gauge the overall quality, density and void content tests were

performed on all composite cylinders.  The density measurements followed

ASTM standard D792-91.  Each specimen was hand sanded to remove rough

edges caused by cutting.  The specimens were then weighed in air (dry) and in

isopropyl alcohol (IPA).  The density of the composite can be obtained by

    
CompositeDensity (CD ) = W1 × IPA Density

(W1 −W2 ) (3.2)

where     W1  is the initial dry weight of specimen and     W2  is the weight of the

sample immersed in IPA.

It is well known that the void content of a composite may significantly

affect its mechanical properties and therefore it is an important indicator for

composite quality.  However, to determine the void content of a semi-

crystalline thermoplastic composite such as APC-2 is no easy task, because the

level of crystallinity that results from different processing conditions causes

variation in the resin density and thus variation in composite density.

Although differential scanning calorimetry (DSC) can measure the actual

degree of crystallinity, DSC does require the fiber and resin weight fraction

which is affected as well by void content.  Ideally, the resin and fiber content

should be determined by ASTM standard D3171-76 using matrix digestion.

Unfortunately, we cannot safely conduct this test in our laboratory due to a

lack of training in handling concentrated nitric acid and of the equipment

required to perform the standard test.  Nevertheless, in order to obtain

theoretical density of a thermoplastic composite, we assumed the degree of

crystallinity to be 30% based on the DSC data from all consolidated cylinders
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fabricated during the present study.  The resin density can be obtained

approximately by

  ρr = ν Amρ Am + νCrρCr (3.3)

where:

  ρr  = density of resin, g/cm3,

  νAm  = volume fraction of amorphous resin, volume percent,

  ρ Am  = density of amorphous resin, g/cm3,

  νCr  = volume fraction of crystalline, resin volume percent, and

  ρCr  = density of crystalline resin, g/cm3.

The calculation of theoretical density of the composite is as follows:

  Td = ν fρ f + νr ρr (3.4)

where:

  Td  = theoretical density of a void-free composite, g/cm3,

  ν f  = fiber volume fraction, volume percent,

  ρ f  = density of reinforcement, g/cm3, and

  νr  = resin volume fraction, volume percent.

Finally, the void content of a composite, based on ASTM standard D2734-91,

was calculated as follows:

    V = 100(Td − Md ) Td (3.5)

where:

  V = void content, volume percent, and

  Md  = measured composite density.
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3.5 Summary

The on-line consolidation system, consisting of a filament winding

machine and consolidation head assembly, has been designed, constructed,

and installed in Hancock Hall at Virginia Tech.  The successful completion of

the facility allows us to intensively investigate the feasibility of this relatively

new manufacturing technique for thermoplastic composites.  Although we

had designed the on-line consolidation system with simplification in mind,

there still are five controllable processing parameters  involved in the system,

namely the heater temperature, heater air flow rate, mandrel speed, roller

pressure, and distance between nozzle and nippoint.  Therefore, systematic

evaluation of the processing parameters becomes inevitable.  The following

chapter addresses this issue.
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4 Statistical Investigation of the
Processing Window for the On-Line
Consolidation System

4.1 Introduction

The motivation for using the statistical method was to study the

impact of individual processing parameters and to establish the processing

window for a given material system.  In contrast to randomly selected

processing conditions or to conducting one-factor-at-a-time studies, a carefully

planned experimental design for studying the impact of all variables and their

interactions will be more cost-effective [73].

In this chapter, all processing parameters involved in the on-line

consolidation system described in Chapter 3 are discussed.  Two statistical

experimental designs are applied to characterize the processing window for

the present design.  The first set of experiments, a three-factor Box-Behnken

design, focuses on determining the nippoint temperature and then a two-

factor central composite design places special emphasis on the impact of

winding speed and nippoint temperature on the composite quality.
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Interlaminar shear strength and void content of the consolidated parts are

adapted as the key quality indicators.  Finally, a processing widow is

constructed for the present system design and important observations are

summarized.

4.2 Processing Parameters

In the present design, there are five separately controllable parameters

involved in the system namely, winding speed, pressure of compact roller,

nozzle temperature, distance between nozzle and nippoint, and air pressure

for the heater.  The preliminary observations and physical limitations on the

processing parameters are as follows:

• Air pressure for the heater can be varied from 0 kPa (0 psi) to about 103 kPa

(15 psi).  The higher the air pressure, the more air flows through the

heater.  While the heater will burn out in a short period of time when no

air passes through the coils, the life of the heater will also be shortened

drastically if air pressure exceeds the manufacturer's recommended 55.2

kPa (8 psi).  To prevent burning of the electrical coils inside the air heater,

a pressure switch was installed.  This device ensures that the heater will

not be turned on accidentally without sufficient airflow.

• The distance between the nozzle and the nippoint as shown in Figure 3.1,

can be changed freely. However, in general, longer distances yield lower

nippoint temperatures and larger heating areas.  The profile of the nozzle

also plays an important role in determining the heating area.  The nozzle
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that came directly from the heater manufacturer has a round opening of

merely 3.175 mm (1/8 in) in diameter.  Therefore, an important guideline

for choosing the distance between the nozzle and nippoint is that it should

be long enough to cover the entire width of the towpreg, i.e. 6.35 mm (1/4

in).

• Nozzle temperature is controlled by a PID temperature controller and can

go as high as 760°C (1400°F) with less than a 1 percent margin of error.

• Since the compressed air for the pneumatic cylinder comes through an in-

wall outlet in our laboratory, we are limited on the maximum pressure of

the compressed air available through the building.  Fortunately, the

pressure required to consolidate the molten towpreg is far less than that

needed in hot-press consolidation.  Throughout the initial winding stage,

air pressures for the compact roller ranging from 207 kPa (30 psi) to about

414 kPa (60 psi) were found to be sufficient.

• Through the control panel, winding speed can be easily adjusted from 0 to

100 percent of the full winding capacity.  However, since the winding

speed for on-line consolidation requires that the winder operate at lower

end of the machine capacity where the winding speed cannot be accurately

controlled.  Thus, the time needed for the entire winding process is

recorded and used to calculate the actual winding speed.

Observations from initial experiments showed that the nippoint

temperature can be several hundred degrees Celsius lower than the nozzle

temperature and is very sensitive to the following three system parameters:
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nozzle temperature, air flow rate in heater and distance between nippoint and

nozzle.  Meanwhile, we found that using nippoint temperature to construct

the processing window has two major advantages.  First, it is more realistic

since nippoint temperature is the actual temperature that the towpregs are

subjected to.  Second, it is more concise because, by using nippoint

temperature to represent three of the system parameters, the system

parameters are simplified from five down to three, i.e. winding speed, roller

pressure, and actual nippoint temperature.

In the following sections, we investigate the impact that air flow rate,

distance between nozzle and nippoint, and nozzle temperature have on the

actual nippoint temperature using a three-factor Box-Behnken design.  Then

a central composite design is applied to study the processing window for the

present on-line consolidation system.

4.3 Study of Nippoint Temperature

As stated previously, actual nippoint temperature can vary due to the

selected nozzle temperature, air flow rate, and distance between nozzle and

nippoint.  In order to investigate individual impact of these three parameters

and their interaction on the nippoint temperature, a three-factor, Box-

Behnken design is conducted. There are fifteen possible factor-level

combinations in this experimental design.  The three-factor Box-Behnken

design is shown in Figure 4.1 and a randomized design is given in Table 4.1.
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Figure 4.1 The three-factor Box-Behnken design.
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Table 4.1 Randomized testing sequence of the three-factor Box-Behnken
design.

Run Distance Air Pressure Nozzle
Temperature

 1 0 0 0
 2 + + 0
 3 + 0 +
 4 0 0 0
 5 0 + -
 6 0 - +
 7 0 - -
 8 - 0 +
 9 - + 0

 10 - - 0
 11 + - 0
 12 0 + +
 13 0 0 0
 14 - 0 -
 15 + 0 -
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The high (+), midpoint (0), and low (-) value represent the experimental

variables and are listed as the following:

• Distance between nozzle to nippoint varies from 12.7 mm (0.5 in), 19.1

mm (0.75 in) to 25.4 mm (1.0 in),

• Air pressure is from 27.6 kPa (4 psi), 55.2 kPa (8 psi) and 82.7 kPa (12 psi),

and

• Nozzle temperature of hot air heater is set at 538°C (1000°F), 593°C (1100°F)

and 649°C (1200°F).

The nippoint temperature was measured by a K-type, air-probe thermocouple

for each factor-level combination.  The experimental results are shown in

Table 4.2.

Now, more in-depth analysis is required to further interpret the

results.  First of all, the response, i.e. nippoint temperature, is written as

    

Y = b0 + b1D + b2P + b3T + b4D
2 + b5P

2 +

b6T
2 + b7DP + b8PT + b9TD

(4.1)

where   D is the distance from nozzle to nippoint,   P  is the heater air pressure,

and   T  is nozzle temperature.

The coefficients,     b0 − b9 , are calculated from a second-order linear

regression analysis for three independent variables and are given in Table 4.3.

Since the calculated nippoint temperature is used to represent three

system parameters in the following section, we have to verify how well the

predictions from the statistical model compare to the data.  We randomly
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Table 4.2 Experimental results of the three-factor Box-Behnken design.

Run Distance

mm (inch)

Air Pressure

kPa (psi)

Nozzle
Temperature

°C  (°F)

Nippoint
Temperature

°C  (°F)

1 19.1 (0.75) 55.2 (8) 593 (1100) 490 (914.2)

2 25.4 (1.0) 82.7 (12) 593 (1100) 440 (824.0)

3 25.4 (1.0) 55.2 (8) 649 (1200) 419 (915.0)

4 19.1 (0.75) 55.2 (8) 593 (1100) 485 (904.7)

5 19.1 (0.75) 82.7 (12) 538 (1000) 423 (794.2)

6 19.1 (0.75) 27.6 (4) 649 (1200) 555 (1031.4)

7 19.1 (0.75) 27.6 (4) 538 (1000) 459 (858.2)

8 12.7 (0.5) 55.2 (8) 649 (1200) 597 (1107.2)

9 12.7 (0.5) 82.7 (12) 593 (1100) 511 (952.5)

10 12.7 (0.5) 27.6 (4) 593 (1100) 517 (962.4)

11 25.4 (1.0) 27.6 (4) 593 (1100) 444 (831.2)

12 19.1 (0.75) 82.7 (12) 649 (1200) 530 (985.2)

13 19.1 (0.75) 55.2 (8) 593 (1100) 488 (910.5)

14 12.7 (0.5) 55.2 (8) 538 (1000) 449 (840.4)

15 25.4 (1.0) 55.2 (8) 538 (1000) 401 (754.0)
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Table 4.3 Regression analysis coefficient.

    b0 Constant
138.14

    b1 D
26.682

    b2 P
-1.151

    b3 T
-0.3427

    b4 D x D
-0.209

    b5 P x P
-0.002

    b6 T x T
0.0017

    b7 D x P
0.002

    b8 D x T
-0.0417

    b9 P x T
0.0016
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choose different combinations of parameters over the entire domain and

measure the nippoint temperature for each case.  The overall deviations

between the predictions from statistical model and the measured nippoint

temperatures were less than three percents.  Figure 4.2 shows the results with

a distance between nippoint and nozzle equal to 12.7 mm (0.5 in).
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Figure 4.2 Result of nippoint temperature with a distance between nippoint
and nozzle of 12.7 mm (0.5 inch).
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4.4 Processing Window For On-Line
Consolidation System

The processing window for the on-line consolidation system is

determined by adjusting the three system processing parameters, namely

roller pressure, winding speed, and nippoint temperature.  To simplify the

approach a step further, a fixed roller pressure of 380 kPa (55 psi) was chosen

for fabricating all cylinders.  It should be noted that we are not presuming that

there is no significant impact of pressure on the quality of composite

cylinders; a fixed roller pressure is simply a system constraint for the present

design.  For now, the study is focused on the impact of winding speed and

nippoint temperature on composite quality.

First, a two-factor central composite design of experiments was used to

define the combination of processing parameters.  Second, the density and the

thickness of the resulting cylinders are measured and then, as described in the

previous section, their void content was calculated.  Micrographs taken at

cross sections of each consolidated part are used to qualitatively describe the

consolidation under a certain processing condition.  Differential scanning

calorimetry (DSC) was used to measure the degree of crystallinity.  Finally, the

interlaminar shear strength of consolidated parts was measured.

4.4.1 Central Composite Design
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A central composite design of experiments was used to systematically

study the processing window and to maximize the quality of composite parts.

The total number of test runs in a central composite design is calculated by

    n = 2K + 2K + m (4.2)

where:

  n  is the total number of test rums,

  K  is the number of factors, and

  m  is the number of center points.

Since only one center point is used, there are nine total test runs required in

the two-factor central composite design.  Four corner points are located at

  (±1, ± 1) .  The star points are located along coordinate axes and each pair of

star points is denoted as follows:

    

(±a, 0),

(0, ± a) (4.3)

where a is a constant and can be obtained by     a = (2K )1 4
.

An illustration of the two-factor central composite design is given in Figure

4.3.  The levels for winding speed range from about 4-10 mm/s and the

nippoint temperature has a high value of 660°C (1220 °F) and a low value of

493°C (920 °F).  Nine composite cylinders, 26-ply thick and 19 mm (0.75 in)

wide were fabricated under the prescribed processing conditions given by the

experimental design.  The winding time ranges from 77 to 172 minutes.  In

Table 4.4, a randomized design is generated.
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Corner point

Star Point

Center Point

(1, 1)

(1.414, 0)

(1, -1)

(-1, 1)

(-1, -1)

(0, 0)

(0, 1.414)

(-1.414, 0)

(0, -1.414)

Figure 4.3 Illustration of a two-factor central composite design.
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Table 4.4 A randomized two-factor central composite design with only one
center point.

Cylinder

Number 1 2 3 4 5 6 7 8 9

Factor A 0 1 0 0 -1 1.414 -1.414 -1 1

Factor B 0 -1 1.414 -1.414 -1 0 0 1 1

Nozzle

Temperature

°C (°F)

635
(1175)

677
(1250)

635
(1175)

635
(1175)

539
(1100)

649
(1281)

576
(1069)

539
(1100)

677
(1250)

Set Winding

Speed (%)* 10 6 15 5 6 10 10 14 14

Actual

Temperature

°C (°F)**

572
(1061)

633
(1172)

573
(1061)

572
(1061)

517
(962)

660
(1220)

496
(924)

517
(962)

633
(1172)

Actual

Winding

Speed

(mm/s)***

6.34 3.71 9.97 3.53 3.71 6.34 6.34 7.91 7.91

* Winding speed enter into the computer for controlling the winding
machine.

** Estimated from Equation 4.1 using the coefficients given in Table 4.3.

*** Calculated by dividing the total time required to complete the winding
by the total length of towpreg used for winding a 19.1 mm (.75 inch) wide
cylinder.
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4.4.2 Micrograph Study on Quality of Consolidated Cylinders

The purpose of the optical micrographs taken at cross sections of each

composite cylinder is threefold.  First, we can visually observe the degree of

intimate contact between layers since intimate contact is the necessary

condition for good bonding.  Second, we can examine whether or not the

fibers distribution is uniform.  Third, we can observe the size and location of

voids, for void content reflects composite quality.  As a result, the

micrographs give a qualitative description of the composite quality.

Specimens were cut from each composite cylinder and mounted in an

epoxy potting compound.  Each cross section was carefully polished and

analyzed under an optical microscope.  Figure 4.4 and Figure 4.5 show results

for Cylinder #2 which was manufactured under a nippoint temperature of

633°C (1172°F) and a winding speed of 3.71 mm/s (8.764 in/min.).  Virtually

no voids are observed at the interply region.  Uniform fiber distribution is

also achievable under on-line consolidation as shown in Figure 4.5(a).  Some

of the carbon fibers are even able to migrate into the resin-rich interply area as

shown in Figure 4.5(b).  No significant fiber waviness confirms that on-line

consolidation does have the advantage over the conventional autoclave

consolidation where fiber waviness usually occurs (Figure 4.6).
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(a)

500 µ
(b)

250 µ
Figure 4.4 Micrographs of cross-section of Cylinder #2.
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(a)

125 µ
(b)

62.5 µ

Figure 4.5 Micrographs of cross-section of Cylinder #2.
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250 µ

Figure 4.6 Micrograph of cross-section along the circumferential direction

of Cylinder #2.
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As expected, not all cylinders yield the same high quality.  Figure 4.7 to

Figure 4.11 are the micrographs of the cross section of all nine cylinders

manufactured under conditions as listed in Table 4.4.  In the case of Cylinders

#3, #7, and #8, large, resin-rich areas exist at almost every interply regions.

Under external loading, the resin-rich areas are the most vulnerable due to

the lack of surrounding reinforcement.  This observation suggests that the

specimens from these cylinders may fail much more easily than the

specimens cut from a well-consolidated cylinder in which the fiber is

distributed more uniformly.

Although some large resin-rich regions were observed in specimens of

Cylinders #1 and #9, there exist well-consolidated areas as well.  Therefore,

the quality of Cylinders #1 and #9 was judged to be better than the quality of

the aforementioned cylinders.  The overall uniformity of fiber distribution

and smaller resin-rich areas observed in the specimens from Cylinders #2, #4,

#5, and #6 suggest that the quality of these cylinders is close to ideal.
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(a)

250 µ
(b)

250 µ
Figure 4.7 Micrographs at cross-section for Cylinders #1(a) and #2(b)
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(a)

250 µ
(b)

250 µ
Figure 4.8 Micrographs at cross-section for Cylinders #3(a) and #4(b)

PROCESSING WINDOW 75



(a)

250 µ
(b)

250 µ
Figure 4.9 Micrographs at cross-section for Cylinders #5(a) and #6(b)
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(a)

250 µ
(b)

250 µ
Figure 4.10 Micrographs at cross-section for Cylinders #7(a) and #8(b)
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250 µ

Figure 4.11 Micrograph at cross-section for Cylinder #9
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4.4.3 Effect of Processing Parameters on Density and Void Content of

Consolidated Cylinders

The ASTM standard D792-91 was used to determine the density of the

consolidated composite cylinders made by various processing conditions.

Four samples are cut from each cylinder and then put inside a 60°C vacuum

oven for about 60 minutes.  This procedure eliminates any moisture that

might have accumulated during slow-speed cutting in which water was used

for cooling.  After air-cooling at room temperature for another 60 minutes,

the samples are weighted first in the air then in isopropyl alcohol.  Figure 4.12

shows the density of the consolidated composite cylinders.  It should be noted

that the measured density of the towpreg as received does not totally conform

to the ASTM standard in which specimen should weigh 1 to 5 gm.  Due to the

weight constraint, we measured 32 smaller towpreg samples instead.  By

sampling a larger number, we hope to minimize the error.

Before calculating the void content, we need to determine the

theoretical density of a 60% fiber volume fraction, void-free APC-2 composite.

Using the material density listed in Table 4.5 and assuming 30% degree of

crystallinity in PEEK, we obtain a value of 1589.6 kg/m3 as the theoretical

density of an APC-2 composite.  Figure 4.13 shows the calculated void content

for each cylinder.  Experimental results on density and void content for each

cylinder are summarized in Table 4.6.
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Density for Consolidated Cylinders

Figure 4.12 Density of the consolidated composite cylinders.
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Table 4.5 Material properties for density calculation.

Property AS-4 Fiber PEEK
Amorphous Crystallinity

Volume Fraction 60% 40%

Degree of
Crystallinity

NA NA 30%

Density (kg/m3) 1780.0 1262.6 1400.6
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Void Content for Consolidated Cylinders

Figure 4.13 The calculated void content for each cylinders.

PROCESSING WINDOW 82



Table 4.6 Composite density and void content analysis results.

Cylinder Density

(kg/m3)

Void
Content

(%)

Thickness

mm (inch)

Fiber
Volume
Fraction

(%)

Resin Mass
Fraction

(%)

1 1543.5 2.90 3.21 (0.126) 58.3 34.3

2 1584.2 0.38 2.90 (0.114) 59.8 33.0

3 1523.3 4.17 3.47 (0.137) 57.5 35.1

4 1563.4 1.65 3.18 (0.125) 59.0 33.7

5 1544.5 2.84 3.25 (0.128) 58.3 34.3

6 1565.2 1.51 3.06 (0.121) 59.1 33.6

7 1517.5 4.72 3.58 (0.141) 57.2 35.4

8 1516.1 4.63 3.60 (0.142) 57.2 35.3

9 1545.6 2.77 3.26 (0.129) 58.3 34.3
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4.4.4 Study of Degree of Crystallinity

The crystallization mechanism of a semi-crystalline thermoplastic

composite is very complicated.  Factors such as molecular weight of polymer,

the presence of reinforcement, residence time above melting, and cooling rate

affect the polymer's degree of crystallinity.  In the on-line consolidation

process, the material is experiencing a complicated thermal history which

includes rapid melting, and cooling, and possibly annealing.  Modeling

crystallization under conditions involved in on-line consolidation is outside

the scope of the present study.  Instead, we simply present the degree of

crystallinity of the cylinders processed under different conditions.

The degree of crystallinity determined by the differential scanning

calorimetry (DSC) is calculated as follows:

  
Cr =

HT

HU  (4.4)

where:

  HT  = total heat of crystallization at a given processing condition, J/g

  HU  = theoretical ultimate heat of crystallization, J/g.

Figure 4.14 shows a typical heat flow vs. temperature plot obtained by

DSC.  Using the total area under the baseline as denoted in Figure 4.14 and

  HU  = 130 J/g for PEEK polymer [63], the degree of crystallinity for cylinder #4

is 32.7%.  It should be noted that the polymer weight, a requirement for

obtaining   HT  in the DSC, is calculated by multiplying the weight of the

composite sample by the resin mass fraction given in Table 4.6
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Figure 4.14 A typical DSC plot of heat flow vs. temperature, Cylinder #4.
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The DSC measurements at a heating rate of 10°C/min. were conducted

on samples from each cylinder and the APC-2 towpreg.  Figure 4.15 shows the

DSC results for the APC-2 towpreg.  The existence of an exothermic region

right after the glass transition temperature indicates that the towpreg was

quenched from melt.  Note that the exothermic region was not observed in

any of the samples from consolidated cylinders.  This observation suggests

that either the cooling rates under various conditions involved in on-line

consolidation were not as high as the cooling rates under quenched

conditions or that the annealing does take place during winding when the

hot-air heater revisits the same spot while winding the very next layer onto

the substrate.

Finally, Table 4.7 summarizes the resulting degree of crystallinity

under each processing condition.  The degree of crystallinity ranges from

about 26 % to 34%.  Again, the data shown here is for reference only.  We

have made no effort to correlate the degree of crystallinity of consolidated

cylinders to the processing conditions in which the composite cylinder was

made.
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Figure 4.15 A typical DSC plot for towpreg as received.
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Table 4.7 The degree of crystallinity for consolidated cylinders.

Cylinder APC-2

weight

(mg)

Onset

Temperature

(°C)

Melting

Temperature

(°C)

  HT

( J/g )

Degree of

Crystallinity

(%)

1 10.0 323.99 340.85 13.31 32.8

2 10.0 324.36 339.64 12.61 29.4

3 9.8 323.10 341.05 12.60 29.0

4 9.8 323.29 339.92 13.42 32.7

5 13.3 323.74 340.83 14.995 33.6

6 15.2 324.48 341.28 12.73 29.2

7 14.3 323.76 341.93 13.99 30.4

8 9.8 323.14 340.89 12.18 26.5

9 9.9 323.52 341.06 12.19 27.4

Towpreg 9.6 324.93 341.76 7.47 15.1
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4.5 Effect of Processing Parameters on
Interlaminar Shear Strength

After investigating the impact of processing parameters on the density,

void content and degree of crystallinity, the next logical step is to conduct

interlaminar shear strength (ILSS) tests that give a quantitative description of

the bonding quality of the resulting cylinders.  Figure 4.16 shows data

obtained from three specimens of Cylinder #6.  The first-ply failure initiates at

similar displacements and the maximum loads are similar.  When an

individual ply fails, an audible cracking sound is heard followed by a sharp

decrease in load.  The damaged laminate continues to carry loading until the

next failure occurs.  With only two exceptions, most of the specimens follow

this pattern.  The specimens from Cylinder #7 and #8 have slightly different

load-displacement curves.  As shown in Figure 4.17 and Figure 4.18,

premature failure occurs in these specimens well before the maximum

loading is reached.  Specimens from these two cylinders failed differently

from the specimens from other cylinders.  In addition to the pure shear

failure at midplane, the first few layers from inner section of the specimens

were totally debonded.  The interply bonding between the first few layers was

much weaker than bonding between the other layers of the specimens.

Figure 4.19 shows the interlaminar shear strength of all cylinders.  It is

noted that the small circle in the box plot indicates a data point which is far

away from the statistical average.
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Figure 4.16 Load-displacement curve for Cylinder #6.
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Interlaminar Shear Strength Tests for Cylinder #7
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Figure 4.17 Load-displacement curve for Cylinder #7.
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Figure 4.18 Load-displacement curve for Cylinder #8.
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Figure 4.19 Interlaminar shear strength of all cylinders.
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For APC-2 composites, an interlaminar shear strength of 71.8 MPa (10.4

ksi) has been reported by using manufacturer recommended processing

conditions, i.e. 380°C for 5 minutes under a hot press loading at 1380 kPa (200

psi) [64].  The average ILSS obtained from Cylinder #2 is about 80% of the ILSS

of flat compression molded composite laminates.  Therefore, we consider the

present design of the on-line consolidation system an acceptable one.

After measuring the interlaminar shear strength (ILSS) for all

cylinders, the next step is to study the impact of nippoint temperature and

winding speed on the ILSS of the composites.  For this we use MINITAB®, a

statistical computer software package.  Figure 4.20 shows the effects of

changing nippoint temperature and changing winding speed.  We can see

that the nippoint temperature has the biggest effect.  While higher nippoint

temperature yields better composites, the ILSS does not always increase when

lowering winding speed.  This means that, within the temperature range

investigated, we can make a composite cylinder with higher ILSS by simply

raising the nippoint temperature.  This may also mean that the thermal

degradation of polymer is not too severe under high temperature as long as

the dwelling time during winding remains brief.  However, the issue of

thermal degradation under conditions of on-line consolidation requires a

more in-depth investigation and was not addressed in the present study.

In order to study how ILSS varies under various processing conditions,

a response surface using a two factor central composite design was

constructed.  A second order linear regression model can be written as

follows:
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Figure 4.20 Main effect plot for interlaminar shear strength of all cylinders.
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ILSS = −14.9207 + 0.31192 NT − 19.663 WS

− 0.000278 NT 2 + 0.1643 WS2 + 0.0244 NT × WS
(4.5)

where:

  ILSS = interlaminar shear strength, MPa,

  NT  = nippoint temperature, x 100°C,

  WS  = winding speed, mm/s.

Figure 4.21 shows the impact of nippoint temperature and winding

speed on the interlaminar shear strength of consolidated composite cylinders.

The black dots in Figure 4.21 indicate data points.  Overall, the correlation of

model to experiment is acceptable.  In general, higher nippoint temperature

and lower winding speed yield higher ILSS.  For convenience, a contour plot

of the response is given in Figure 4.22.  If the highest strength is desired, we

can wind the cylinder at a lower speed and a higher temperature.  However, if

productivity is a concern, winding the cylinder at a higher speed and at a

higher nippoint temperature will not sacrifice too much strength.  It should

be noted that all observations made here are good only for the range

investigated for each variable and cannot be used to explicitly study the ILSS

response outside this range.
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Figure 4.21 Impact of nippoint temperature and winding speed on the
interlaminar shear strength.
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Figure 4.22 Response contour for interlaminar shear strength study.
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4.6 Summary

Experimental results prove that the present on-line consolidation

system is a viable design for manufacturing composite parts.  The bonding

strength as well as the overall quality of consolidated parts compare well with

those produced by compression molding consolidation.  The main

disadvantages of the present system design, from the practical point of view,

is the winding speed and hence the productivity is very low.  However, for

research purposes, the present design is well equipped to thoroughly

investigate the fundamentals involved in the on-line consolidation process.

The design of experiments allows us to statistically study the impact of

the processing parameters.  The nippoint temperature and winding speed

have the greatest impact on the overall quality of the consolidated composite

parts.  Micrographs of the cross-section of the composite cylinders reveal the

resin flow mechanism.  The degree of crystallinity of the consolidated

cylinders under different processing conditions was measured by differential

scanning calorimetry (DSC).  However, the non-isothermal crystallization

behavior of APC-2 composites was not investigated.  Void content tests assure

us that consolidating the thermoplastic prepreg layer by layer helps to squeeze

out the air entrapped in the raw materials.  Finally, observations indicate that

the local temperature distribution and thermal history resulting from the

nippoint temperature and winding speed are the factors that determine the

quality of consolidated parts.
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5 In-Situ Measurement System

5.1 Introduction

In order to investigate the maximum temperature and heating area

achievable with a single hot-air heater design, an in-situ measurement

system was constructed to acquire thermal data during the winding process.

This approach allowed us to study the rapid temperature change around the

nippoint where the towpreg and composite substrate meet and to

continuously monitor the temperature distribution inside the composite

cylinders.  In the next section, we discuss the equipment used in the in-situ

measurement system.

5.2 Equipment

The in-situ measurements were achieved by a Litton Poly-Scientific

AC4598 slip ring assembly which was installed between thermocouples and

the data acquisition (DAQ) system.  The slip ring has 18 conductors and thus

is able to record nine channels of data simultaneously during winding.  It is

IN-SITU MEASUREMENT SYSTEM 100



mounted on an elongated shaft attached to the mandrel as shown in Figure

5.1.

Because of the rapid temperature change involved in the on-line

consolidation process, a real time data acquisition system with a high

sampling rate is required.  A PC-based data acquisition system by National

Instruments was selected for this purpose.  The DAQ system consists of four

major components, namely SCXI signal conditioning modules, DAQ board,

LabVIEW software, and a computer.  Figure 5.2 shows a photograph of the

DAQ system.

An experimental composite ring was manufactured with eight K-type,

fast-responding thermocouples installed in various position inside the ring.

Figure 5.3 schematically shows the position of each thermocouple.  An Infra-

red temperature sensor were also installed on the consolidation head to

measure the surface temperature of the composite ring.

During winding, signals picked up by the thermocouples were sent

through the slip ring, amplified by the SCXI modules, transferred from analog

to digital format through the DAQ board, and finally stored as a text file on

the computer hard disk.
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Figure 5.1 Photograph of the slip ring assembly.
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Figure 5.2 Photograph of the DAQ system.
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Thermocouple    location

    Number           (Layer)

      Tc 0                  2-3

      Tc 1      10-11
      Tc 2      16-17
      Tc 3      23-24
      Tc 4      23-24
      Tc 5      23-24
      Tc 6      23-24
      Tc 7      23-24

Tc 0
Tc 1

Tc 2

Tc 3

Tc 5

Tc 6

Tc 4

Tc 7

Heating
Zone

Figure 5.3 Locations of thermocouples installed in the composite ring.
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5.3 Results

The in-situ measurement system was used to investigate the

temperature distribution through the thickness and along the circumferential

direction during winding.  Two types of experiments were conducted.  First,

the hot-air heater was aimed at the stationary mandrel and between

thermocouples Tc 5 and Tc 6 as indicated in Figure 5.3, to measure the

maximum temperature achievable when the nozzle temperature was set to

650°C (1200°F).  Figures 5.4 and 5.5 show the temperature distribution through

thickness and along the circumferential direction, respectively, for a

stationary composite ring.  Second, with the nozzle temperature set to 650°C

(1200°F) and winding speed to 1.5 rpm, the temperature distribution through

thickness was measured as shown in Figure 5.6.

The in-situ measurement system was also used to study the impact of

winding speed.  As shown in Figure 5.7, temperature is plotted versus time

for different mandrel speeds at thermocouple number #7 located between the

twentieth and twenty-first layers.  It is noted that the winding speed has a

great impact on the maximum temperature and the maximum temperatures

at three layers beneath surface at all three winding speeds are well below the

melting point of APC-2 composites.

After finishing the in-situ temperature measurements, it became clear

that the single air heater design could not melt the resin and create a molten

zone on the surface of the composite substrate due to energy losses to the
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Figure 5.4 Typical temperature distribution through the thickness.
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Figure 5.5 Typical temperature distribution along the circumferential
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Figure 5.6 Measured temperatures through the thickness during winding.
The thermocouples are located between the layers given in the
inset.
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the inset.
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mandrel-composite assembly and to the environment.  To overcome this

obstacle, instead of aiming the heater at the surface of the composite substrate,

the heater was focused directly at the towpreg, since the towpreg is much

easier to melt thoroughly due to its size.  A small area of APC-2 towpreg is

melted right before entering the consolidation roller.  Then the roller

compacts the molten towpreg onto the warm surface of the composite

substrate.  Intimate contact and bonding between layers are achievable as long

as the towpreg is properly melted under a set of particular processing

parameters.

Although the in-situ measurement system can easily measure the

temperature distribution inside the composite ring, the measurements are

valid for only one set of processing conditions.  A science-based heat transfer

model can be used to quickly determine the temperature distribution in the

composite-mandrel assembly for various conditions that might be applied

during the on-line consolidation process.  In the following chapter, the details

of the formulation and construction of the finite element model are

presented.
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6 On-Line Consolidation Model

6.1 Introduction

The quality of thermoplastic composites depends strongly on their

thermal history during processing; therefore it is important to investigate the

temperature distribution in the composite during the fabrication process.  A

comprehensive transient thermal analysis must be developed to simulate the

rapid temperature change associated with the manufacturing process.  In

order to effectively investigate this complicated problem, the present study

aims at predicting the temperature distribution in the composite during

processing using  finite element models based on ABAQUS.

In the following section, we will briefly discuss the fundamental

equations involved in transient heat transfer and the finite element

formulations in ABAQUS.  Then, the finite element model for thermal

analysis is constructed and used to predict the temperature field.  Once the

temperature distribution and thermal history are obtained, the last step is to

estimate the formation of process induced thermal stresses using thermal

stress analysis.
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6.2 Transient Heat Transfer Model Development

6.2.1 Mathematical Formulation

Consider a focused heat source, aiming at the interface between

incoming towpreg and the composite substrate, as shown in Figure 6.1.  There

are five different components included in the domain of interest, namely the

compaction roller, mandrel, APC-2 towpreg, composite cylinder, and release

cloth.  A small area of the outer surface of the composite substrate and

towpreg are heated by the focused heat source and the heat is propagated away

from the heating area.  The outer surfaces of the substrate and towpreg are

subjected to free convection and radiation.  The free convection and radiation

are responsible for heat losses at  the surface of the composite cylinder.

The overall thermal energy balance must be maintained at all times.

In other words, the net rate of heat entering across the control surface plus the

rate of energy generated in the control volume must be equal to the rate of

increase of internal energy of the control volume.  The Lagrangian

formulation of the energy balance equation for an arbitrary control volume

can be expressed as follows:

    
q dΓ

Γ∫ + r
Ω∫ dΩ = ρ ˙ U 

Ω∫ dΩ (6.1)

where:
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Aluminum Mandrel

Release Cloth

Composite Substrate
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x

y
133.6 mm 
(5.25”)

146.1 mm 
(5.75”)

3.175 mm 
(0.125”)

25.4 mm
(1.0”)

0.127 mm 
(0.005”)

Figure 6.1 Geometry of the transient heat transfer problem.
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q dΓ

Γ∫  = surface flux term,   q  positive into the body,

  
r

Ω∫ dΩ  = volumetric flux term (source),

    
ρ ˙ U 

Ω∫ dΩ = storage term,

  q  is the heat flux per unit of current area crossing surface Γ  from

surrounding into the body (scalar quantity), ρ  is material's density,   r  is

internal heat generation per unit volume, and     ̇  U  is the rate of change of

internal energy per unit mass per time.

The governing equations, derived in Appendix A, are given by

    
−

∂
∂˜ x 

• ˜ q + r − ρ ˙ U = 0 (A.5)

in matrix form and

    (K ijT , j ),i + r = Cpρ ˙ T on domain Ω (A.9)

in tensor form where     ̃ q  is the heat flux vector,   K ij  is thermal conductivity,   T

is temperature,   Cp  is the specific heat capacity,   t  is time and 
  
˙ T =

∂T

∂t
.

The boundary conditions can be summarized as:

• along the inner surface of the mandrel, the temperature is prescribed,

• throughout the contact surface, i.e. the heat affected zone, heat-flux is

prescribed,

• along the unheated boundary, heat dissipation due to convection and

radiation are prescribed.
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6.2.2 Finite Element Formulation in ABAQUS for Transient Heat Transfer

Problem

The derivation in this section is based on the User's Manual, the

Theory Manual and the example Problems Manual for the ABAQUS finite

element software package [74-76].  The starting point in the finite element

formulation for transient heat transfer analysis is the differential form of

energy equation.  The equation, as derived in Appendix A, is

    
ρ ˙ U = −

∂
∂ ˜ x 

• ˜ q + r (6.2)

Next, an equivalent variational form of the thermal energy balance equation

is obtained by multiplying Eq (6.2) by an arbitrary variational temperature

field,   δT  and integrating the equation over the domain or volume Ω .

    
ρ ˙ U δT

Ω∫ dΩ =− (
∂
∂ ˜ x 

•
Ω∫ ˜ q ) δT dΩ+ r δT

Ω∫ dΩ (6.3)

Applying the chain rule to the first term on the right hand side of Eq (6.3)

yields

    
ρ ˙ U δT

Ω∫ dΩ = −
∂
∂ ˜ x 

• ( ˜ q δT ) + ˜ q •
∂
∂ ˜ x 

(δT )
 
 

 
 Ω∫ dΩ + r δT

Ω∫ dΩ . (6.4)

If we apply the divergence theorem to the first term on the right hand side

and transform a volume integral to a surface integral, we can rewrite the Eq.

(6.4) as

    
ρ ˙ U δT

Ω∫ dΩ −
∂δT

∂ ˜ x 
• ˜ q dΩ

Ω∫ = − ˜ q • ˜ n δT dΓ
Γ∫ + r δT

Ω∫ dΩ (6.5)
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or

    
ρ ˙ U δT

Ω∫ dΩ −
∂δ T

∂ ˜ x 
• ˜ q dΩ

Ω∫ = q δT dΓ
Γ∫ + r δT

Ω∫ dΩ (6.6)

where     q =− ˜ q • ˜ n  is the heat flux per unit of current area crossing surface Γ

from the surroundings into the body (scalar quantity).

This is one of the weak forms of the energy balance equation.  An

alternative form can be obtained by substituting the Fourier's heat conduction

law, i.e. 
    
˜ q = −k•

∂T

∂ ˜ x 
, into Eq. (6.5):

    
ρ ˙ U δT

Ω∫ dΩ +
∂δ T

∂ ˜ x 
• k•

∂T

∂ ˜ x 
dΩ

Ω∫ = q δT dΓ
Γ∫ + r δT

Ω∫ dΩ (6.7)

where   K =  K ij  is the anisotropic thermal conductivity matrix.

Let us now discretize the volume geometrically using finite elements

and let the temperature   T  and the temperature gradient 
    

∂T

∂ ˜ x 
 within a finite

element be interpolated from nodal temperatures   T N  :

  T = N NT N  and 
    

∂T

∂ ˜ x 
=

∂N M

∂ ˜ x 
T M (6.8)

where   N
M  and   N

N  are the interpolation functions or shape functions and the

superscripts   M  and   N  are  the number of nodes.

The standard Galerkin approach states that the variational

temperature,   δT , is interpolated with the same functions as temperature.

Therefore the variational temperature and the temperature gradient can be

written as

ON-LINE CONSOLIDATION MODEL 116



  δT = N N δT N  and 
    

∂δT

∂ ˜ x 
=

∂N N

∂ ˜ x 
δT N . (6.9)

In ABAQUS, the function   N
N  can be in linear or parabolic polynomial

product forms for one-, two-, and three-dimensional elements, as well as for

axisymmetric elements.

We shall now introduce this interpolation into the heat balance

equation and obtain the approximation as follows:

    
δT N N Nρ ˙ U 

Ω∫ dΩ +
∂N N

∂ ˜ x 
•k •

∂N M

∂ ˜ x 
dΩ T M − q N NdΓ

Γ∫ − rN N

Ω∫ dΩ
Ω∫

 
 
 

 
 
 

= 0 . (6.10)

Since the variational quantities   δT N  are arbitrary, the equation inside the

parenthesis must be identically equal to zero, or

    
N Nρ ˙ U 

Ω∫ dΩ +
∂N N

∂ ˜ x 
•k •

∂N M

∂ ˜ x 
dΩT M

Ω∫ = q N NdΓ
Γ∫ + r N N

Ω∫ dΩ . (6.11)

If     ̇  U  is replaced by Eq. (A.7), Eq.(6.10) can be written as

    

N NρCpN M ˙ T M
Ω∫ dΩ + ∂NN

∂ ˜ x 
•k • ∂N M

∂ ˜ x 
dΩT M

Ω∫
= q N NdΓ

Γ∫ + r N N

Ω∫ dΩ
(6.12)

where   Cp  is the specific heat of the material.

The approximate heat balance can also be expressed in matrix form as

    
Ce[ ] ˙ T e{ } + K e[ ] T e{ } = Q e{ } (6.13)

or of the form as

    CMN
e (T e ) ˙ T e + K MN

e (T e )Te = QN
e (Te ) (6.14)
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in which

    
Ce[ ] = CMN

e (T e) = N NρCpN M

Ω∫ dΩ  is the heat capacitance matrix,

    
K e[ ] = KMN

e (T e) =
∂N N

∂ ˜ x 
• k•

∂N M

∂ ˜ x 
dΩ

Ω∫  is the conductivity matrix,

    
Qe{ } = QN

e (T e ) = q N NdΓ
Γ∫ + r N N

Ω∫ dΩ  is the external flux vector,

    
˙ T e{ }  is the vector of time rate of nodal temperature change and

  
T e{ }  is the nodal temperature vector.

This set of equations is the basis for the uncoupled, conductive heat transfer

analysis.  For transient heat transfer problems, the Eq. (6.11) is integrated in

time.  In ABAQUS, the temporal term is treated by the finite difference

method using the backward difference algorithm:

    
˙ U t +∆ t =

(Ut +∆ t −Ut )
∆t

. (6.15)

where   Ut +∆ t  and   Ut  are the internal energy at   t +∆ t  and   t , respectively.

Introducing the operator, Eq. (6.15), into the energy balance, Eq. (6.11), yields:

    

1
∆t

N Nρ (Ut +∆ t − Ut )
Ω∫ dΩ + ∂N N

∂ ˜ x 
•k

t+∆ t
• ∂N M

∂ ˜ x 
dΩT t +∆ t

M

Ω∫
− q

t +∆ t
N N dΓ

Γ∫ − r
t +∆ t

N N

Ω∫ dΩ = 0
(6.16)

or

    

N NρCp
t +∆ t

N M (T t+∆ t
M − T t

M )
∆tΩ∫ dΩ + ∂N N

∂ ˜ x 
•k

t +∆ t
• ∂N M

∂ ˜ x 
dΩT t +∆ t

M

Ω
∫

− q
t +∆ t

N N dΓ
Γ∫ − r

t +∆ t
N N

Ω∫ dΩ = 0

. (6.17)
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The backward difference scheme is chosen for its unconditional

stability and its simplicity of implementation.  Therefore, for linear problems,

there is no restriction on selecting a time increment.  The stability of the

operator is important because it allows ABAQUS to analyze problems where

the solution is sought over a very long period of time.

ABAQUS can handle the most general nonlinear case in which

thermal material properties and boundary conditions depend on

temperature.  The thermal material properties are defined in the

*MATERIAL block of the input file.  For example, the thermal conductivity

matrix is specified under the command of *CONDUCTIVITY and can be

provided as a function of temperature.  Referring to Figure 6.2, the

orthotropic conductivity matrix for composite materials can be expressed as

  

KXX K XY 0

KXY KYY 0

0 0 KZZ

 

 

 
 

 

 

 
 
, (6.18)

where

    

K XX = K11Cos2θ + K22Sin2θ

K YY = K11Sin2θ + K 22Cos2θ
K ZZ = K22 = K33

K XY = (K11 − K22 )• Sinθ Cosθ = KYX

.

In ABAQUS, the orthotropic conductivity matrix is defined by simply setting

the TYPE parameter to ORTHO.

The application of boundary conditions in ABAQUS is also quite

straightforward.  Prescribed temperatures are imposed at the nodal level and
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Figure 6.2 Notation for anisotropic conductivity.
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can be varied over time by referencing a predefined *AMPLITUDE option.

Surface flux, DFLUX, is applied over element edges and can also be varied in

time.   *FILM is used for applying a convective boundary condition governed

by

    q =− h (T − T∞) (6.19)

where   h  is the film coefficient.

Note that the film coefficient plays a key role in the heat transfer

solution and can be difficult to characterize.  Therefore, an experimental

calibration is needed to determine the film coefficient.  Finally, Newton's

method is used to solve the set of nonlinear governing equations as listed in

Equation (6.17).  By default in ABAQUS, the iterative process is continued

until the size of the correction to the approximate solution is less than 1% of

the incremental change to the solution for the current time step.

In the following sections, we characterize the film coefficient,   h , to

simulate the combined effect of radiation and convective boundary

conditions associated with hot-air heating.  Then we investigate the

temperature field during winding.  The mandrel rotation is represented by

motion of the heater.  Finally, the same film coefficient is used to investigate

the temperature distribution inside the towpreg before it reaches the

nippoint.
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6.3 Transient Heat Transfer Finite Element
Simulation

6.3.1 Characterization of the Film Coefficient

As stated earlier, a focused hot-air heater is used as the single energy

source in the present on-line consolidation system.  Since we are interested in

the conductive heat transfer problem of the composite-mandrel assembly, the

convective heat transfer problem associated with the hot-air heater has been

ignored.  This means that the temperature distribution inside air flow is

neglected and the hot-air heater is treated simply as a convective boundary

condition.  However, in order to successfully model the transient heat

transfer problem involved in on-line consolidation, we must characterize the

film coefficient.

Consider a hot-air heater, aiming at the interface between the towpreg

and composite substrate with mandrel assembly stationary.  The temperature

field in the composite cylinder is created by the hot-air heater which in

general covers only a small area around the nippoint.  The heat then is

conducted from the surface into the composite and mandrel.  In this case,

what is considered is the effective heat flux into the composite-mandrel

assembly.  In hot-air heating, the effective heat flux can be represented by the

actual temperature of hot-air and the film coefficient.  The film coefficient

depends on the flow conditions on the surface, on the surface properties, on

the properties of flow media, and on the temperature difference between the

hot-air and the surface of composite cylinder.  Therefore, the film coefficient
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can be determined only by comparing the numerical solutions with

experiments under similar processing conditions.

An ABAQUS finite element model that takes into account all

components involved in the on-line consolidation process was constructed.

The finite element mesh and the applied boundary conditions are shown in

the Figures 6.3 and 6.4.  The input parameters for transient heat transfer

analysis are given in Table 6.1.  The transient temperature field for a

stationary heat source is solved by means of the backward time-step method

as described in the preceding section.  The calculated temperature field and

thermal history must now be compared to the experimental data obtained

from the in-situ measurement system.

Figure 6.5 shows the thermal history at two positions inside the

composite cylinder, as indicated in Figure 6.3.  A film coefficient of 260

w/m2°K fits the data the best.  Figure 6.6 and Figure 6.7 show the isotherms

around the nippoint at four times during the stationary heating process.

Note that the heat is not transferred very far away from the heat-affected

zone.  This means that the energy dissipation to the mandrel and

surrounding area is severe; therefore, a heated mandrel and an insulated

enclosure for the whole system may be necessary to minimize the heat loss

and to achieve higher production rates.  Figure 6.8 shows the impact of the

film coefficient on the thermal history at position U1, as indicated in Figure

6.3.  The larger film coefficient results in a higher temperature beneath the

surface of the composite.
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Figure 6.3 Finite element mesh for characterizing the film coefficient.
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Figure 6.4 Schematic diagram of roller and composite-mandrel assembly
and boundary conditions used for characterizing the film
coefficient.
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Table 6.1 Input parameters for heat transfer calculation.

Properties APC-2/AS4 [64] Aluminum Steel

Density (kg/m3) 1562 2700 7800

Specific heat (J/°K) 1425 905 473

Thermal conductivity,

longitudinal (w/m°K) 6.0 237 43

Thermal conductivity

transverse (w/m°K) 0.72 237 43

ON-LINE CONSOLIDATION MODEL 126



0

50

100

150

200

250

T
e

m
p

e
ra

tu
re

 (
°C

)

0 100 200 300 400 500

Data-U2
Data-U1
Calculated-U1

Time (sec)

Calculated-U2

Figure 6.5 Comparison of numerical results (h=260 w/m2°K) with in-situ
measurement data.  Locations of U1 and U2 are shown in Figure
6.3.
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48 Sec.

170 Sec.

Figure 6.6 Isotherms around the nippoint at two times during the stationary

heating process (48 and 170 seconds).  Temperatures are in °C.
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308 Sec.

361 Sec.

Figure 6.7 Isotherms around the nippoint at two times during the

stationary heating process (308 and 361 seconds).  Temperatures

are in °C.
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Figure 6.8 The impact of heat transfer coefficient on the thermal history .
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6.3.2 Winding Simulation

The next step involved in simulating the on-line consolidation process

is to rotate the composite-mandrel assembly at a certain speed.  Since

ABAQUS uses the Lagrangian description, in which one pays attention to a

set of fixed material particles, rotating the finite element mesh that represents

the composite-mandrel assembly about a fixed axis is not feasible.  In order to

simulate the mandrel rotation, we move the hot-air heater counter-clock-

wise instead.  To be more specific, the focused heat source, modeled by

convective boundary condition rotates about the stationery composite-

mandrel assembly.  The winding speed is modeled by incrementally moving

the heat source around the outer surface of the composite cylinder.  First, as

shown in Figure 6.9, the heat flux   q  remains in one position for a time period

  ∆t  and the temperature distribution     T
n( ˜ x )  for this step is computed.  Second,

the flux is moved a distance   l  and stops there for another time period   ∆t .

Using the temperature distribution obtained in previous step as the initial

boundary condition, the temperature field     T
n+ 1( ˜ x )  is then calculated for the

current step.  The winding speed equals the distance   l  divided by time period

  ∆t .  Consequently, the mandrel rotation is indirectly modeled by moving the

heat source around the mandrel.

Figure 6.10 shows the finite element mesh used in the winding

simulation.  Through the thickness, the four inner most elements are

assigned for the aluminum mandrel and eight outer most elements are

assigned for the composite substrate.  There are 1440 DC2D4 elements used in
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Figure 6.9 Simulation of moving heat source.
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Figure 6.10 The finite element mesh used in the winding simulation.
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this simulation.  The thermal boundary conditions are indicated in Figure

6.11.  From experiments, we noted that the temperature in the heat-affected

zone is not uniform.  The highest temperature occurs around the nippoint

and decreases gradually along the circumferential direction.  We use a series

of step functions to model the temperature variation in the heat affected zone

as shown in Figure 6.11.  Fifteen simulation steps, in each of which the

boundary conditions move eight degrees counter-clock-wise, are required to

completely cover the entire model.  Note that the towpreg and steel roller

have been neglected and only one-third of the cylinder is considered in the

simulation.  The reason is twofold.  First, since the heater aims

simultaneously at the surfaces of both towpreg and composite substrate, we

assumed that little energy would propagate across the interface between roller

and composite cylinder and consequently would not interfere with the

temperature distribution.  This allows us to separate the model into two parts,

the composite-mandrel assembly and the towpreg-roller assembly.  Second,

previous simulation results and in-situ measurement data suggested that the

heat can neither penetrate deeply into the composite substrate nor transfer far

away from the nippoint along the circumferential direction.  Therefore, for

purposes of simplicity, only one-third of the whole composite-mandrel

assembly is modeled.

The thermal history at two positions, as indicated in Figure 6.10, is

plotted in Figure 6.12.  It is noted that the node N732 is located at about three

layers beneath the outer surface of the cylinder and node N726 represents the

interface between the third and forth layers above the inner surface of the
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Figure 6.11 Schematic diagram of the boundary conditions of the winding
problem.
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composite cylinder.  The temperature data from thermocouples denoted as

Ch#0 and Ch#7 in the Figure 6.12 were compared with the predictions.  The

location of the thermocouple Ch#0 was in between the second and the third

layers above the surface of the mandrel.  The thermocouple Ch#7 was

installed between the 23rd and 24th layer which is three layers beneath the

surface of the composite cylinder.  The location of the thermocouples are not

perfectly aligned with nodes N732 and N726 (see Figure 6.10).  The predictions

were about 15% lower than the measured temperatures.  Nevertheless the

overall prediction captured the transient heating rather well.

The Figure 6.13 and Figure 6.14 show the temperature distribution at

various steps during the winding analysis.  Note that the cooling takes place

immediately after the heat flux moves to the next position on the composite

surface.  The procedure is continued until all areas in the model are covered.

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.  In other words, at a winding speed of 1 rpm, the hot-air heater

was unable to create a molten zone on the cylinder surface.  Naturally, the

next question to ask is whether or not the hot-air heater adopted in the

present design can create a molten zone at the surface of the composite

cylinder.  Unfortunately, the answer is no.  Even at a much lower winding

speed of 1/3 rpm, molten zone was not observed during experiment.  The

finite element simulation confirms this observation, as shown in Figure 6.15.

The maximum temperature reached at the surface of the composite cylinder

is about 270°C.  Initially, it was planned to create molten surfaces on both
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composite substrate and towpreg.  The winding simulation model confirms

the experimental observation discussed in Section 5.3 that it may be difficult

to create a molten zone on the surface of APC-2 composite using a hot-air

heater.  In order to successfully consolidate the thermoplastic composites

using the on-line consolidation technique, the air heater must focus on

melting the incoming towpreg as discussed in Section 5.3.  In the following

section, a finite element model is constructed to predict the temperature

distribution on the cross section of the incoming towpreg under various

processing conditions.
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Figure 6.13 Isotherms at two steps during winding analysis (1 rpm).
Temperatures are in °C.
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Figure 6.14 Isotherms at two steps during winding analysis (1 rpm).
Temperatures are in °C
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Figure 6.15 Temperature histories at nodes of various elements (1/3 rpm).

Nodal locations are shown in Figure 6.10.
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6.3.3 Simulation on Heating of Towpreg

We have 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.  The next step was to study whether the hot-air heater could melt

the resin of incoming towpreg.  A two-dimensional ABAQUS finite element

program was constructed to solve the transient heat transfer problem of the

towpreg.  The towpreg is continuously passing the heating zone as shown

schematically in Figure 6.16.  The thermal boundary conditions for the model

are also illustrated in Figure 6.16.

From experimental observation, the size of the heating zone is about 15

mm (0.6 in) or about 70 degrees of the circumference of the 25.4 mm (1 in)

compaction roller.  Again, the hot-air temperature is also not uniform in this

region as we measure the air temperature along the towpreg surface.  For

simplification, we model this variation by using a two-step approach in

which the towpreg is heated at 300°C for the first 5 mm (0.2 in), then at the

selected temperature for the last 10 mm (0.4 in).  The speed is determined by

the time required to pass through the heating zone.  Two cases were used for

applying the boundary conditions.  In the first case, the top surface of the

towpreg was heated by the hot air, the edge was subjected to free convection,

and the bottom surface was assumed to be adiabatic.  Heat is input into the

towpreg due to convection.  In this simulation, the duration of heating

operation ranges from one second to four seconds during which the towpreg

is exposed to hot air with temperature ranging from 550°C to 650°C.  This

heating time corresponds approximately to a winding speed of 0.5 rpm
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Figure 6.16 Schematic of towpreg heating and finite element mesh for one-

half of the cross-section of the towpreg.
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(4 mm/s) to 2 rpm (16 mm/s).  The second set of boundary conditions allows

heat input through the edge of the towpreg.  Boundary conditions on the top

and bottom surface are identical to the first case.  Tables 6.2 and 6.3 show the

temperature distribution of towpreg before entering the nippoint for case one

and case two, respectively.  The actual conditions should lie in between these

two cases.

As indicated in the tables, the hot-air heater is able to melt the towpreg

under most of the processing conditions.  However, some difficulty is

encountered at the two extreme conditions-namely, higher speed at lower

nippoint temperature and lower speed at higher nippoint temperature.

While the former yields insufficient bonding, the latter may cause thermal

degradation.  This finite element model of towpreg heating can be used to

predict the towpreg temperature for various thermoplastic composite

systems, and to provide operational limits to avoid insufficient melting and

thermal degradation.
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Table 6.2 The temperature range of towpreg before entering the nippoint;

    htop = 270 w m2 °K  and     hedge = 10 w m2 °K .

Nippoint
Temperature

Mandrel RPM (mm/sec)

(°C)
0.5 (4) 1.0 (8) 2 (16)

530 491.7 - 493.4 401.6 - 406.6 278.4 - 287.4

580 538.7 - 540.5 437 - 442 303.3 - 313.4

630 582.8 - 584.8 473.6 - 479.6 327.2 - 338.0

Table 6.3 The temperature range of towpreg before entering the nippoint;

    htop = 270 w m2 °K  and     hedge = 270 w m2°K .

Nippoint
Temperature

Mandrel RPM (mm/sec)

(°C)
0.5 (4) 1.0 (8) 2 (16)

530 492.1 - 504.1 401.8 - 435.8 278.7 - 331.3

580 537.7 - 551.1 438.0 - 475.6 303.4 - 361.4

630 583.1 - 598.0 474.2 - 515.4 327.2 - 390.5
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6.4 Finite Element Simulation on Thermal
Stresses

6.4.1 Introduction

A thermal stress analysis for the on-line consolidation process was

developed to predict the fabrication stresses upon completion of processing.

For simplification, we consider the composite-mandrel assembly as a solid

body during processing.  This simplification is acceptable, since viscous flow

occurs only at the nippoint where the molten towpreg is continuously

consolidated onto the surface of the composite substrate.

In solid bodies, the temperature change is associated with thermal

strain via the thermal expansion coefficient.  Under linear-elastic analysis,

once the temperature distribution has been obtained, the formation of

process-induced thermal strains and stresses can be determined.

In the following section, the basic equations of thermoelasticity are

presented.  Then, a finite element mesh representing the entire composite-

mandrel assembly and an ABAQUS finite element program for thermal stress

analysis are constructed.  For accuracy assessment, the isotropic thermo-

physical properties of aluminum are used in the model and the results are

compared to the analytical solutions [77-78].  Finally, the calculated thermal

history and the temperature dependent thermophysical material properties
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are incorporated into the model to predict the process-induced thermal

stresses under on-line consolidation conditions.

6.4.2 Mathematical Formulations

 The mathematical formulations of thermoelasticity describe the

behaviors of the solid bodies under prescribed temperature distributions.

Many concepts and equations are identical with those of the theory of

elasticity under isothermal conditions.  The basic assumptions are stated as

follows:

• The deformations are small compared to the thicknesses of consolidated

parts.

• Only linear strain-displacement relations are considered.

• Temperature distribution can be determined independently of the

deformation of the solid bodies.

With the above assumptions, the process can be considered as an uncoupled

thermoelastic problem that consists of three sets of basic equations:

Equilibrium equations     σ ji , j = 0 ; (6.20)

Linear strain-displacement relations   ε ij = 1 2(ui , j + uj,i ) ; (6.21)

Constitutive equations
    
ε ij = Sijrs(T )σ ij + αij (T )dT∫ + ε * ; and (6.22)

where   σ ij  are the components of the stress tensor, the subscript (    , j ) denotes

partial differentiation with respect to the corresponding axis,   ε ij  are the

components of the strain tensor,   ui  are displacements,   Sijrs  are the fourth
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order compliance tensor,   T  is the temperature,   α ij  are the coefficients of

thermal expansion,   ε *  is the shrinkage strain due to crystallization,   K ij  is the

thermal conductivity,   Q  is the rate of internal heat generation,   C  is the

specific heat capacity, ρ  is the materials' density,   t  is time and     ̇  T  is the time

rate of temperature change.  It is noted that, in the present study, the

shrinkage strain due to crystallization,   ε * , is neglected.

In order to study the thermally induced deformation behavior of the

composite-mandrel assembly under the prescribed temperature field, the

governing equations are solved in a cylindrical coordinate system.  Consider a

segment of the composite-mandrel assembly as shown in Figure 6.17.  The

thermally induced stresses are most severe on the   r − θ  plane.  Hence, all

strains and stresses were considered invariant along the axial coordinate,   z .

For further simplification, the cross-section of the composite-mandrel

assembly was modeled as a thin annular disk and the plane stress conditions

were applied.  The equilibrium equations can be written as follows:

    

∂σ r

∂r
+

1
r

∂τrθ

∂θ
+

σr − σθ

r
= 0

∂τ rθ

∂r
+ 1

r
∂σθ

∂θ
+ 2τrθ

r
= 0

(6.23)

where   σ r  is the normal (radial) stress and σθ  is the tangential (hoop) stress

and   τ rθ  is the shear stress.

In addition, since the winding angle for all cylinders manufactured in the

present study is 90°, the simplified form of the stress-strain behavior is
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Figure 6.17 Cylindrical coordinate system.
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where   εr  is the normal (radial) strain, εθ  is the tangential (hoop) strain,   εz  is

the axial strain,   γ rθ  is the shear strain,   Cij  are elastic properties of the

materials,   αr  is the normal (radial) coefficient of thermal expansion, αθ  is the

tangential (hoop) coefficient of thermal expansion and   αz  is the axial

coefficient of thermal expansion.  It should be noted that, under on-line

consolidation process conditions, the temperature field   T  is a function of

position and time.

The linear strain-displacement relations take the form

    

εr = ∂u

∂r
; εθ = u

r
+ 1

r

∂v

∂θ
; εz = ∂w

∂z

γ rθ =
1
2

1
r

∂u

∂θ
+

∂v

∂r
−

v

r

 
 

 
 

(6.25)

where   u ,   v , and   w  represent the components of the displacement vector in

the   r , θ , and   z  direction respectively.

The boundary conditions of thermoelastic problems involved in the

on-line consolidation process are listed as the following.  During the winding

stage of the process, the roller pressure is applied on a small portion of the

composite cylinder.  The traction boundary conditions need to be satisfied at

every point on the contact area between roller and composite and are

expressed in terms of stress components as follows:
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F r = σrnr + τrθ nθ

F θ = τrθnr + σr nθ

(6.26)

where   F r  and   F θ  are the components of the prescribed surface traction in the

  r  and θ  directions, and   nr  and   nθ  are the direction cosines of the outward

surface normal.  In the present study, the effect of roller pressure is neglected

and a zero traction boundary condition is used.

During the final cooling stage, there are no external loads applied to

any surface.  All deformations correspond to free expansion or contraction of

the body.  However, displacements interact with each other due to geometric

constraints, heterogeneous material properties and non-uniform temperature

distribution.  To solve these equations, a ABAQUS finite element model

which takes into account the temperature dependent material properties and

the orientation of the coordinate system was constructed.

6.4.2 Finite Element Approach

In contrast to modeling only a portion of the composite-mandrel

assembly in the transient heat transfer analysis of the winding process, the

finite element mesh for thermal stress study includes the entire composite-

mandrel assembly.  Figure 6.18 shows the finite element mesh and a close-up

to show details.  There are 4320 elements in the model.  For thermal analysis,

4-node linear heat transfer quadrilateral elements (DC2D4) were used.  For

thermal stress analysis, 4-node bilinear plane stress quadrilateral, reduced

integration elements (CPS4R) ware used.  The thermal boundary conditions

are applied separately for the winding stage and the cooling stage.
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Figure 6.18 Finite element mesh for thermal stresses analysis.
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The winding stage boundary conditions are similar to the ones used in

winding analysis (Section 6.3.2).  The focused heat source move along the

composite surface in the hoop direction to simulate the rotation of the

mandrel.  When the heat source moves away, the cooling stage begins.

During cooling, the free convective boundary conditions are applied along

the outer surface of the composite cylinder, and a prescribed temperature is

specified at every node on the inner surface of the mandrel.  Based on

experimental observations, it took about 20 minutes for the mandrel to cool

down to the room temperature.  It is noted that if a controlled cooling rate is

preferred, one can easily apply new boundary conditions to simulate a heated

mandrel.

The APC-2 is modeled as an orthotropic media with temperature-

dependent material properties and the aluminum mandrel as an isotropic

solid with constant material properties.  The thermophysical properties of

APC-2, the aluminum mandrel and the steel roller are given in Table 6.4.

The solution scheme of the thermally induced stresses analysis using

ABAQUS is shown in Figure 6.19.
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Table 6.4 Input parameters for thermal stress analysis.

Properties APC-2/AS4 Aluminum

Modulus, longitudinal

(GPa) 133.8[64] 73

Modulus, transverse (GPa)
8.895[64] 73

Shear modulus (GPa) 5.1[64] 28

Poisson's ratio 0.28[64] 0.3

Thermal expansion coeff.

longitudinal (x10-6 /°C) T>Tg    0.6[14]

T<Tg   - 0.3[14]

23.0

Thermal expansion coeff.

transverse

(x10-6 /°C)

T>Tg    66.0[14]

T<Tg    34.3[14]

23.0
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Thermal History, T

Incremental Displacements, 

Strains and Stresses

Temperature Dependant

Orthotropic Material Properties

2-Dimensional 

Thermal-stress Analysis

t(i+1) = t(i) + 1

Final Step

Total Displacements, 
Strains and Stresses

NO

Figure 6.19 Solution scheme of the thermally induced stresses analysis using

ABAQUS.
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6.4.3 Results

In order to evaluate the accuracy of the results from the finite element

simulation, we compare the ABAQUS solution to that of an analytical

solution.  Consider an circular disk with a concentric circular hole subjected

to a radial temperature variation.  The temperature on the inner surface of

the cylinder,   Tinner  is 25°C and the temperature on the outer surface,   Touter  is

125°C.  The temperature at any distance   r  from the center is expressed as [77]

    
T =

∆T

ln(b / a)
• ln(b / r ) (6.27)

where   b  is the outer radius of the cylinder,   a  is the radius of the hole, and

  ∆T = Tinner −Touter .

For the case of plane stress, the non-zero stress components were given as [78]

    
σ r =

αE

r 2

r 2 − a2

b2 − a2 Trdr
a

b

∫ − Trdr
a

r

∫
 
  

 
  (6.28)

    
σθ =

αE

r 2

r 2 + a2

b2 −a 2 T rdr
a

b

∫ + T rdr −Tr 2

a

r

∫
 
  

 
  . (6.29)

Substituting Eqn. (6.27) into Eqs. (6.28) and (6.29), the final expressions for the

thermal stresses caused by the temperature gradient can be written as

    
σ r =

αE∆T

2ln(b / a)
− ln

b

r
−

a2

(b2 − a2 )
1 −

b2

r 2

 
 
  

 
ln

b

a

 

  
 

  (6.30)

    
σθ =

αE∆T

2 ln(b / a)
1 − ln

b

r
−

a 2

(b2 − a2 )
1 +

b2

r 2

 
 
  

 
ln

b

a

 

  
 

  (6.31)
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where α  is the coefficient of thermal expansion and   E  is the Young's

modulus of the isotropic material.

For the ABAQUS finite element model, the material properties of

aluminum were used throughout the entire model.  A steady-state heat

transfer model was used to predict the temperature distribution in the

composite-mandrel assembly and the calculated temperatures were applied as

the thermal boundary conditions to predict the process induced thermal

stresses.  As shown in Figure 6.20, the temperature simulation compared

well.  Figure 6.21 and Figure 6.22 show the predictions of thermally induced

stresses compared to the analytical solutions.  The thermal stress in the hoop

direction is tensile at the inner surface and compressive at the outer surface.

The ABAQUS finite element solution for thermal stresses agreed with the

thermal stresses obtained from the analytical solution.  Overall, the

sequential ABAQUS finite element models were considered a practical tool

for analyzing the heat transfer and thermal stress problem associated with the

on-line consolidation process.
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Figure 6.20 Temperature as a function of radial distance from center for

hollow isotropic cylinder.  Comparison between the ABAQUS

finite element solution and analytical solution (Eqn. 6.27).
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Figure 6.21 Thermally induced hoop stresses as a function of radial distance

from center for a hollow isotropic cylinder.  The comparison

between the ABAQUS finite element solution and analytical

solution (Eqn. 6.31).
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Figure 6.22 Thermally induced radial stresses as a function of radial distance

from center for a hollow isotropic cylinder.  The comparison

between the ABAQUS finite element solution and analytical

solution (Eqn. 6.30).
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The transient heat transfer and the thermal stress ABAQUS finite

element models were used to predict the process-induced thermal stresses in

composite-mandrel assembly.  The temperature-dependent material

properties of APC-2 composite given in Table 6.4 were used in the model.

The simulation was performed in two parts.  First was the transient heat

transfer model followed by the thermal stress model.

The transient heat transfer model has two steps, winding and cooling.

During the winding step, only the winding of the last quarter of the

outermost layer was simulated.  A nodal temperature of 100°C was assigned

for every node in the model as the initial condition.  Initially, the heat source,

located at the three o'clock position, aimed horizontally at the surface of the

composite cylinder.  Then, the heat source was moved in 8 degrees increment

counter-clockwise along the circumference of the cylinder every 1.33 seconds

until it arrives at the 12 o'clock position.  This motion was equivalent to a

winding speed of 1 rpm.  The heat source was then moved away and free

convective boundary condition was applied along the outer surface of the

composite-mandrel assembly.  The cooling continued until the entire

composite-mandrel assembly reaches room temperature.  The cooling step

took about 20 minutes based on measurement from experiments.  A

prescribed boundary condition that takes into account the cooling rate was

applied on the inner surface of the mandrel.

For the thermal stress analysis, the thermal histories of all elements are

calculated and applied as a predefined field.  Since the thermal field is the

only driving force for the stress analysis, zero-traction boundary conditions
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are applied for entire model.  The finite element model was used to simulate

the last 1216 seconds which includes winding the last quarter of the final layer

and cool down of the part, during which the instantaneous temperature

distribution and thermal stresses were calculated at 39 time increments.

Figure 6.23 through 6.24 show contour plots of the temperature field at eight

times during the winding and cooling process.  It is noted that there exists a

transient period between winding and cooling stages during which the

temperature field changes from highly non-uniform, due to localized

heating, to almost uniform through the entire composite-mandrel assembly,

as shown in Figures 6.23 (d) and 6.24 (a).

The temperature distribution and thermal stress are presented at one

increment from each stage.  The first set of results representing the winding

stage (time = 13.74 sec) is shown in Figure 6.25 through 6.27.  The temperature

at the outer surface is about 100°C higher than the temperature at the inner

surface.  The large temperature gradient causes localized shear stress as shown

in Figure 6.26 (a).  The radial stresses are negative for entire composite

mandrel assembly with slightly non-uniform distribution due to the localized

heating (Figure 6.26 (b)).  The hoop stresses in the mandrel are compressive

since the thermal expansion of the mandrel is constrained by the composite.

On the other hand, the composite cylinder is under tensile (Figure 6.27).

Figure 6.28 show the second set of results that represents the transient

stage (time = 60.8 sec).  Here, cooling is taking place and the global

temperature drops back to about 100°C.  The shear stress become less severe.

The distribution of hoop and radial stresses through the thickness are
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uniform.  The third set of results representing the cooling stage (time = 526

sec) is shown in Figure 6.29.  During cooling stage, the effect of localized

heating died out completely.  The temperature field, the distribution of hoop

and radial stresses are uniform and there are no shear stresses.

For studying the developing of the process-induced thermal stresses

during the on-line consolidation process, the temperature and thermal stress

distributions along the radial direction are shown in Figure 6.30 through

Figure 6.33.  Figure 6.30 shows the temperature variations through the

thickness at five times.  Figure 6.31 through 6.33 show the process-induced

thermal stresses developed during the on-line consolidation process.  Results

are from elements #721 through #733 (figure 6.18).  For the final state of

thermal stresses, the mandrel is near stress-free and the composite is under

small tensile stress in radial direction and compression in the hoop direction.

The analysis of process-induced stresses presented in this work can be

used to study the impact of processing parameters such as nippoint

temperature and winding speed, to further investigate the residual stresses,

and to realize the potential of the on-line consolidation technique for

manufacturing composite parts.
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Time=4 second
Time=8 second

(a) Winding (b) Winding

Time=16 second
Time=29.7 second

(c) Winding (d) Transient

Figure 6.23 Contour plots of the temperature field at four times.

Temperatures are in °C.
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Time= 48.9 second Time= 126 second

(a) Transient (b) Cooling

Time=433 second Time=1216 second

(c) Cooling (d) Cooling

Figure 6.24 Contour plots of the temperature field at four times.

Temperatures are in °C.
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Figure 6.25 Temperature contour plot at time = 13.74 second.  Temperatures

are in °C.
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(a)

(b)

Figure 6.26 Process-induced shear (a) and radial stress (b) at time = 13.74

second.  Stresses are in Pa.
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Figure 6.27 Process-induced hoop stress at time = 13.74 second.  Stresses are

in Pa.
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Figure 6.28 Isotherms and process-induced stresses at time = 60.8 second.

Temperatures are in °C.  Stresses are in Pa.
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Figure 6.29 Isotherms and process-induced stresses at time = 526 second.

Temperatures are in °C.  Stresses are in Pa.
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Figure 6.30 Temperature distribution across the thickness at five times

during manufacturing process.
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Figure 6.31 Thermal stresses in radial direction at five times during

manufacturing process.
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Figure 6.32 Thermal stresses in hoop direction at five times during

manufacturing process.
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Figure 6.33 Shear thermal stresses at five times during manufacturing

process.
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7 Concluding Remarks

7.1 Summary

An on-line consolidation system which includes a computer-

controlled filament winding machine and consolidation head assembly, has

been designed, constructed, and installed in Hancock Hall at Virginia Tech.

The successful completion of the facility allows us to intensively investigate

the feasibility of this relatively new manufacturing technique for

thermoplastic composites.

The on-line consolidation system was used to manufacture composite

cylinders from 6.35 mm wide APC-2 towpreg (carbon fiber and PEEK) from

Fiberite, Inc.  The winding pattern was generated by the computer software,

CADWIND®.  The winding procedure was performed on a computer

controlled two-axis filament winding machine.  All cylinders investigated are

hoop-wound and have an inner diameter of 146 mm (5.75 in).

The processing window for the on-line consolidation system was

determined by adjusting the three system processing parameters, namely
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roller pressure, winding speed, and nippoint temperature.  To simplify the

approach a step further, a fixed roller pressure of 380 kPa (55 psi) was chosen

for fabricating all cylinders.  The present study was focused on the impact of

winding speed and nippoint temperature on composite quality.  A two-factor

central composite design of experiments was used to define the combination

of processing parameters, to systematically study the processing window, and

to maximize the quality of composite parts.  The levels for winding speed

range from about 4-10 mm/s and the nippoint temperature has a high value

of 660°C (1220°F) and a low value of 493°C (920°F).  Nine composite cylinders,

26-ply thick and 19 mm (3/4 in) wide were fabricated under the prescribed

processing conditions given by the experimental design.  The winding time

ranges from 77 to 172 minutes.

To gage the overall quality, density and void content tests were

performed on all composite cylinders.  The density measurements was

performed in accordance with ASTM standard D792-91.  The void content was

calculated based on ASTM standard D2734-91. Micrographs of the cross

sections of each consolidated part are used to qualitatively describe the

consolidation for a set of processing conditions.  The degree of crystallinity of

the consolidated cylinders under different processing conditions was

measured by differential scanning calorimetry (DSC).  Finally, the

interlaminar shear strength of consolidated parts was measured based on

ASTM standard D2344.

Micrographs of the composite cylinder cross-sections show that

complete intimate contact and a uniform fiber distribution at the interply
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interface are possible with on-line consolidation.  Composite cylinders with

less than 1% void content were achieved in spite of an average void content

of 7% for APC-2 towpreg.  Void content tests assure us that consolidating the

thermoplastic prepreg layer by layer helps to squeeze out the air entrapped in

the raw material.  To study how ILSS varies with different processing

conditions, a response surface was constructed.  A second order linear

regression analysis was used to determine the ILSS response surface.

An in-situ measurement system was constructed to acquire

temperature data during the winding process.  A total of eight thermocouples

were placed between different layers during winding.  It was found that the

winding speed had a significant impact on the maximum temperature inside

the composite cylinder.  However, the temperature was well below melting

point of APC-2 composite.

In order to investigate the transient heat transfer occuring during on-

line consolidation, ABAQUS finite element models of the different phases of

the consolidation process were constructed.  First, the fundamental equations

involved in transient heat transfer and the finite element formulations in

ABAQUS were discussed.  Then, an ABAQUS finite element model that took

into account all components involved in the on-line consolidation process

was constructed.  The transient temperature field for a stationary heat source

was solved and the calculated temperature history was compared with data

obtained by the in-situ measurement system.  A convective heat transfer

coefficient equal to 260 w/m2°K was obtained by matching the calculated
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temperature history to in-situ measurement data.  The impact of film

coefficient was also investigated.

To predict temperature distribution during winding, mandrel rotation

was indirectly modeled by moving the heat source along the circumferential

direction of the stationary mandrel.  The winding speed was modeled by

incrementally moving the convective boundary conditions, as described in

Section 6.3.2 around the outer surface of the composite cylinder.  The

predictions were about 15% lower than the measured temperatures.

Nevertheless the overall prediction captured the transient rather well.

Finally, a towpreg heating model was constructed to predict the temperature

distribution on the cross section of the incoming towpreg under various

processing conditions.

The finite element mesh for thermal stress analysis included the entire

composite-mandrel assembly.  The thermal boundary conditions consist of

two major parts, the winding stage and the cooling stage.  The winding part

was similar to the boundary conditions used in the winding analysis.  Then

the heat source was moved away and the cooling stage starts.  During cooling,

the free convective boundary conditions are applied on all of the outer

surface of the composite cylinder and a prescribed temperature was specified

at every node on the inner surface of the mandrel.  Based on the

experimental observation, it took about 20 minutes for the mandrel to cool

down to the room temperature.

To evaluate the accuracy of the thermal stress model, isotropic material

properties were input into the ABAQUS simulation and the results were
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compared to that of an analytical solution as derived in Section 6.4.  Overall,

the simulation results agreed with analytical solution.  To predict the process-

induced thermal stresses, temperature-dependent material properties were

applied to the model.  The APC-2 composite was modeled as an orthotropic

media with temperature-dependent material properties and the aluminum

mandrel was modeled as an isotropic solid with constant material properties.

The temperature distribution and thermal stresses were investigated during

the winding and cooling processes.

7.2 Conclusions

Results from mechanical and physical tests on the composite cylinders

have shown that the present on-line consolidation (OLC) system is capable of

performing all tasks needed for investigating the fundamentals involved in

the OLC process without adding secondary preheating components.  The

interlaminar shear strength (ILSS) was found very sensitive to both winding

speed and nippoint temperature.  Thus, the ILSS test was considered an

excellent screening method for evaluating various processing conditions.

Under optimum processing conditions, an ILSS of 58 MPa and a void content

less than 1% was achieved with APC-2 towpreg.  An experimental design was

used to select the processing conditions and to define the processing window.

The processing window is defined as the conditions under the shaded area in

contour plot (Figure 4.22) which yield an ILSS of 50 MPa or better.  For the

processing range investigated in the study, higher nippoint temperature and

lower winding speed yield higher ILSS and lower void content.  The thermal
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degradation was not a concern due to high heating rate and short dwelling

time associated with the on-line consolidation process.

The winding simulation model confirms the experimental observation

from in-situ measurements that the single air-heater design was not able to

create a melt zone on the substrate surface.  Therefore, the heater was focused

directly at the towpreg which was much easier to melt thoroughly due to its

size.  The path of towpreg through guide roller was also changed to enlarge

melt zone on the incoming towpreg.  The towpreg heat transfer simulation

provided operational limits that avoid insufficient melting and thermal

degradation.  The process-induced thermal stress analysis was used to

determine the temperature distribution and thermal stresses during the

winding and cooling processes.  During winding, localized heating results in

in-plane shear stresses near the heat affected zone.  During the cooling,

virtually no in-plane shear existed due to no temperature change throughout

the composite-mandrel assembly.  After processing, a compressive hoop stress

was predicted inside the composite cylinder.  The on-line consolidation

models developed in the present study can be used as a computer-aided-

design tool for developing new OLC systems by simply changing the

boundary conditions or the material properties.

Though still at its developing stage, with ever increasing knowledge of

the fundamentals involved in the process and the very merit of the

thermoplastic materials such as toughness, recyclability, and reparability, the

on-line consolidation technology will find its positions in many industrial

applications in the very near future.
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7.3 Future work

For future work, the following activities are recommended:

• Investigate the impact of compaction pressure on the quality of the
consolidated cylinders.

• Expand the range of processing parameters beyond the ones currently
studied.

• Study the non-isothermal crystallization mechanism of the PEEK resin.

• Modify the in-situ measurement to incorporate process-induced strains
measurements.

• Apply the on-line consolidation technique to powder coated towpreg.

• Investigate the resin flow behavior under compaction roller.

• Improve the winding speed by pre-heating the incoming towpreg and
mandrel assembly.

• Use contact elements between composite and mandrel to simulate the
separation during cooling.
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APPENDIX A

The law of conservation of energy states that heat added to the system

plus the work done by the surroundings on the system is equal to increase of

the internal energy of the system.  Since the surface force and body force are of

no interest in a pure heat transfer problem, the Lagrangian formulation of the

energy balance equation for an arbitrary control volume as shown in Figure

A.1 can be mathematically expressed as the follows:

    
q dΓ

Γ∫ + r
Ω∫ dΩ = ρ ˙ U 

Ω∫ dΩ (A.1)

where:

  
q dΓ

Γ∫  = surface flux term,   q  positive into the body,

  
r

Ω∫ dΩ  = Volumetric flux term (source),

    
ρ ˙ U 

Ω∫ dΩ = storage term,

  q  = the heat flux per unit of current area crossing surface Γ  from surrounding

to body (scalar quantity),

  r  = internal heat generation per unit volume, and

    ̇  U  = the material time rate of internal energy.

Substituting     − ˜ q • ˜ n  for   q  in Eq. (A.1), we obtain
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− ˜ q • ˜ n dΓ

Γ∫ + r
Ω∫ dΩ = ρ ˙ U 

Ω∫ dΩ (A.2)

or using divergence (Gauss') theorem

    
−

∂
∂ ˜ x 

•
Ω∫ ˜ q dΩ + r

Ω∫ dΩ = ρ ˙ U 
Ω∫ dΩ . (A.3)

By rearranging Eq. (A.3) we can write

    
(−

∂
∂ ˜ x 

•
Ω∫ ˜ q + r − ρ ˙ U ) dΩ = 0 . (A.4)

or

    
−

∂
∂˜ x 

• ˜ q + r − ρ ˙ U = 0 . (A.5)

Since the region Ω  is arbitrary, the integrand must be identically equal to

zero.

Fourier's law of heat conduction states that the heat flux     ̃ q  is

proportional to the temperature gradient 
    

∂T

∂ ˜ x 
 and can be expressed as

    
˜ q = −k•

∂T

∂ ˜ x 
(A.6)

where   k  is the material's thermal conductivity matrix.

The time rate of internal energy can be rewritten as

    
˙ U =

dU(T )
dt

=
dU(T)

dT

dT

dt
=

dU(T )
dT

˙ T = Cp
˙ T (A.7)

where   Cp  is the specific heat of the material and is defined as 
    

dU(T )
dT

= Cp .

Note that   Cp  can be temperature dependent in the most general case.

Substituting Eq. (A.6) and Eq. (A.7) into Eq. (A.5), we obtain
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∂
∂ ˜ x 

•k
∂T

∂ ˜ x 
+ r = ρ Cp

˙ T (A.8)

or in the matrix form and in the tensor form respectively as

    ∇• (k ∇T ) + r = ρ Cp
˙ T  and     (K ijT , j ),i + r = Cpρ ˙ T . (A.9)

Surface Γ

Volume Ω

    
v 
q 

    
v 
n 

  − q
Flux crossing surface

Figure A.1 Arbitrary control volume.
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