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ABSTRACT

Automated Manufacturing of Composite Components by

Thermoplastic Tape Winding and Filament Winding

Sanjay Kumar Mazumdar, Ph D
Concordia University, 1994

Advanced composites are capable of meeting many demanding reqmrements for
automobile and aircraft structures However lack of efficient manufacturing techniques and
higher fabrication cost prohibit their widespread use This study deals with two
manufacturing processes thermoplastic tape winding and filament winding on a two-axis

machine These techniques have potential for automation and low fabrication cost.

For the thermoplastic tape winding process, laser and hot nitrogen gas are used as
heat sources for on-line consolidation of incoming APC-2 thermoplastic tape with
precor-olidated laminate Since consolidation 1s a common step in many of the forming
processes, the knowledge gained by this study can e beneficial for various processit g
methods including repair and joining of thermoplastic composites. In the thermoplastic
tape winding process several processing parameters influence the quality of a part. The
dominant parameters are heat intensity, tape feed rate and consolidation pressure Effect
of these three process parameters on temperature history, crystallinity, process induced
deformations and quality of bond are examined Process models which relate the heat
intensity, tape speed and consohdation pressure to the temperature history and degree of
intimate contact are presented for an on-line tape consolidation process. Suitable
manufacturing conditions for well consolidated part are determined. Because of lack of
a standard technique for the characterization of quality of bond for ring specimens, short
beam shear test., double cantilever curved beam tests, and scanning electron microscopic
tests were performed. The effectiveness of each method in evaluating the bond quality

was determined. The Taguchi method was implemented for estimating the contribution

iil



of individual process parameters on the development of bond strength In addition, a
kinematic model for the manufacture of non-axisymmetric cyhndrical components using
laser as a heat source was developed. Based on this model, an experimental set-up was

designed and built Elliptical rings were fabricated using laser as a heat source

For filament winding using two axis machines, a new method, the Geometric
Approach, is presented. This method allows one to determine the winding motion for
various kinds of mandrel shapes such as axisyrrmetric, non-axisymmetric, cylindrical and
non-cylindricai The method is found to be faster and more cost-effective as compared to
teach-in-programming, simulation and CAD/CAM techniques. For certain shapes, such as
mandrels with polygonal cross-sections, the Geometric Approach gives exact solution for
determining the winding motion Techniques for the prediction of fiber angle distnbution
for known machine motion are not available Closed form and numerical solutions are
presented for computing the fiber angle distribution for known equations of machine
motions. This is important during start-up and reversal period of the filament winding

operation.
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CHAPTER 1

INTRODUCTION

Composite materials have fully established themselves as important engineering
materials and are now quite common place around the world Early military applications
during World War Il led to large-scale commercial applications, particularly in the marine
industry during the late 1940s and early 1950s. Today, industries such as aircraft,
automobiles, sporting goods, electronics, and appliances are using many componen's made
of fiber-reinforced plastics, and these composites are routinely designed, manufactured,
and used The advantages of designing with polymer composites over metals include
weight savings of 20 to 50 % when compared to aluminum as well as excellent long-term

properties such as creep, fatigue and corrosion resistance.

A composite material 1s a combination of several materials, two in most cases,
namely the matrix resin and the reinforcing fiber. Fibers are made of carbon, glass, kevlar,
aramid, metal or ceramic. The matrix may be polymeric, metallic or ceramic. An overview
of composite materials, their mechanical properties compared tc other materials and the
different manufacturing techniques used to process them can be found in references {1,2].
A compostte material offers the advantage of exhibiting higher performance than any of
its components In addition, selective mechanical properties can be obtained iIn
composites. The isotropic structure of alloys and metals does not al'ow such selective
properties. Polymer composites offer a unique combination of light weight, high stiffness
and strength, corrosion and solvent resistance, and good electrical properties not available
with other materials. In polymer composites, thermosets and thermoplastics are two of the

main matrix materials of interest.

Early in the 1980s, the composites industry began evaluating a new generation of

composites utilizing thermoplastic matrix polymers. These products like APC-2 (PEEK




matrix composites) - have generated tremendous interest due to several advantages that
thermoplastic composites offer over thermosetting composttes Interesting work has been
done on ihese matenals. Recently two books were written on various aspects of
PEEK/Carbon thermoplastic composites [3,4] In general thermoplastic composites have
better solvent resistance, greater damage tolerance, longer shelf life and most importantly,
they have potential for lower manufacturing costs than thermosetting composites Epoxy
(thermoset) based composites have lengthy cure cycles ranging from 2 to 10 hrs due to
the slow reaction kinetics of the resin Repair of thermoset composites 1s a complicated
process, requiring adhesives and careful surface preparation Thermoplastic resins can be
welded together, making repair and joining of parts more simple than for thermosets.
However, the higher viscosity of thermoplastic resins makes some manufacturing
processes more difficult such as a prepregging operation Thermoplastic composites
typically require higher forming temperatures and pressures than comparable thermoset
systems. Therefore, thermoplastic composites do not enjoy as high a level of integration
as is currently obtained with thermocsetting systems As a consequence of this, the
fabrication of thermoplastic composite parts has drawn a lot of attention from researchers

to overcome the problems.

In an effort to reduce the cost of composite components, fabrication by automation
is necessary. Automation can be applied to both thermoplastic and thermoset composites.
This thesis develops techniques for the automation of two processes: the tape winding for
thermoplastic composites and filament winding using two axis machine for thermoset
composites. The thesis is divided into two parts, the first part of the thesis focuses on the
automated processing of APC-2 composites using laser and hot gas as heat sources and
the second part deals with the filament winding of complex shapes on a simple machine

with two degrees of freedom.

Recently several researchers have addressed various aspects of the thermoplastic
tape laying and tape winding process Beyeler and Guceri [5], Grove [6], Nejhad et al

[7] and Anderson and Colton [8] developed models for the prediction of a temperature
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history for known amount of heat supply and known tape speed for tape laying operation.
None of these researchers determined the temperature profile experimentally Anderson
and Colton [8] reported the difficulties in measuning the temperature durnng a
thermoplastic tape laying operation Mantell and Springer [9] developed a model for
thermoplastic tape laying and tape winding operations They included the problem of
consolidation, crystallimity and residual stress in thetr model Nejhad et al. [10] mncluded
the crystallinity and process induced stresses in their model. Experimental nvestigation
on the crystallimity and process induced deformations are not reported by above authors
Mantell and Springer [11] performed some experiments for thermoplastic tape laying
operation and experimentally determined the degree of intimate contact ard the extent of
bonding Their intimate contact model predicted the degree of intimate contact with good
accuracy whereas for the case of bonding, they found 50% difference 1n test results and
predicted results Experimental determination of degree of intimate contact was done by
conducting C-scan tests whereas extent of bending was determined by performing short
beam shear (SBS) tests and lap shear tests. The above difference in bonding results is
unclear [11]. However, they suggested that, although the overall degree of intimate contact
was high, there were small areas at various inter¥aces which had poor intimate contact and
poor bonding. These small areas serve as damage 1nitiation sites which grow rapidly when

load is applied [11].

A few other researchers [12,13,14,15,16] studied the experimeatal aspects of
thermoplastic tape winding. Beyeler, Phillips and Gucen [12] discussed the feasibility of
laser processing by producing several rings using Ryton AC 40-60 prepreg tapes. Hauber
and his coworkers [13,14] used robots and hot nitrogen gas for the manufacture of circular
cylinders. Werdermann et al. [15] designed and fabricated an on-line consolidation facility
for ... manufacture of circular nngs and short tubes for thermoplastic composites. They
used infrared and hot nitrogen gas for heating the preimpregnated tow. Carpenter and
Colton [16] used hot air as a heat source for the fabrication of circular rings. The major
emphasis in these works [12-16] was un the design and development of experimental set-

up and n the determination of quality of consolidation by optical microscopic study.
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None of the above researchers [12-16] experimentally determined the temperature history,

process induced deformations, crystaliimity and quality of bond

In all the above works in terms of model development [5-10] and in terms of
experimental work [11], processing of APC-2 composites 1s performed in the range of
350°C to 390°C similarly to compression molding and autoclave processing Effccts of
higher heating rats and shorter melt time on processing temperature were not investigated
Agarwal [17] studied the effect of laser power on crystallinity, void content, temperature
distribution, and interlaminar bond quality for a constant tape speed of 15 4 mm/sec In
an on-line consolidation process, there is a strong coupling between laser power and tape

speed, iherefore tape speed needs to be varied to obtain optimum bond quality

In general, automated processing of thermoplastic composites can be performed
using several types of heat source The following heating techniques were considered for

melting and consolidation of the thermoplastic tape;

High frequency waves can heat the material by causing the molecules in the
thermoplasiic o oszillate. However, this method only works with thermoplastics
containing polar molecules. In addition, these waves are difficult to generate and to

concentrate, and can be hazardous to electronic equipment and to human beings [15]

Hot rollers could be induction or resistance heated. This heating needs to be
provided from the top of incoming tape and can not be apphied between incoming tape
and preconsolidated laminate. The problem with this kind of heating 1s that the

thermoplastic sticks to the surface of the roller and causes problem during winding

Resistance heating requires an electric current to be sent through the carbon fibers.
This is theoreticali, possible, but it is very complicated for simultaneous continuous

winding. Moreover, it does not work for glass and aramid fibers.




Open flame and acetylene gas torch provide a high density of energy, but they are
usually so hot that they may degrade the polymer Moreover, chances of spontaneous

combustion s high

Hot air or hot gas has poor efficiency, since not only the tape but also the gas has
to be heated However, the efficiency of heating system does not have to be a major
concern, since the amount of energy that has to be apphed at the consolidation point is
much smaller for locahzed heating. Moreover, these systems are economical to use for
processing Hot air causes degradation of thermoplastics because of presence of oxidative
atmosphere, therefore hot air was not selected for localized heating In the present case,

hot nitrogen gas was selected for determining the feasibility of processing

Laser has already been used for piocessing of thermoplastics during tape winding
operation [12] Laser assisted processing provides a clean atmosphere without any need
of ventilation In hot nitrogen gas aided processing, the gas at high temperature comies out
at high velocity and requires a ventilating system. Laser has additional advantage of real
time control during processing The major concern with laser heating 1is that the equipment
1s expensive However, the cost of equipment may deciease in the future with rapid
improvement in laser technology. A survey made by Belforte [18] reported an increase
in the use of multi-uxis laser processing systems by a factor of 20 from 1985 to 1990. By
1990, there were 18,000 industrial laser systems installed in the world's manufacturing
industries [18]. For space applications, laser 1s very suitable for performing various
operations such as dnlling, welding, tnmming, joiming, etc which are not possible by
other heat sources Cost of equipment can be sacrificed for such applications References

[18-25] can be consulted for a detailed study on the CO, laser and 1ts applications.

For reasons stated above, the laser and hot nitrogen gas were selected for
automated processing of APC-2 thermoplastic composites for the present study. At the
beginning of this work, information on influence of amount of heat supply, tape speed and

consolidation pressure on heating rate, cooling rate, process-induced deformation,
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crystallinity and the quahty of bond was not available Because of lack of numerical and
experimental results and insufficient understanding about the effects of process parameters
on the quality of a part, the first part of the thesis (chapters 2, 3, 4, 5 and 6) concentrates

on the automated processing of APC-2 compostiies using laser and hot gas as heat sources

Process models which relate the amount of heat supply, tape speed and
consolidation pressure to the temperature distribution, heating rate, cooling, rate, melt time,
and degree of intimate contact are presented 1n chapter 2 Based on these moaels, a
computer code was developed for generating results for any speciiic combinations of

process parameters

Experimental vestigation on the laser-assisted processing of APC-2 composites
is presented in chapter 3. An expenimental set-up was designed and developed for
determining the feasibility of ths laser-assisted processing of APC-2 thermopiastic
composites Temperature history for laser processing was determined for different process
conditions Accuracy of numerical results on the temperature profile and degree of
intimate contact were assessed by experimental test results Effects of the laser power,
tape speed, and consolidation pressure on the crystallinity, process-induced deformations,
and quality of consolidation are discussed Influences of the heating rate, melt time
duration, and cooling rate on the quality of consoiidation are investigated Mechanical
testing and analysis of interply bonding was performed. Short beam shear test, double
cantilever beam test and fracture surface study using scanning electron microscope were

performed to investigate which method most easily detect the differences in interply bond

quality.

In a manufacturing process where several factors influence the peiformance of a
part, the Taguchi method can be used as a powerful tool for selecting the optimum
process parameters. Implementation of the Taguchi method for an on-line consolidation
process using the laser as a heat source is presented in chapter 4 The percentage

contribution of individual parameters on the quality of the bond is estimated by ANOV #
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technique

Chapter 5 discusses the hot-gas-assisted processing of APC-2 composites
Influences of the dominant process parameters such as amount of heat supplied, tape feed
rate, and consolidation pressure on the temperature history, process-induced deformation,
crystalhinity, and quality of consolidation are investigated. Manufacturing condition for

hot-gas-aided processing is estimated for better interply bond quality.

At the beginning of this work, use of the thermoplastic tape winding was limited
to the manufacture of circular cylinder shapes. This thesis work extends the technology
to the fabrication of non-axisymmetric cylindrical components by tape wiading technique.
For this, a kinematic mode) ‘or the manufacture of non-axisymmetric cylindrical structures
was developed and 1s explained in chapter 6. Based on the model, an experimental set-up
was designed and built for the production of non-axisymmetric components. Verification
of the model was performed by fabricating elliptical rings using the laser as a heat source.
Several problems during the manufacture of non-axisymmetric shapes are discussed and
solutions to these problems are presented. A kinematic model for the manufacture of open

structures by the tape laying operation 1s also presented.

The second part of the thesis discusses the use of filament winding technique for
the manufacture of complex composite shapes. Fabrication of composite part by filament
winding technique is completed in four major steps In the first step, material and part
geometry are selected depending on the requirement of a product. In the second step fiber
winding angle distribution, fiber volume fraction and thickness of the part are calculated
by performing stress analysis. In the third step, machine motions are determined to get
the desired fiber angle distribution on the surface of the mandrel. Finally, the filament
winding process 1s modeled to determine the optimum process parameters for desired
quality of the part. The present work focuses on the third step which deals with the

kinematics of filament winding,



In the hiterature very little has been found on the kinematics of non-axisymmetric
shapes. Until today, most of research activities deal with the manufacture of rocket motor
cases, pressure vessels, tanks and piping systems [1,26-29] These structures are all
axisymmetric Recently, several process models which relate the processing variables to
the chemical and mechanical behaviour of the composite component are developed by
Calius [30], Lee and Springer [31], and Cai, Gutowsk: and Allen [32]. All these models
deal with the manufacture of a circular cylinder by a filament winding technique. Use of
filament winding is limited to the manufacture of simple structures such as pipes, tanks
and pressure vessels because of insufficient understanding about the kinematics of
filament winding and higher cost involved in manufacturing complicated shapes. Focus
of the present investigation is to develop models for the determination of winding motion
to obtain desired fiber-winding angie on axisymmetric, non-axisymmetric, cylindrical, and

non-cylindrical mandrel shapes.

In the filament winding, the determination of the motion of delivery point can be
obtained from a variety of sources. The suppliers of the filament winding machine
sometimes provide application programs for the winding of standard shapes such as rings,
cylinders, pipes, and pressure vessels. In another approach, winding motions are
determined by teach-in-programming technique, in which fiber trajectory 1s first marked
on the mandrel surface and then delivery point is positioned incrementally by trial and
error method in such a way that the fiber band lies along the marked line [29] Various
co-ordinate points of the delivery point are stored to get the desired fiber trajectory. The
teach-in-programming techmque 1s stil} largely used in many industries. Sometimes
sophisticated and highly interactive graphics packages are used for smoothing and editing
the stored data [33,34] Once the required data for one complete stroke is calculated then
these data are generally repeated after indexing the mandrel. Delivery point motion can

also be determined by simulation of the filament winding process [33]

Latest development in technology offered new generation computer controlled

filament winding machine with floppy disk and hard disk drives and RS 232 input ports
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[35,36,37] The equipment is configured such that 1t relies on real time control of several
servo axes, analog outputs, digital outputs and tension controllers Winding motion is
generated from data transferred from other sources using floppy disk. Manufacturing
engineers use computer graphics to simulate the winding pattern, record the data and then

feed the resulting data to the computer through a line or floppy disk.

CAD/CAM systems have also been developed for the filament winding {38,39]
which integrate a 3-D surface modeller, specific filament winding software and design
software. A three dimensional surface modeller is used to model the component
geometries, lay the fiber on geodesic or non-geodesic path, and to determine the fiber
orientation by performing stress analysis and using failure criteria. Once winding path is
known, the filament winding software simulates the winding process by defining
successive straight lines tangential to the winding path at each point. The ends of these
straight lines define the path of delivery point in the mandrel frame of reference At this
stage intersection calculation is applied to check for possible regions of collision. Once
an acceptable winding circuit is generated, delivery point locations are converted from the
mandrel frame of reference to a co-ordinate system which corresponds to the kinematics
of filament winding machine. Most difficult part here 1s to convert these data into the five
or six simultaneous axes of the filament winding machine Machine motion for each
degree of freedom 1s then determined in such a way that the net effect of motion of each
degree of freedom should match with the desired movement of the delivery point location.
Sometimes machine motion by this technique is quite complex and requires sophisticated

filament winding machine with a large number of degrees of freedom.

Robots have also been introduced in the filament winding of small complex shape
structures [40,41]. In many cases of robotic filament winding and CNC (Computer
Numerical Controlled) filament winding, motion of the delivery point is obtained directly
from the stable fibre path predictions on the mandrel surface [41,42] In this case it is
assumed that the distance between the delivery point and mandrel surface is zero and

delivery point moves on the mandrel surface along desired fiber trajectory. In actual case,
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since the distance between delivery point and mandrel surface is not zero, the accuracy
of fiber placement 1s less than that offered by regular filament winding machine [41}
Other possible restrictions which may prevent the robot from performing its prescribed
task are collisions with the mandrel or other objects, singularity positions or joint angle

limitations of the robot arm, machine dynamics [40,41]

In above techniques, winding motions for the delivery point are determined either
by trial and error method or by using sophisticated equipment The emphasis on low cost
manufacturing indicates that super sophistication in equipment 1s not always necessary in
the production process. A survey made by Wilson [37] shows that extremely sophisticated
winders will have limited market in future for the production of composite components.
The majonty of the market place will emphasize low cost and specific capabilities of

equipment to manufacture a distinct product [37].

With above discussion in mind, development of analytical formulas to determine
the winding motion can be helpful to lower the cost of a filament wound composite
component. Allard et al. [43] reported that the kinematics on elliptical cross-section is
very complex. Hamouda et al. [44] developed an analytical model which provides the
laws of motion of the traverse stroke relative to the mandrel to ensure that the filament
lay down is along the predetermined path. They developed differential equation of
winding to predict layer by layer geometry using the mandrel shape as the initial
boundary condition. Their model is similar to the model developed by Emesrov [45,46] for

the textile industry and is for circular cylinder and axisymmetric mandrel shapes

None of the above work on filament winding explains the effects of delivery point
distance, fiber winding angle distribution, mandrel shape geometry on the winding motion
of filament winding machine. This is very important in reducing the experimental set-up
time. For instance it takes around 40 hrs. to change the experimental set - up for a
mechanical filament winder with two degrees of freedom if size of the component

changes. This increases the cost of manufacturing a component.
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In this thesis a new techmque, Geometric Approach, 1s presented for the
manufacture of a wide variety of composite components such as axisymmetric, non-
axisymmetric, cylindrical and non-cylindrical mandrel shapes The best part of this
approach 1s that 1t 1s applied for the simiplest form of filament winding machine which has
two degrees of freedom The approach is simple and uses geometrical and trigonometrical
relations to determine the winding motion. For some shapes such as cylindrical mandrels
with polygonal cross-sections or non-cylindrical mandrels with polygonal cross-sections,
the method requires some simple hand calculations without the use of computer to
determine the winding motion Jt reduces the experimental set-up time and is very helpful
in low cost manufacturing of composite components The approach 1s not only useful in
filament winding operaticns but the concept can be applied to other fields such as

thermoplastic tape winding and laser cutting operations.

Based on the Geometric Approach, various kinematic models are presented in
chapters 7-10 for the manufacture of axisynimetric, non-axisymmetric, cylindrical, and
non-cylindrical mandrels These models are suitable for thermoset filament winding. These
models together with the model developed in chapter & can be applied for thermoplastic
tape winding and thermopiastic filament winding Chapter 7 presents a generalized model
for achieving desired fiber angle distribution on non-axisymmetric cylindrical mandrels
with smooth convex curved cross-section. The experimental verification of the model is
done on a cylindnical mandrel with elliptical cross-section. The method presented in
chapter 7 can not be used for getting desired fiber winding angle on mandrels with
rectangular, hexagonal or any other polygonal cross-sections, where first denivative of the
surface is not continuous To solve this problem, a method is presented in chapter 8 for
filament winding of cylindrical mandrels with polygonal cross-section The method was
venfied by performing experiments on cylindrical mandrels with rectangular and
hexagonal cross-sections. Effects of location of delivery point, mandrel geometry, and
fiber winding angle on machine motions are discussed for the above cases. The methods
presented in chapters 7 and 8 are used for the filament winding of only cylindrical parts.

A generalized analytical model is presented in chapter 9 for determining machine motions
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for laying down the fiber on a predetermined path of the axisymmetric, non-axisymmetric,
cylindrical, and non-cylindrical mandrels. The method described in chapter 9 can be used
for the kinematic analysis of cylindrical mandrels but the algorithms presented in chapters

7 and 8 are simple because of mandrel's cylindrical nature.

Techniques for the prediction of fiber angle distribution on a variety of mandrel
shapes for known machine motions are not available in the literature. In chapter 10, a
novel approach was developed for determining the fiber lay-down path for known
equation of motion of the delivery point. This is important during start-up and reversal

period of the filament winding operation.

Finally conclusions and contributions of present thesis are described in chapter I1.
Suggestions for future work in the area of the thermoplastic tape winding and filament

winding process are also presenter’
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CHAPTER 2

LASER-ASSISTED PROCESSING - PROCESS MODELS

2.1 Summary

A heat transfer model and a intimate contact model are presented for on-line
consolidation of thermoplastic composites. The heat transfer model is based on the
governing equation for anisotropic heat conduction whereas the intimate contact model
is based on the Mantell and Springer model. Based on the models, a computer code 1s
developed to determine the effect of laser power, tape speed, and consolidation force on
the temperature history, heating rate, cooling rate, melt time, and degree of intimate

contact.

2.2 Introduction

The selection of process parameters during the manufacture of composite
components has a significant effect on the quality and cost of the finished product. In the
thermoplastic tape winding process, the dominant processing variables are heat intensity,
tape speed, and consolidation force. These variables should be carefully chosen to
improve the quality at reduced cost and reduced experimental time. This can be achieved
by the development of process models. In recent years several models are developed to
simulate the thermoplastic tape laying and tape winding process [5,6,7,9]. Beyeler and
Guceri [5], Grove [6], and Nejhad et al. {7] presented numerical solutions for the
prediction of temperature distribution for laser-assisted processing. All of them presented
numerical results for different sets of processing variables without performing any
experimental verification. The results predicted by above researchers can not be used for
the verification of the model with the experimental results obtained during this thesis

because of lack of suitable selection of process parameters. Beyeler and Guce-i [5]
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determined the temperature distribution for 15 4 W laser power at 10 mm/sec tape speed,
38 1 W at 50 mm/sec tape speed, and 45 7 W at 80 mm/sec tape speed Their selection
of process parameters was made such that the maximum temperature reached during
processing was in the range of 360°C to 400°C Grove [6] predicte? the temperature
profile for laser powers of 1,500 W to 2,500W whereas in the present study laser power
in the range of 30W to 60W is selected for processing APC-2 thermoplastic composites.
Nejhad ¢t al [7] determined the temperature distribution for laser powers in the range of
146.4W to 366.0W such that the maximum temperature reached during laser processing
is 400°C whereas according to the present finding, maximum temperature reached during
laser processing need to be more than 500°C for better bonding of the plies Cirino [47]
examined the problem of e thermoplastic tape winding where the entire surface of the
cylinder was at uniform heat flux The major emphasis in above models was on the heat
transfer process during tape laying/winding operation. Mantell and Springer [9]
incorporated crystallinity and consolidation with their heat transfer model. They also
determined the processing conditions for maximum temperature of 360°C to 400°C during
thermoplastic tape laying operatior Loos and his co-workers [48,49] developed a model
for the degree of intimate contact between ply interfaces during consolidation of
thermoplastic composites. The model was developed using prepreg surface topology
characterization with a resin flow analysis. Validation of their model was performed by
comparing the results of the model with the data obtained by compression moulded
samples for graphite-polysulfone and graphite-PEEK prepregs [49]. None of the above

researchers validated their model for a thermoplastic tape winding operation.

The objective of this investigation is to determine the temperature, heating rate,
cooling rate, melt time, and consolidation as a function of time and position for a given
heat intensity, tape speed, and consolidation force. The study on the laser-assisted
processing is separated into 3 chapters. This chapter describes the procsss models, namely
the heat transfer model and intimate contact model. The heat transfer model is developed
using governing equation for anisotropic heat conduction. The intimate contact model is

based on the concepts proposed by Loos and his co-workers [48,49] and by Lee and
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Springer [50]. Based on these models, a computer code designated by TAPEW is
developed to generate numerical results and to select appropriate processing conditions
for a thermoplastic tape winding provess. The accuracy of the models is assessed by
comparing the numerical results with the experimental results and is discussed 1in detail
m the next chapter. Chapter 3 describes the development of an experimental set-up, the
+ .mal characterization, and the influence of dominant process parameters on process-
induced derormations, crystallinity, and consolidation quality Chapter 4 describes the use
of Taguchi method for process and property enhancement of laser-assisted fabrication

method.

2.3 Heat Transfer Model

During the processing of thermoplastic composites, information about the
temperature history is very important o predict the heating rate, cooling rate, melt time,
and degree of intimate contact. In order to predict the temperature distribution during
processing of thermoplastic composites, a suitable heat transfer model is needed.
Prediction of temperature profile is alsu important in order to control the process for tape
winding and tape laying operation since direct sensing of temperature is not currently

feasible.

The thermal analysis of the laser-assisted processing during the thermoplastic tape
winding process is based on an anisotropic heat conduction model. The working material
is considered to be an anisotropic, two dimensional medium. If the heat source is
uniformly distributed over the width of the laminate, then thc nresent problem can be
considered as a two dimensional problem. For the development of the model, mandrel
diameter 1s considered to be very large. Therefore, the consolidated laminate near the

consolidation zone is considered to be flat as shown in Fig. 2.1.

Governing differential equation for unsteady state heat conduction is:
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Fig. 2.1 Local application of heat and pressure during tape consolidation process
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where X and Y are co-ordinates in the moving domain as shown in Fig. 2.1 and k, U, p,
c, T, t are thermal conductivity, heat generation, density, heat capacity, temperature, and
time respectively. The above unsteady state problem can be converted to a steady state
problem by assuming a co-ordinate system (x, y) outside of the moving domain as shown
in Fig. 2.1. With respect to (x,y) co-ordinate system, temperature distribution does not
change except during the beginning and end of the process. For a continuous process,
above Eq. 2.1 is converted to a steady state problem as follows using a local co-ordinate

system (x,y).

x = x,+X+vt (2.2)

y =y, t Y+t (2.3)

where (x,, ¥, ) is the origin of (X,Y) co-ordinate system in the beginning, and v, and v,
are velocity of moving domain with respect to (x,y) co-ordinate system. Converting the

various differential terms of Eq. 2.1 to the local co-ordinate system,

of o6l ox _ of 2.4)

8X ox 80X Ox (
3T _ T (2.5)
X ox? ’
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Substituting differential form of temperature from equations 2.4 to 2.8 in equation

2.1 gives,

or

6T ., 8T, & 5Ty, - pe(®Ty + 8T,y (29
gy oy gy Thagy) U " PG 09

(llbx

The above steady state equation 2.9 can also be obtained by an Eulerian apnroach
for a continuous process [5]. This is possible since at every instant, the temperature
distribution would remain unchanged with respect to a fixed co-ordinate system (x,y). In
this formulation, the velocity terms v, and v, on right hand side represent the local
material velocities with respect to the (x, y) co-ordinate system. Beyeler and Guceri [5]
solved the above equation 2.9 using numerical grid generation method with body-fitted
co-ordinate system. This technique combines the geometric flexibility of finite element
methods with the simplicity of the finite-difference approaches [5]. Grove [6] used finite
element method to solve the problem of laser-assisted processing for tape laying
operation. Nejhad et al. [7] performed three-dimensional thermal analysis for the case of

localized heating during the tape winding operation. Don, Pitchumani and Gillespie [51]
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used one dimensional transient heat conduction equation to predict the temperature profile
during the tape laying operation They predicted the temperature profile across the
thickness of the tows (y direction) It was assumed that the temperature gradients in the
x and width directions are negligible [S1] In order to predict the temperature distribution
at desired combinations of process parameters and to validate the model with the
experimental results, it was decided to develop a computer code based on the finite
element method. For finite element method, variational formulation of equation 2.9 is

performed by multiplying it by a test function v as follows.

& 6T 8T
riggthngy g gy thagy) *Ulday

fv pc(ﬂv +—-v)dxdy 0 (2.10)

where v is a test function or interpolation function. Upon performing the integration,

8T oT,  dv oT T
f[ (k;; o k;za‘;)‘*"g;(kzra +k226—y)‘V-U

6T oT.
+ V. pc(—-—v +—v )]dxdy fv[n (3 +k12—5;)

“b

nyllargy g s = @1

Three types of boundary conditions as shown in Fig. 2.2 are used in the present

case. In the first boundary, the temperature of incoming tape T, is specified. In the
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Fig. 2.2 Boundary conditions for heat transfer model.
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second boundary, the heat flux, Q,,,,, , at the consohdation point is specified. In the third
boundary i.e. at the interface of the mandrel and laminate, or the roller and laminate,
convection coefficient and temperature is specified The boundary condition for the

present problem can be written as follows;

* (kzl"—' +ky, )ny+h(T—To)+q =0 (2.12)

116 126

where q is the heat flux and h is the convection coefficient.

Upon substituting the above boundary condition into Eq. 2.11, it yields,

T
f[ (k,, gx +k 126 (kzx kzz“‘)"

+ v.pc(%gv;—gvy)]dxdy - fszv.qdw fsav.h(T—To)ds =0 (213)

Here S, is the boundary surface where heat flux q is specified and S, is the boundary,

where the convection coefficient is specified.
Let,

o, v=4 (2.14)

Upon substituting the value of T and v in Eq. 2.13, we obtain,
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where, for an element ,e,

e (¢ %%, 0% 8¢, 8¢ 8 . O
K= [ 5x gy i 5" 8 gy *ho 6y)

3, db
+ ¢,-96(#vx+—z§vy)]dxdy
Hi]e = hfsa(bi.(b‘-dg

Ff = [Uddrdy

Pt = _fsz¢,.qcls‘+ fs3¢i'hT0ds

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

The above integral can be solved by selecting a suitable element, e.g. triangular

element, rectangular element, etc. [52). For the present case, a triangular element is

selecied, for which the shape function is defined by [52],

1
¢1 = ‘ﬂ‘-(“;"’pi'x"Y(.}')

[

(2.20)

where, o, B and ¥ are constants used for defining the shape function §. A, is the area of

the element e.

For a triangular element, a mesh is generated as shown in Fig. 2.3. The exact

solution for various integral term for above shape function is given by,
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Fig. 2.3 Mesh generation during tape consolidation process.
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For a triangular element, the coefficient matrices H,°, P, and F/ are given by,

24

yor i

(221)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)



0 01
ge =M, o, Betheth o, L Bl o (2.27)
[} 6 6 6
0 2 102
1
Fe = YAl (2.28)
! 3
1
e e 1 e e e e
Pt = hy'T,L, 1+’123 T, by U+ by T, 13, (2.29)
| 2 2 1 2 1

Where, h, re the convective coefficients for side i-j of an element e, and |, is the
length of the side i+j. The results on the prediction of temperature distributions by the

present model are doscribed in chapter 3 for any specified process conditions.

2.4 Intimate Contact Model

Intimate contact refers to the removal of surface irregularities of the tows in
contact so as to achieve a good interfacial contact between adjacent tows. As intimate
contact progresses, the interfacial voids between the surfaces in contact are expelled. For
a thermoplastic tape winding process, the n.echanism of interfacial void removal is
dependent upon the relative surface roughness, and the applied pressure, temperature, and

time at the interfaces of the newly laid tow and the substrate.

A degree of intimate contact, D, , is defined such that it takes a value of unity in

the case of complete interfacial contact. Lee and Springer [50] modeled the surface
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roughness of a prepreg tape as a series of rectangles as shown in Fig. 2.4 This concept
was originally used by Dara and Loos [48] to describe the surface of a composite part.
Lee and Springer [50] however used the viscosity of APC-2 in their modeling, which

includes the effect of fibers on the resin viscosity.

According to the Springer and Lee model [50], D, is defined by

-t (2.30)

Wy + by

ic

where b, and b are the initial ({ < 0) and instantaneous (at tin.. t) widths of each
rectangular element, respectively, and w, is the initial distance between two adjacent
elements. Physically it denotes the ratio of the base width of an asperity to the wave
length of an idealized periodic arrangement of asperities. During processing the volume

of each element remains constani, therefore,

V, = ayb, = ab (2.31)

where a, and a are the initial and instantaneous ..zights of each rectangular element.

Equations 2.30 and 2.31 yield following expression for degree of intimate contact.

ayla

o= 2.32
o 1+wy/b, @32

Mantell and Springer [9] derived an expression as follows for the calculation of
intimate contact for thermoplastic tape winding operation using the law of conservation

of mass to a control volume.

1/5
d e —L 2.33)
w’ P‘mfwrcHr
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i
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Fig. 2.4 Rectangular elements representing the uneven surface of a

thermoplastic tape.
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where o 1s the speed at which the mandrel rotates, f is the consolidation force, H; 1s the
width of the roller and r, is the radius of the cylinder at the interface at which the degree

of intimate contact is being evaluated. w* and a* are defined as;

W, a
w' = 1+.._0. R a' = Sw'(_o)z (234)
1} bG

Equation 2.33 can be further simplified in the following form for thermoplastic

tape laying/winding operations with APC-2 thermoplactic tape [9,51].

D, = 0.29[__f_]ll5 (2.35)
PO T H,

The viscosity p,,, for PEEK/Carbon (APC-2) composites is defined by |9],

2969, Ns (2.36)

= 132.95exp(
e TR

Above Eq. 2.36 is provided by manufacturer [9] and shows that u, is directly a
function of temperature. At this point it is not sure how accurate the above equation is
for laser-assisted processing where the heating rate is higher than 20,000°C/min and melt

time is less than 2 sec.
2.5 Method of Solution

The models described in previous sections 2.3 and 2.4 were used to calculate the
temperature disribution and degrees of intimate contact for specific combinations of
process parameters. The procedure consisted of first determining the temperature profile
for different sets of laser power and tape speed, and subsequently using the result of

temperature distribution, the degrees of intimate contact were predicted.
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Baseu on above formulation, a computer code TAPEW was developed to predict
the temperature aistribution, heating rate, cooling rate, melt time, and degree of intimate
contact. The code is written using FORTRAN language and ail the computations were
performed on a VAX/VMS system The beam interaction area was taken to be 2 X 6.35
mm?, therefore P watt laser power would result 0.787 P MW/m* heat flux. The material
properties used are those reported by Grove and Short [53], Cattanagh ar:d Cogswell [54],
and Blundell and Willmouth [55] for APC-2, with 60 % fiber volume fraction, i e. k, =
6.0 W/m.°C, k; = 0.72 W/m.°C, density = 1562 kg/m’, melting point 343°C, and glass
transition temperature 143°C. The toundary conditions as shown in Fig 2.2 are selected

as hy,..= 500 W/m? h,,,, = 500 W/m? h,, = 5 W/m2, T,,,. = 130°C, T, = 20°C and

base
T, = 20°C. For the intimate contact model, the values of consolidation force, tape speed,
and roller width are fed into equation 2.35. The viscosity term (Eq. 2.36) was calculated
for the maximum temperature obtained by thermal analysis. The numerical results for
temperature profile and degree of intimate contact are presented in chapter 3 for specific

combinations of process conditions.

2.6 Conclusions

Models for calculating temperature profile, heating rate, cooling rate, melt time and
degrees of intimate contact for laser-assisted tape winding process are presented. Based
on these models, a computer code designated as TAPEW was developed for generating
numerical results for any combinations of laser power, tape speed, and consolidation
force. The models and computer code can be used in studying the tape consolidation
process and in establishing the process parameters most suitable for a given material and

app'ication.
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CHAPTER 3

LASER-ASSISTED PROCESSING - EXPERIMENTAL RESULTS

3.1 Summary

Experimental investigation on the processing of Carbon/PEEK (APC-2)
thermoplastic composites using laser as a heat source was performed for the thermoplastic
tape winding process. An experimental set-up was developed to produce multi-ply

thermoplastic composite rings.

During the thermoplastic tape winding process, localized melting causes a high
rate of heating and cooling, which requires different processing conditions from
compression molding and autoclave processing. APC-2 composites is processed in the
rangc of 380°C to 40°C for autoclave, hot press and diaphragm molding processes. It was
found that a temperature greater than S00°C gave better interply consolidation during
laser-assisted on-line consolidation process. The temperature history during the process

is recorded using a thermocouple.

Three important parameters for thermoplastic tape winding process are heat
intensity, tape speed, and consolidation force. A proper understanding of the effects of
above parameters on the properties of the end product can help in controlling the quality
of a part. Influence of these parameters on process-induced deformations, crystallinity, and

quality of consolidation are examined.

There is no standard technique available to determine the extent of interply bond
strength of ring specimens fabricated by thermoplastic tape winding technique. Short beam
shear tests, double cantilever curved beam tests, and fracture surface study using

scanning electron microscope are performed to investigate which method most easily
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derect the differences in the quality of interply bond

It 1s found that for a particular heat source, there are optimum values of tape speed
and consolidation force at which the quality of the bond is superior The short beam shear
test gives the best measure of interply bonding and it can be used for quality control

purposes.

3.2 Introduction

Two types of processes have generally been used to produce thermoplastic
composite structures These processes are known as discontinuous process and continuous
process. In the discontinuous process such as hot press, autoclave, and diaphragn molding,
plies are arranged into a predetermined form and then suitable temperature and pressure
are applied to the work piece [3,4]. In the continuous process such as in a thermoplastic
tape laying and tape winding operation, the tape is melted using laser, infrared, or hot gas
and is consolidated while the tape is being laid down. Methods for arranging the matenal
into a desired form and applying heat and pressure depend upon the selection of the
process. In this chapter automated processing o advanced “.c¢C-2 thermoplastic

composites using laser as a heat source is described for tape winding operation.

The objective of this study is to determine the effect of laser power, tape speed,
and consolidation force on temperature distribution, crystallinity, void content, process-
induced deformation, and bond strength. An experimental set-up 1s designed and built for
the fabrication of thermoplastic composite rings by laser-assisted processing. The models
developed in chapter 2 are verified by experimental results for temperature distribution
and degrees of intimate contact Manufacturing conditions for laser-aided processing are
determined. Effects of heating rate and melt time on manufacturing condition during laser-

aided processing are explained in this chapter.
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3.3 Development of Thermoplastic Tape Winding Machine

3.3.1 Requirements of the machine

The four major requirements for designing an experimental set-up for fabricating

rings are as follows

1. The mandrel dimensions should comply with the requirements of ASTM test method
[56]. This test method recommends the ring diameter to be 146.05 mm (5.75") and width

to be 6.35 mm (0.25"). A mandrel was constructed to meet this requirement.

2. In the processing of thermoplastic composites using a tape winding technique, three
dominant process parameters are the heat intensity, consolidation force and tape speed.
All parameters must be a variable since the purpose of this study is to determir~ the

optimum combination of these parameters.

3. The set-up should provide ew.cy access to the mandrel for on-line measurement and
control of the process parameters. For example, measurement of the temperati-e history
during processing requires one side of the mandrel to be free from end support to avoid

interference of thermocouple wire with the end support and shaft during winding.

4. The set-up should present an easy assembly and dissembly of the mandrel for the

removal of the rings after it is manufactured.

3.3.2 Design of the machine

The basic concept on which the machine was built up can be seen in Fig. 3.1. The
photograph of the set-up is shown in Fig.3.2. The thermoplastic tape which is held in a
spool with the help of a tensioner is delivered to the mandrel for winding. Heat is

supplied at the contact point of the mandrel and roller to consolidate the incoming tape
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Fig. 3.1 Schematic diagram of the thermoplastic tape winding process.
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Fig. 3.2 Photographs from back and front side of the thernoplastic tape

winding machine
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with the preconsolidated laminate. The amount of heating should be sufficient to create
good bonding between the plies The tape speed is controlled by a computer controlled
motor. The consolidation roller applies pressure at the contact point to improve the
intimate contact. The pressure is applied with the help of an air cylinder. During the

development of the set-up, following design aspects were considered.

3.3.2.1 Fixed heat source or fixed mandrel

During the thermoplastic tape winding process, either the heat source needs to
move with the increase in thickness of the ring or the mandrel must move in order to
have the same heating point. For the movement of heat source, an additional controller
is required to direct the laser beam at the contact point with the increase in thickness of
the ring. Moreover, it was found that the little misalignment in the direction of the laser
beam caused component quality to suffer drastically [12]. On the other hand, movement
of the mandrel is achieved easily with the help of an air cylinder and found to be

economical. Therefore in the present case, it was decided to have the fixed heat scurce.

3.3.2.2 Selection of the mandrel axis of rotation

The mandrel can be rotated either around a horizontal axis or around a vertical
axis. Since the heat source is kept stationary, it is critical to design the work table to
minimize the positioning error. It was found that the horizontal axis of rotation gives a
simple design of the set-up and also provides easy assembly and dissembly. Moreover,
it avoids axial force in the mandrel drive shaft. Therefore in this case, a horizontal axis

of rotation was selected.

3.3.2.3 The mandrel and roller

The size and shape of the mandrel determines the inside contour of the end

product. In the present case outside diameter of the mandrel is fixed at 146.05 mm as
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required by ASTM D2344 [56] standard. The roller has a diameter of 60 mm.

In the beginning aluminum was used as a roller and mandre! material but it was
found to be ineffective in getting desired bonding between layers. Consolidation was
found to be improper in first few layers because of the high heat dissipation in the
mandrel and roller. Later steel was used as a tool material. It was found to be effective
because thermal conductivity of steel is 6 times lower than the aluminum. The speed of
the mandrel and roller was controlled by a computer controlled motor. The position of the
roller was fixed in order to ensure that the laser beam would constantly Lit the contact
point. The mandrel presses against the roller with the help of an air cylinder and moves
upwards as the thickness builds up. Other than rotational axis of the mandrel, the mandrel
could move around another horizontal axis parallel to the direction of the incoming tape
in order to get uniform distribution of the force ~long the width of the tape. In the
begining without this additional freedom of the movement of mandrel there used to be
point contact instead of line contact between the roller and mandrel. This is due to
irregularity of tape surface or misalignment of different parts of the set-up. An additional
degree of freedom ensures better distribution of pressure at the consolidation point even

with rough surfaces of the tape.

3.3.2.4 Tape guiding system

Design of guiding system is very important in laying up the tape at desired
orientation. In the case of manufacture of multi-ply hoop rings, design of guiding system
is simple as compared to the manufacture of angle ply cylinders. In the present case, two
circular plates were attached on two sides of the roller for guiding the incoming tape on

top of substrate (Fig. 3.2).

3.3.2.5 The tensioner

The task of tensioner is to maintain constent tension while the tape is unwound
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from the spool All tensioner systems have a shaft to hold the spool, a locking system to
hold the spool on the shaft, and a brake to create a torque in the shaft. Depending on the
torque controls, various kinds of tensioning devices are available in the market |15]. In
the present case, a simple tensioning system as shown in Fig 3.3 was built where torque

is controlled by using compression springs.

3.5.2.6 The heat source

There are several techniques available for heating the thermoplastic at the
consolidation point. Pros and cons of these heating techniques are discussed in chapter
1. For the present work, two heat sources were selected. These were CO, laser and hot
nitrogen gas. The 65 Watt CO, laser with a wavelength of 10.6 npm (MPB
Technologies Inc.) was used. A six millimeter dia. laser beam was directed to the
contact point using two mirrors. Circular laser beam size was converted !0 an elliptical
beam with semi-major axis of 3.6 mm and semi-minor axis of 1 mm by two coplanar

lens to obtain more concentrated heat source at the contact point.

3.4 Preliminary Experiments

To have a fast and rough estimate of the processing window, two-ply flat
laminates were first fabricated using the same expen.mental set up as shown in Fig.3.2.
These two tapes, one in contact with the roller and another in contact with the
mandrel, were pressed together at the contact point. Laser heat was supplied at the
contact point to consolidate the laminate. At first, the laser heat intensity of 60 Watt and
a consolidation force per unit width of 100.8 kN/m was selected. Then two ply
laminates at various speeds starting from 5 mm/sec to 30 mm/sec were manufactured.
From the preliminary experiments it was found that the two layers did not join at a speed
in the range from 5 mm/sec to 10 mm/sec because of degradation of the thermoplastics.
As the speed increased, peeling os the layers became difficult. From the experiments,

best consolidations were achieved in the 1ange of 20 mm/sec to 30 mm/sec for the
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Fig. 3.4 Sample rings having 10, 15 and 45 plies produced by laser

assisted processing.
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60 W laser power. Increasing the speed further resulted in poor consolidauon due to the
insufficient melting of the thermoplastic tape Similarly the tape speed for various
laser powers and consohdation pressures were determined It was found that for
every laser power the speed range can be divided 1ato three categories; low speed range
(thermoplastic degrades), medium speed range (good consolidation), and high speed range
(insufficient melting). It became obvious that the preliminary experiments help in giving

rough estimate of the processing window and saves a lot of time and material.

Based on the results of the preliminary experiments, suitable values of the laser
power, tape speed, and consolidation force were selected for the present experiments. For
perfoming various studies ten-ply rings were selected This number of plies was found to
be suitable while limiting the material use to a reasonable amount. Sample rings having
10, 15 and 45 plies are shown in Fig. 3 4. All the rings were fabricated in the set-up

shown in Fig 3 2 using the laser as a heat source

3.5 Effect of Beam Incident Angle

The laser beam 1s a highly concentrated heat source, thus it can be used to produce
a good quality part. During laser heating of the tape, some of the lascr energy is reflected
from the surface instead of being fully absorbed |6]. Grove [6] reported that the amount
of reflected energy varies from 19% to 45% at high incident angles. Reflection of the
laser energy depends on the polanzation of the laser radiation, optical properties of the
material, and the angle of incidence, 1.e. thc angle between the laser beam and the feed
tape or the substrate. The angle of incidence in the laser process is dependent on the local
curvature of the feed tape and the mandrel. Agarwal [17] carried out a detailed study nn
the effect of beam incident angle on reflectivity using Maxwell's equations. He then
crlculated the maximum consolidation temperature as a function of the laser energy for
a known laser power. The analysis does not take into account the possibility of multiple
reflections and the absorption of the beam energy by the opposite side. G:ove [6] studied

the effect of multiple reflections and reported that as more reflection takes place, the
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intensity of the heat flux at any point decreases, and the maximum temperature attained
by the material falls Mean value of the surface reflectance for APC-2 has been
reported as 0.28 along longitudinal direction (along the tape length) [6]. Tung et al. [57]
found different results and reported that the surface of APC-2 absorbs the energy of a

10.6 um laser wavelength beam n its entirety.

Fro.n the preliminary experiments it was found that the small change in location
of the beam near the contact point can affect the bond strength drastically because of
the change in beam reflection pattern as shown in Fig.3.5 Therefore accurate positioning
of the laser beam during processing is required for attaining a desired temperature
distribution. Beyeler et al. [12] reported that any misalignment of the laser beam
produces unpredictable melting and results in improper consolidation The invisiole
nature of the CO, laser beam, due to its long wave length, makes it difficult ¢
precisely position and align the beam. In the present vase, a Helium - Neon laser was
used to locate the direction of the beam. Size and shape of the roller and mandrel

influences the reflection pattern and thus can affect the quality of a part.

3.6 Numerical and Experimental Reults for Temperature History:

Numerical and experimental results on the interface temperature profile during
laser-assisted tape consolidation were obtained for various combinations of process
parameters. Numerical results were obtained based on a model developed in chapter 2.
Accuracy of numerical results was assessed by comparing the results with experimental

results.

3.6.1 Numerical Results:

Figures 3.6 to 3.12 show the predicted interface temperature profile through
computer simulation. Temperature profiles along the length of a 0.625 mm thick laminate,

which corresponds te 5 plies for a ply thickness of 0.125 mm, are presented in Fig. 3 6
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Fig. 3.5 Schematic reflection of incident laser beam during tape winding

process.
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Fig. 3.6 Numerical prediction of temperature profile for 80W (— ), 60W (--),

50W (...) and 40W (-.) laser powers at 10 mm/sec tape speed.
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Fig. 3.7 Temperature profile obtained by computer simulation for 60W laser power

and at 10mm/sec (— ), 20 mm/sec (--) and 30 mm/sec (...) tape speeds.
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Fig. 3.8 Effect of tape speed on temperature distribution for a 5 ply thick laminate
with 50W laser power and 10 mm/sec (— ), 20 mm/sec (--), and 30 mm/sec (...)

tape speeds.
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Fig. 3.9 Temperature distribution at different ply interfaces for a 5 ply thick laminate at
50 W laser power and 13 mm/sec tape speed. (— ), (--), and (...) represents 5th,
4th and 3rd ply.
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Fig. 3.11 Predicted temperature profile at different ply interfaces for a 10 ply thick
laminate at 50 W laser power and 6.28 mm/sec tape speed. (— ), (--), (...),
and (.-) represents 10th, 8th, 6th and 4th ply.
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Fig. 3.12 Predicted temperature profile at different ply interfaces for a 5 ply thick
laminate at 35 W laser power and 6.28 mm/sec tape speed. (— ), (--), (...).
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for 80W, 60W, 50W, and 40W laser powers at a tape speed of 10 mm/sec At this
consolidation speed, the temperature in the laminate becomes significantly higher than the
melting temperature (343°C) of PEEK thermop!istics. Maximum temperature reached
for a 40W laser power was found to be 621°C, whereas for a 80W laser power, it was
1138°C. Because of the localized heating, the temperature rises very sharply and cools
down at a faster rate in the beginning The heating rate for a 80W laser power was found
to be 63,896°C/min and for a 40W laser power was found to be 31,108°C/min. The
cooling rates for the first 2 seconds from the maximum temperature reached during
processing were 22455°C/min and 10,890°C/min for 80W and 40W laser powers
respectively In all the cases, it was assumed that the laser power was uniformly
distributed over a rectangular area of 6.35 X 2 mm?, which simulates the elliptical beam

of present system.

Effect of varation in tape speed for a laser power of 60W is shown in Fig. 3.7,
for a 0.625 mm thick laminate. It is obvious from the figure that the maximum
temperature reached in the laminate decreases with the increase in tape speed. The heating
rate was found to be higher at a higher tape speed. The heating rates for 10 mm/sec, 20
mm/sec and 30 mm/sec tape speeds are calculated to be 47,518°C/min, 61,998°C/min, and
70,549°C/min respectively. The cooling rates for the first 2 seconds are found to be
16,671°C/min, 11,430°C/min, and 8,930°C/min for 10, 20 and 30 mm/sec respectively.
With the decrease in laser power from 60W to SOW for same tape speeds of 10-
30mm/sec, the maximum temperature reached in the laminate decreases as shown in Fig.

38

To investigate the extent of melting in the laminate, temperature profiles at
different ply interfaces were calculated. Figure 3.9 shows the temperature profile at the
top of 5th ply, 4th ply, and 31d ply for a laser power of 50W and a tape speed of 13
mm/sec. In this case, laser heating was performed between 5th and 6th ply. It is clear
from the figure that the temperature in successive ply decreases with the increase in

distance from the consolidation point. The maximum temperatures were calculated to be
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661°C, 515°C and 401°C for 5th ply, 4th ply and 3rd ply. In this processing condition, top
3 plies were found to be above melting temperature (343°C) of APC-2 composites With
the decrease in tape speed from 13 mm/sec to 6 28 mm/sec for the same laser power of
S50W, top 7 plies were found to go above melting temperature for 10 ply laminates as
shown in Figs.3.10 and 3.11. This is because that at lower tape speed, the material is
exposed to laser heating for longer duration of time. Figure 3 10 shows the temperature
profile for a 5 ply thick laminate whereas Fig. 3.11 shows the temperature profile for a
10 ply thick laminate. With the decrease in laser power from SOW to 35 W for the same
tape speed of 6 28 mm/sec, maximum temperature in each ply decreases as shown in Fig.

312

3.6.2 Experimental Results:

Experimental determination of the temperature profile for the verification of heat
transfer model was performed using a thermocouple. At the beginning dual wave length

pyrometer was used to monitor the temperature but it was found to be ineffective.

For the measurement of the temperature history, a thin (0.125 mm dia) K type
thermocouple was inserted between the 5th and 6th ply without interrupting the process.
Because of the high rate of change of the temperature near the consolidation point, a
thermocouple with a small response time was selected for greater accuracy in measuring
the temperature history. The thermacouple was connected to a digital process ndicator
(DP-86, Omega Eng. , Inc) . The reading rate of the indicator was 0.5 sec. DP-86 has
analog converter to convert the temperature range to a suitable voltage range. The output
voltage from the indicator was fed into a LeCroy 9400, dual 125 MHz digital oscilloscope
to store the data. The temperature histories obtained by oscilloscope are shown in Figs.
3.13, 3.14 and 3.15 for various processing conditions. In all the cases the mandrel and

roller were preheated to 130°C by an air heater.

Figures 3.13, 3.14, and 3.15 show the temperature profiles recorded by the
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Fig. 3.13 Experimental temperature history during laser processing for

35 W laser power, 6.28 mm/sec tape speed and 67.2 kN/m
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Fig. 3.15 Experimental temperature history during laser processing for
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oscilloscope during 3 ronsecutive heating cycles. In Figs. 3 13 and 3 14, temperature
profiles are shown just after putting the thermocouple near the contact point whereas
Figure 3.15 represents the temperature profile after nearly one heating cycle The
temperature recorded by the oscilloscog e 1s 10t smooth because of the lower sampling rate
of the instruments General trend in the temperature history during a tape winding
process is that the maximum temperature decreases as the thermocouple goes away from

the consolidation point.

It is evident from Figs. 3.13, 3.14 and 3.15 that only in a small region near the
consolidation point, matrix material was heated above its melting temperature. It 1s noted
that the several layers beneath the consolidation point were heated above melting
temperature. Also maximum temperature reached 1n a ply decreases with the increase in
distance from ne consolidation point. The initial temperature during the first rotation was
due to direct heating of the thermocouple by the laser beam At this instancc the
thermocouple was not sufficiently in contact with the tape consequently, the teraperature
obtained from the thermocouple does not represent the true maximum teinperature of the
composite surface during insertion of the thermocouple As the thermocouple reached the
consolidation point, it came 1nto contact with the prepreg tape and substrate, and became
imbedded into the materials. After this point, the temperature measured by the

thermocouple represents the true temperature of the surface

Iigure 3.13 shows the temperature distribution for 35 W laser power, 6 28 mm/sec
tape speed, and 67.2 kN/m consolidation force per unit width of the tape The maximum
temperature during first spike reached above 740°C, during second spike it was above
570°C and during third spike it was above 427°C This test result was compared with the
numerical results for 35W laser power and 6.28 mm/sec tape speed shown in Fig 3 12
Good agreement in the test results and predicted results were found The maximum
temperature predicted by the computer simulation was calculated to be 689°C for 5th ply,
582°C for sth ply and 495°C for 3rd ply. The maximum temperature during first spike as

measured by thermocouple was found to be higher than the predicted results by 7.2%
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probably because of direct heating of thermocouple with the laser beam Maximum
temperatures recorded during second spike and 3rd spike were found to be less than the
predicted results because of the fact that the peak temperature can not be measured
accurately due to lower samphing rate of the set-up The heating rate for the top laminate
predicted by the computer simulation was 45,038°C/min aad experimentally n ‘as
calculated to be more than 43,500°C/min The experimental cooling rate was estimated
to be more than 8,556°C/min during first spike. The cooii.ig rate for this case 1s measured
for the material to cool down from maximum temperature to around 180°C (Fig. 3.13)
The experimental melt time was measured from the experimental temperature history and
was found to be in the rangc of 0 5 sec to 1.5 sec. The predicted results on heating rates,

cooliig rate and melt time are discussed in detal in next section 3.7.

The temperature profile for a 50 W laser power, 6 28 mm/sec tape speed, and 67.2
kN/m consolidation force per unit width is shown in Fig. 3.14. With the increase in laser
power from 35 W to 50 W, the maximum temperature reached in a spike also increases.
For this case maximum temperatures were above 1,000°C, 700°C and 590°C during first,
second and third spikes respectively. On comparing the experimental resuit with the
predicted result for SOW las: ower and 6.28 mm/sec tape speed (Fig. 3.10) good
agreement in the test results and numerical results were observed. Maximum temperatures
predicted by computer simulation were 943°C, 787°C and 662°C for Sth ply, 4th ply and
3rd ply respectively.

Figure 3.15 shows the temperature history during the thermoplastic tape winding
for a 50 W laser pov.er, 13.3 mm/sec tape speed, and 67.2 kN/m consohdation force. It
is obvious from Figs. 3 14 and 3.15 that the maximum temperature in respective spike
went down with the increase in tape speed. It is to be noted here that the Fig.3.15
represents the temperature profile after first cycle Maximum temperatres during second
and third rotations were found to be more than 500°C. Maximum temperature during
second rotation was found to be a little less than the third rotation because of insufficient

sampling rate of the instrument. The re<ult from the computer simulation for SOW and 13
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mm/sec tape speed (Fig 3.9) shows that the maximum temperatures in this case are

661°C, 515°C and 401°C in 5th ply, 4th ply and 3rd ply respectively

The temperature history during the tape winding process was found to be complex
It is clear from the figures that for different combinations of laser power and tape speed,
temperature profiles are different. At lower speeds, the temperature at the consohdation
point was higher compared to the temperature at higher speed for the same heat intensity.
This is because the material at the consolidation point is heated for a longer time at a
lower speed compared to at a higher speed. In most cases, to obtain a good interply bond
strength, the temperature at consolidation point reached above manufacture recommended
processing temperature of APC-2 composites. From the microstructure study, no visible
degradation of the matrix material was observed even when the temperature at the
consolidation point reaches above 650°C for the laser processiug. The reason for no
visible degradation above manufacturer recommended processing temperature could be
possibly due to higher heating rate and shorter melt time duning processing Day and
coworker [58] studied the effect of heating rate on the degradation of PEEK
thermoplastics. They perforimed experiments in nitrogen and air atmosphere at nine
heating rates in the range of 0.01°C/min to 10°C/min using thermogravimetric analysis
(TGA). Degradation in terms of weight lnss was measured and 1t was found that 1n air the
weight loss process 1s more complex, involving several reaction mechianisms They
observed that an increase in heating rate from 0.01°C/min to 10°C/min, caused the
degradation te.nperature to shift from 420°C to 550°C in nitrogen atmosphere and from
330°C to 550°C in air. Below the degradation temperature PEEK was found to be almost
stable. It is expected during the laser processing, where the heating rate is higher than

20,000°C/min., degradation temperature wculd be higher than 700°C.
3.7 Effect of heatii.g rate on the manufacturing condition

The bonding between plies results mainly from wetting and interdiffusion of

molecular chains. Wetting predominates at low welding temperatures close to the polymer
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melting point and involves the surface tension and viscosity of the two surfaces in
contact Interdiffusion of macromolecular chains of the two surfaces in contact
predominates at farrly high temperaiure and welding time [59)] During hot gas processing
of APC-2 thermoplastic composites [60], it was found that for a good interply bonding,
the processing temperature goes above 600°C whereas for the hot pressing and autoclave

processing, manufacturer recommended processing temperature 1s 380°C to 400°C.

Models developed in previous chapter 2 were also used for the prediction of
heating rate, cooling rate, and melt tune for a specific combinations of process parameters.
Effect of laser power on heating rate as found by model prediction 1s shown n Fig. 3.16
for a tape speed of 10 mm/sec With the increase in laser power, the heating rate is found
to be increasing. The heating rate for 40W laser power was calculated to be 31,108°C/min
whereas for 80W laser power, it was 63,896°C/min. With the increase in tape speed, the
heating rate is found to be increasing as shown in Fig 3.17. In all the cases heating rate
was more than 31,108°C/min. The melt time, 1.e the duration for which, temperature
during processing remains more than the melt temperature (343°C) of PEEK
thermoplastics, was calculated to be in the range of 004 sec to 1.75 sec for 50W and
60W laser powers and for 10 mm/sec to 30 mm/sec tape speeds. Effects of laser power
and tape 'speed on the melt time as predicted by model are shown in Fig 3 18 The
cooling during the laser processing was found to be non-linear as shown in Figs. 3.6 to
3 12 Because of this reason, average cooling rates were measured for two intervals such
as first 2 seconds from the maximum temperature reached during consolidation and next
2 to 4 seconds. The cooling rates for the first 2 seconds were found to be quite high as
compared to the next 2 seconds as shown in Figs 3.19 and 3 20. Shorter melt times (0.04
sec to 1.75 sec) and higher heating rates (more than 30,000°C/min) during the tape
winding process limit the amount of diffusion therefore higher processing temperature is
needed for sufficient molecular interdiffusion. Higher processing temperatures would
result in lower viscosity and higher diffusivity which will cause greater degree of resin
flow and interdiffusion. Higher degree of resin flow and interdiffusion would result in the

better interply bond properties. Saint-Royre and his co-workers [59] found that the
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minimum temperature required for good weld conditions for polyethylene layers increases

from 145°C to 214°C with the increase in heating rate from 20°C/min to 400°C/min.

For laser processing, immediate bonding was achieved above 400°C but for better
bond strength, temperature required is above 500°C. For investigating the bond quality,
SBS tests were conducted for various processing conditions and it was found that for 50
W laser power, better bond strength was achieved at around 13 mm/sec tape speed. The
maximum te.1perature in chis case is more than 5C0°C during second >pike and around

500°C during third spike (Fig. 315 ).

3.8 Numerical and Experimental Results on Degree of Intimate Contact

The temperature history generated from the heat transfer model was used to study
the intimate contact phenomenon. It is clear from the previous discussion that the intimate
contact is a function of tape speed, consolidation force and composites viscosity which
in turn is influenced by temperature history. Effect of consolidation force on degree of
intimate contact (D,) for a 60W laser power at 28 mm/sec tape speed is shown in Fig.
3.21. Consolidation force per unit width of the tape was calculated based on the
assumption that there is a line contact between roller and ply surface. The average width
of the tape was 6.35 mm (0.25"). It is clear from the figure that a force more than 50
kN/m was needed to have complete intimate contact A consolidation force of 25.2 kN/m

resulted 1n poor intimate contact and was verified through the experiments.

Effect of varistion in tape speed on intimate contact for SOW and 60W laser
powers are shown 1n Fig. 3.22. The results show that for 50W and 60W laser powers,
complete intimate contact was achieved for tape speeds below 30 mm/sec. An increase
in tape speed above 30 mm/sec caused a decrease in intimate contact value as shown in

Fig. 3.22.

Experimental measurements of the degree of intimate contact (D,) can be
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Fig. 3.23 Micrograph of a cross-scction for a ring processed at 60 W laser
power, 27.6 mm/scc tape speed, and 25.2 k'N/m consolidation

pressure (100X).
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Fig. 3.24 Cross-sectional view of the consolidation for a ring processed at
60 W laser power, 27.0 mm/sec tape speed, and 100.8 kN/m

consolidation pressure (200X).
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performed by C-scan [11] or by optical microscopic study [49] In the C-scan method,
degree of intimate contact 1s determined from the C-scan pictures by comparing the area
in good contact to the total area [11] In the present case, the degree of intimate contact
was measured by microscopic examination of the sample Since intimate contact refers
to the removal of surface irregulanties at the interply interfaces coming into contact,
microscopic method is suitable to determine the spatial gap and incomplete contact at the
interface level. In the present study following formula 1s defined for the experimental

measurements of the degree of intimate conuact by an optical microscopic method.

_ 1 _ Non-contact interface length G.1)
exp Total interface length

D,)

Photomicrographs of samples at various combinations of processing variables were
taken as shown in Figs 3 23 and 3.24. From the photograph, total interface length and
length of interface where intimate contact was not achieved were measured. Then using
equation 3.1, value of degree of intimate contact was measured. Experimental results on
the degree of intimate contact are included in Figs. 3.21 and 3.22 for various process
conditions. There is a good agreement between the results of the model and the data over

the range of process parameters used in the test

3.9 Crystallinity Study

The thermal processing history of semicrystalline thermoplastic polymers
establishes 1ts degree of crystallimity, which affects the physical and mechanic:1 properties
of the finished composite part. For example, with the increase in crystallinity, the modulus
increases but the toughness decreases. Also a certain level of crystallinity is needed for

solvent resistance.

Effects of thermal histories on the crystallization of neat PEEK resin and its

compositrs with continuous carbon fibre (APC-2) had been investigated by reserachers
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|61-64]. Blundell et al [61] determined crystallimity for a wide range of cooling rates for
APC-2 composites For cooling rates from about 10°C/min up to about 600°C/mun, the
percent crystallinity appears to be from 25 to 30 %, and increases relatively slowly with
decreasing cooling rate. For very slow cooling rates of the order of 0 S°C/mn, higher
crystallinity in excess of 35% can be achieved For a cooling rate of the order of
2,500°C/min, the material is found to be amorphous In second sct of experiments,
Blundell et al [61] investigated the effect of annealing on the crystallinity of APC-2
samples. APC-2 plaques were prepared in amorphous state by rapid cooling and then
crystallized by post annealing for 30 minutes. The results show that over a wide range of
annealing temperatures from about 200 to 300°C the crystallinity attains a fairly steady
value with only a gradual increase with temperature. Annealing at 200°C for 30 minutes
gave crystallinty around 20% Only at the highest annealing temperature (320°C) does the

crystallinity achieve a value in excess of 35%.

Numerical and experimental results on temperature histories during the tape
winding process are shown in Figs. 3.6 - 3.15. It is clear that the regions close to the
consolidation point are remelted w.:.d some or all of the initial crystallinity must have been
destroyed. The material undergoes complex temperature history such as higher heating
rate (more than 30,000°C/min.), shorter dwell time (0.04 sec to 1.75 sec) and higher
cooling rate (more than 4,000°C/min near consolidation point) Inside layers undergo
several such heating and cooling cycles compared to the outer layers Because of these
variations in heating and cooling cycles for different plies, crystallinity at different plies
may vary. From experimental results (Figs 3.13-3 15), 1t was found that the material was
cooled in the range of 170°C to 200°C at a rate higher than 4,000°C The matenal
undergoes annealing process at 170°C to 200°C temperature range, which affects the
crystallinity of the sample. As shown in figures 3 13-3.15, regions away frcm the contact

point are subjected to annealing which can increase the degree of crystallinity

For the measurement of crystallinity, approximately 5 mg samples were taken from

different layers. It is to be noted here that the ply thickness is 0.125 mm therefore it may
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be possible to have sampling errors for each layers To get more accuracy in taking out
the sample from different layers, rings were manufactured by putting aluminnm foil
between the Sth and 6th layers Rings were cut and separated between Sth and 6th ply.
Samples were taken from inside layers as well as from top layers for various process
parameters Measurement of crystallimity was done by using a differential scanning
calorimeter (DSC) The DSC scans were done from 100°C to 400°C with the scanning
rates of 20°C/min. as shown in Figs. 3.25-3 28 In all the cases of laser processed samples
for laser powers more than 50 W, cold crystallization exotherm peak similar to the
unprocessed APC-2 tape were observed around 175°C Figure 3 25 shows the DS
thermogram of an as received APC-2 tape and Figs. 3 26-3 28 show the DSC thermogram
of laser processed samples. For the case of laser processed samples at 30 W and 40 W
laser power, and tape speeds below 6 4 mm/sec, cold crystalliztion peak 1s not observed
(F1g.3 26) Cold crystallization for 50 W and 60 W laser powers are shown n Figs 3.27
and 3.28. The percentage crystallinity of the polymer present before glass transition

temperature 1s determined from following expression [63],

_Hr 100 (3.2)
HULT Wm

where H; is the net amount of heat absorbed on heating from the glass transition
temperature (143°C) to 380°C as measured by the DSC. H,,;, is the ultimate heat of
crystallization of 100% crystalline polymer and is taken to be 130 J/g [63]. W, 1s the
weight fraction of polymer in the composite and is considered to be 35% in this case. The
results of the crystallinity for various combination of process parameters are tabulated in
Table 3.1 The crystallinity of the as received APC-2 composite 1s found to be 29 40%.
In this study, crystallinity above 25 % are obtained in most cases. It is to be noted here
that in the present case the material cocied down to around 180°C at a rate higher than
4,000°C/mun (Figs. 3 13-3.15). The material remained at 180°C for a long time and goes
through annealing process which might have increased the amount of crystallinity. The

increased amount of crystallinity may be also due to the presence of residual crystallinity.
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Table 3 1 Effect of processed parameters on the crvstallinty of laser processed
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Processing parameters —T““ - .'
Consohidation DSC results

5 ~ .| pressure e
SI1Z |2 %|(load,umt width
‘9-:01.’3 %<(oa sunit width)
SlL = o 3
e o v - : A 1
=laZ | aE | ¥ = crystalimty] Melting

= &= T g " . .

Ib/in KNym | 2 femperaturc
1160|833 578 100 8 5 matrix loss -
2|60 (208 576 1008 4 3789 & 338 45°¢
3| 80 |27 0] 902.4 1580 5 3509 7 33906 °C
5 3617 3 339 72°¢

60 576 >
4 70 1008\ 1op layer 2978 349 45°¢
5] 63 |32 72! 578 1008 3 3549 % 339 56 ¢
6! 50 16.28 1 578 1008 5 matrix loss -
7|50 |12.7 ] 578 100 8 5 30.95 7 339 4.4 °C
8| 50 |27 76| 576 1008 4 3452 7 339 92°
g| 40 |642 | 576 100 8 5 3252 7% 138 49°C
10] 40 (13 3| 576 100 8 4 32 48 % 339 43°¢
11/ 30 |4.49 | 578 100.8 6 2437 % 337 80°C
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Fig. 3.25 DSC thermogram for unprocessed APC-2 tape sample at
20°C/min. heating rate.
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Fig. 3.26 DSC thermogram of a laser processed sample at 40 W lascr power,
6.42 mm/sec tape speed and 100.8 kN/m consolidation pressure.

The sample was obtained from 4th layer.
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Fig. 3.27 DSC thermogram of a laser processed sample at 50 W laser power,

27 mm/sec tape speed and 100.8 kN/m consolidation pressure. The

sample was obtained from Sth layer.
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Fig. 3.28 DSC thermogram of a laser processed sample at 60 W laser power,
27 mm/sec tape speed and 100.8 kN/m consolidation pressure. The

sample was obtained from Sth layer.
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Lee [64] observed that the crystal structure requires considerable time to be completely

destroyed
3.10 Optical Microscopic Study

An optical microscopic study was performed along the cross-section and
longitudinal direction of the sample for invesigating the quality of consolidation. For
better understanding, the microstructure study was first performed on unprocessed single
APC-2 tape Poor fiber distribution and 2xtreme tow height non-umiformity was observed
as shown in F1g.3.29, where two single tapes are shown at a magnification of 200
Agarwal [17] measured the distribution of void content in the unprocessed APC-2 sample
using optical micrograph of cross-sections and found that the tape contained regions of
high voids (greater than 6%) and regions of very low void conent (less than 0 53%). Black
spots 1n Fig 3.24 show the presence of voids Studies on laser processed samples do not
show the presence of interlaminar voids [17,65] Figures 3 23, 3 24, 3.30 and 3.31 show

the micrographs of nngs processed at various combinations of process parameters.

From the study it was found that at lower consolidation force (around 25.2
kN/m) bonding between plies was not proper because of the voids and resin rich area as
shown in Fig 3.23. It1s reported that volatile materials generally generate voids during
processing when the partial pressure of the volatile exceeds the flmd (resin) restraining
pressure [1]. During thermoplastic tape winding process, a pressure below 25.2 kN/m may
not be sufficient to create good intimate contact between layers. At low consolidation
force, void content is mainly a function of onginal roughness of the prepreg tape and
extent of resin flow during consolidation. Micrograph shown in Fig. 3.23 is taken at
a maanification of 100X for a ring processed at 60 W laser power, 27.6 mm/sec. tape
sneed, and 25 2 kN/m consolidation force. From the microstiucture study, absence of
interply voids were observed for consolidation forces of 50.4 kN/m, 100.8 kN/m and
151 2 kN/m There were not significont difference in the quality of the inter ply bond

in these force ranges. Figure 3.24 shows a micrograph at a magnification of 200X for
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sectional micrograph of unprocessed APC-2 tape (200X).

Fig. 329 Cross-
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Fig. 3.30 Matrix degradation during processing at low speed (100X).
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Fig. 3.31 Edge effect during laser processing (100X).
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60 W laser power, 1008 kN/m consolidation force, and at a tape speed of 270
mm/sec. [t 1s clear from the Fig3 24 that the bond quality i1s good without any
vistble voids Figure 3 30 shows matrnix degradation for a ring at a magnification of 200X
and at atape speed of 833 mm/sec for a 60 W Ilaser power and 100 8 kN/m
consolidation force From the study it was observed that the matrix degradation is more
near the center of the width because of higher ter:perature at the center of the width
compared to the edges for an elliptical beam spot Edge effect for a ring at 50 W laser
power, 100 8 kN/m consolidation force and at a tape speed of 20.8 mm/sec is shown
in Fig 331. For 6.35 mm wide thermoplastic tape, consolidation was improper at

edges of the ring at an average of 6.7% of the total width

3.11 Process-Induced Deformation

One of the most significant problems 1 the processing of thermoplastic composites
i3 the generation of residual stresses due to processing at high temperatures. The
formation of large residual stresses and deformations during the manufacture of
thermoplastic composites is due to high processing temperature (which may lead to high
temperaiure gradients) as well as large volumetric shrinkage of these polymers Residual
stresses can be identified either at micro level or at macro level. Residual stress at micro-
levei results from difference in the thermal expansion of constituent material. Residual
stress at macro-level is associated with fiber orientation at different plies and processing
histories such as cooling rate. Process-induced residual stress can be high enough to cause
matrix cracking, debonding, delamination, warpage and voids at the interface. Cracking
in the matrix can expose the fibers to degradation by chemical attack Mechanical strength
of the composite parts is affected by the residual stresses. An on-line consolidation
process decreases the level of these stresses and deformations (compared with hot pressing

and autoclave processing) because of localized heating

There is no ditect method for the measurement of residual stress. Process-induced

stress is calculated by measuring the strain or deformation caused by the stress. To
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measure the process-induced deformations, rings were cut using a very fine (0 3mm thick)
diamond cutter at a low speed. After cutting it was found that the rings deformed as
shown - Fig 3 32 Amount of opening for different sets of process conditions are shown

in Figs. 3.33 and 3 34 for 10 ply rings

Process-induced deformations were determined by measuring the distance between
two ends of the ring. Ring deformation took place in the same plane (r-6 plane of the
ring) without twisting in the z direction It was found that after deformation the
rings did not remain circular and the curvature at different points on the ring were found
to be different For one set of experimen, when the laser beam was not focused
exactly at the center of the tape, twisting of the ring along z direction was observed In
this case ring became like a helix. Therefore positioning of the laser beam at the contact

point must be accurately controlled to avoid undesirable deformations

Process-induced deformations for different combinations of laser power, tape
speed and consolidation force are shown 'n Figs. 3.33 and 3 34 Figure 3.33 shows
process-induced deformations for a constant consolidation force per unit width of 100.8
kN/m with different sets of laser power and tape speeds It is found that the increase in
laser power decreases the process-induced deformations. Effect of consolidation pressure
on the process-induced deformations 1s shown in Fig 3.34. For 60 W laser power and
at 27mm/sec tape speed, consolidation force per unit width in the range of 25.2 kN/m

to 158 kN/m does not affect the process-induced deformations.

3.12 Characterization of interply bonding

In the fabrication of a composite component from fiber reinforced thermoplastic
prepreg, interfacial bonding between plies influences mechanical properties of the
component because interfacial bond transfer siress from one ply to the other. Thus,
fracture behaviour of the interfacial ply bond influences the fracture strength and

toughness of the composite component.
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Fig. 3.32 Process induced deformations due to internal stresses for 10 ply

rings.
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Fig. 3.33 Effect of laser power and tape speed on process induced

deformations for consolidation pressure of 100.8 kN/m.
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Much effort was made to characterize the interfacial fiber/matrix bond [66,67,68]
This was determined by the extent of physical and chemical bonding between the fiber
and matrix. Interfacial ply bonding in thermoplastic composttes 1s generally decided by
the molecular interdiffusion, adhesion between rough surfaces and joinmg by flow of
molten material [69] In the Iiterature, charaterization of interply bonding for rings
manufactured by an on-line consolidation method can not be found There 1s no techmique
available to determine the extent of bond strength between two plies for a ning specimen.
Aim of the work 1n this thesis is to inv=stigate a testing method which 1s more sensitive
to the interfacial ply bond. Short beam shear tests, double cantilever curved beam tests
and fracture surface study using scanning electron microscope were performed on
carbon/PEEK (APC-2) thermoplastic composites to characterize the interfacial ply bonding
of ning specimens Based on the characterization of interply bonding, optimum process
parameters for laser-assisted processing of APC-2 composites were deiermined A flow
chart showing different stages in the development of a composite ring by a thermoplastic

tape winding technique is shown in Fig. 3 35.

3.12.1 Experimental Procedure

For the present investigation, ten-ply rings we:e manufactured at various
processing conditions. Short beam shear (SBS) tests, double cantilever curved beam
(DCCB) test, fracture surface study by scanning electron microscope (SEM) were
performed to determine which method most easily detects differences in the interply bond
Specimens were prepared by cutting the ring into required dimension using a very fine
(0.3mm thick) diamond cutter at a slow speed For DCCB test, imtial crack length of
38.1 mm was introduced by putting aluminum foil between the Sth and 6th plies

Aluminum foil was introduced without interrupting the process

Shert beam shear strength is measured as described in ASTM D2344 [56]. This

test method recognizes that the measured strength is not the true strength. Short beam
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Fig. 3.35 Flow chart showing various stages involved during tae development

of compositc components by thermoplastic tape winding process.
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shear tests are mairly used for estimating the quaiity of interply/interfacial bonding and
not for design purposes The apparent shear strength obtained 1n this test can not be used
as a design criteria, but can be utilized for comparative testing of composite materials, if

all failures are in horizontal sh.car [56]

For the short beam shear test , specimen having approximately 1 5 mm thickness,
16 mm length, 63 mm width and 10.5 mm span were loaded in 3 point bend mode at
a cross head speed of 2 mm/min. The loading diagram for SBS test 1s shown 1n Fig. 3 36.
For all the cases of SBS tests, the failure mode is found to be dominant by horizontal
shear and thus can be used for comparative study of interply bond quality. Shear

strength, S, was calculated using following equation (ASTM D2344)

§ = 3P (3.3)
4wt

where P is the load at failure, W is the specimen width and t is the specimen thickness.
3.12.2 Results

3.12.2.1 Short Beam Shear Tests

In a short beam shear test, failure may occur at the ply interface or at the
fiber/matrix interface. Values of apparent interlaminar shear strength yielded by short
beam shear tests are shown in table 3.2 for laser processed APC-2 rings. It is clear that
a too low or too high a speed for a pariicular heat intensity results in poor interply
bonding. Based on this fact the tape speed is divided into three categories: lower speed
range, medium speed range, and higher speed range Lower speed would result in polymer
degradation, medium speed would result in good consolidation and higher speed would
result insufficient bonding between plies because of insufficient melting and diffusion.

Thus for a particular material there are optimum processing parameters for which
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mechanical properties cf the component 1s superior

During the SBS test shallow depression at the center of the specimen was observed
{.r samples where matrix matenal remains ductile after processing To study varnous
fatlure mechanisms during SBS tests and to examine the damage on the specimen caused
by the center point loading, microscopic exammations of the samples were performed
For this, specimens were examined under the muicroscope after the SBS test and
photographs were taken at a magnification of 50 as shown in Figs 337 - 345 The
objective of performing the microscopic study of SBS test coupon 1s twofold to
investigate the failure mode such as shear, tensile, compressive, etc during the SBS test,
and to determine the effect of contact stress on damage mechanism at the center point

loading.

Figure 3 37 shows a shallow depression and interply failure caused during a SBS
test on center portion of a sample. The sample was processed at 50W laser power, 12 69
mm/sec tape speed and at 100 8 kN/m consolidation force per unit width and had apparent
ILSS of 35.09 MPa. Because of the contact stress and maximum load at the center pornt,
matnx at the centir region deforms plastically. Squeezing of the matrix matenal below
the loading point stops the propagation of delaminations near the center region (Fig 3.37).
Matrix crushing and fiber breakage were not observed near the loading point. Multiple
interlaminar failures were noticed Load - displacement curve for the sample is shown n
Fig 3.38. For another sample for similar processing parameters at 50W laser power,
interply failure 1s found to be propagating towards the end of the sample along ncutral
axis (Fig.3.39).

For all the samples, no interlaminar fallure was found to be propagating from the
cut edge of the sample. Cutting of the sample with thin diamond cutter gave no visible
delamination at the cut edge (Fig.3 39). Agarwal [17] performed SRS test on laser
processed samples and found that cutting of the sample with a band saw caused

delamination at the cut edge.
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Table 3 2 Effect of processing parameters on the quality of the interply bond

for laser processed APC-2 samples.

Processing parameters Quality of the bond
Consolidation R DCCB test
5 § g | pressure ;; é - <
2lo 2 ol(load/unit width) |, < < g 2
BT F e 5 = 2o | xS 5
S|y 8le B =2 L5 g o= g
Zlin B e =) Z o <« B & 2 :":2
3 =T 25 3 5SS
lb/in. | kN/m |2 s} a. g
1/ 60 (8.33| 576 100.8 37.06 26 46 2.2
2|60 (208 | 576 100.8 47.53 29.85 0.89
3| 60 |26.99] 902.4 158 0 34.50 28.53 0.88
4| 83 |32.72| 576 1008 23.41 30.87 0.75
51 50 |8.28 ] 576 100.8 29.05 28.49 1.72
6| 50 | 12.69 576 100 8 35.09 28.50 0.69
7| 50 [27 76| 576 100.8 29.79 29.20 0.57
gj 40 [642 | 576 100.8 26.66 30.77 1.24
91 30 |4.49 576 100 8 20.89 28 93 0 49
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Fig. 3.37 Micrograph of a samplc processned at SOW laser power, 12.69

mm/scc tape speed, and 100.8kN/m consolidation picssure. Sample

was failed during SBS (cst.
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Fig. 3.38 Load displacement curve during SBS test for a sample processed

at S0W laser power, 12.69mm/sec tape speed, and 100.8kN/m
consolidation pressure.
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Fig. 3.39 Failure causcd during SBS test for a sample processed at SOW
laser power, 12.69mm/scc tape speed, and 100.8kN/m consolidation

pressurc.
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Fig. 3.40 Damage caused by SBS test for a sample processed at 60W laser
power, 32.72mm/scc tape speed, and 100.8kN/m consolidation

pressure.
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Fig. 3.41 Micrograph showing the failure mode during SBS test. The sample

was processed at 60W laser power, 26.99mm/scc tape speed, and

100.8kN/m consolidation pressure.
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Fig. 3.42 Failurc near the end of the specimen. The sample was processed

at 60W laser power, 26.99mm/sec tape speed, and 100.8kN/m

consolidation pressure.
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Fig. 3.43 Damage near the center point loading of a sample processed at

60W laser power, 20.72mm/scc tape speed, and 100.8kN/m

consolidation pressure.
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Fig. 3.44 Photograph of a damaged specimen. The specimen was processcd

at 60W laser power, 8.33mm/scec tape speed, and 100.8kN/m

consolidation pressure.
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Fig. 3.45 A [lailed specimen, which was processed at 40W laser power,

6.42 mm/scc tape speed, and 100.8kN/m consolidation pressure.

100




For most of the samples processed at 60 W laser power, plastic deformation at
center point loading was not observed Failed test specimens frequently exhibited
compressive dam=ge on the top surface interply failures at the center region of a sample
processed at 63 W laser pewer and at 32 72 mm/sec tape speed are shown in Fig 3 40
Because of the poor bond quality, several interply faillures are noticed The apparent ILSS
for this case is found to be 23 41 MPa With the reduction in tape speed to 26 99 mm/sec
for 60 W laser power, apparent ILSS increases to 34 5 MPa A micrograph showing the
damage n this sample (26 99 mm/sec tape speed and 60W laser power) 1s given in Fig
3 4]. Shallow depression for this case was not observed. Instead matrix crushing below
the center point loading was observed Propagation of delamination below the center point
ioading can be noticed Photograph of the end of the same sample is shown in Fig. 3 42.
Interply faiure along neutral axis and below the neutral axis can be observed Out of five
samples processed at 60W and 26 99 mm/sec tape speed, two exhibited shallow

depression on the surface of the sample

For a sample processed at 60 W laser power and 20 8 mm/sec tape speed, shallow
depression below the center point loading was observed (Fig 3.43). Apparent interiaminar
shear strength was found to be maximum (47 5 MPa) for this case as compared to other
cases of laser processed samples As shown in the figure, interply failure below the center
point loading 1s not visible A few interlaminar and intralaminar delaminations were
observed between the end and center of the specimen Figure 3 44 shows a micrograph
of a damaged sample processed at 60W laser power, and 8.33 mm/sec tape speed. Several
interply failures on right hand side of the sample are noticed The apparent ILSS is 37 06
MPa for this case Because of the degradation of the thermoplastics, ILSS value

deteriorated for lower speed.

Figure 3.45 shows a center portion of a specimen failed by SBS test. The
specimen was processed at 40 W laser power and at 6 42 mm/sec tape speed Apparent

interlaminar shear strength of this sample was found to be 26.66 MPa. Interlaminar

101




failures were observed on both sides (nght hand and left hand) of the sample

Delaminations below the center point lcading arg observed

3.12.2.2 Double Cantilever Curved Beam (DCCB) Tests

A double cantilever beam (DCB) test 1s popular for determining mode 1 fracture
toughness of a flat composite sample Similar to the DCB test, one quarter length (114
mm arc length) of the sample as shown 1n Fig 3 46 was loaded on a MTS machine .. 4
cross head speed of 1 mm/min The samples were ground on both edges and hquid paper
(white correction fluid) was applied to the edges to aid 1n seeing the crack growth, which
was monitored using a telescope connected to a video camera The DCCB test of a curved
specimen creates a complex state of stress at the crack tip The crack imtially propagates
in mode I, since the propagation direction 1s perpendicular to the applied force The mode
II component increases as the crack propagates around the curved specimen and changes
the angle of propagation relative to the applied force For curved beam sample,
delaminations - “ove the line of desired crack propagation was observed for the cases
where interply bond 1s weak Because of the initiation of multiple cracks during a DCCB
test, fracture toughness of the sample was not measured Interlaminar stresses through the
thickness 1s the cause of delamination for curved samples Therefore for the present study,
maximum load required for the crack propagation 1s considered as a parameter for
qualitative analysis of the interply bond. It 1s noted here that the fracture toughness is
proportional to the crack propagation load 1n the absence of any additional crack or
delamination A typical load-displacement curve during the test 1s shown .n Fig 3 47

Stable and unstable crack propagation regions were observed.

Results on the DCCB tests are shown 1in Figs 7 48, 49 and 3 50 for laser-
assisted processing of APC-2 composites and micrographs of the samples are shown n
Figs. 3 51 - 3.53 Figure 3.48 shows the effect of laser power on the crack propagation
load for 100.8 kN/m consolidation force. It 1s obvious from the figure that the quahity of

the bond enhances with the increase in laser power For a fixed laser power and
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Fig. 3.46 Schematic diagram of a DCCB sample.
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Fig. 3.47 A typical load - displacement curve during DCCB test.
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Fig. 3.49 Effect of consolidation pressure on crack propagation load.

106




25 T T ] |
o
E AV,
E
z 2.0 - \V4 -
o 0 -
§ 0
5 1.5 1 ® -
2
a o
g o

1.0 - -
a ®
o e OO
© O
G 0.5 | v 4

v v
0.0 L 1 ! s l
20 25 30 35 40 45

Crack length (mm)

Fig. 3.50 Crack propagation load at different crack length and processing
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samples at different processing conditions.
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Fig. 3.51 Delamination growth during DCCB test tor a sample processed at
40W laser power, 6.42mm/scc tape speed, and 100.8kN/m

consolidation pressurc.
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mination abovc initial crack. The sample

Fig. 3.52 Dcvelopment of a dela

was processed at 50W laser power, 12.69mm/sec tape speed, and

100.8kN/m consolidation pressure.

109




Fig. 3.53 Crack growth during DCCB test lor a specimen  processed at 60W
laser power, 27.0 mm/s=c tape speed, and 100.8kN/m consolidation

pressure.
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consolidation force, 1t 1s found that the crack propagation load is high at lower tape
speeds. The increased fiber bridging contribution during low tape speed is believed to be
the cause of the rise 1n crack propagation load. Presence of fiber bri. .ng for samples

processed at lower speed range 1s found by SEM study and 1s discussed in next section.

Effect of consolidation force on the crack propagation load is shown in Fig.3.49.
From the figure 1t can be observed that the bond strength is independent of consolidation
force in the range of 50.4 kN/m to 158 kN/m. The reason can be that the resin rich area
between the plies does not get affected in above pressure range as found by the
microscopic study. From the DCCB test 1t was found that the crack propagation load
increases in most cases with the increase 1n crack length for 60 W laser power as shown
in Fig.3.50. For most of the cases for 50 W laser power, crack propagation load

decreases with the increase in crack length.

After the test, samples werc °xamined using optical microscope and photcgraphs
were taken at a magnification of £0. Figure 3.51 shows delaminations above the initial
crack fcr 40 W laser power, 105.8 kN/m consolidation force per unit width, and 6.42
mm/sec tape speed. Delamination growth for a sample processed at 50 W laser power
with 12.69 mm/sec tape speed and 100.8 kN/m consolidation force per unit width is
shown in Fig. 3.52. These cracks above the initial crack were observed because of
complex state of stress during the test. Because of presence of these multiple cracks for
curved samples, fracture toughness of the specimen was not measured. For some cases
where interply bond 1s stronger, delamination above the initial crack was not observed.
A photograph demonstrating the crack growth during DCCB test for a 60 W laser power,
26.99 mm/sec tape speed is shown in Fig.3.53. No delamination above the initial crack

was noticed.

3.12.2.3 Fractography

The type of fracture surface is a good indicator of the type of bond at the
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interface A strong, an intermediate and a weak bond each results in a distinctly different
fracture surface From the appearance of interlaminar fracture surface, 1t 1s possible to
gain a qualitative indication of the degree of bonding between ply nterface and
fiber/matrix interface To study the fracture surface details, smaller specimens wete cut
fro 1+ e c-.ck propagation zone of DCCB samples processed at different processing
conditions and were viewed in the SEM as shown m Figs 3 54 - 3.57 Prior to this

operation, specimen was coated with a thin | 10 nm ] gold layer

The major contribution to energy absorption during interlaminar fracture can be
attributed to the deformation and fracture of the polymer matrix, whereas minor effect can
be due to fiber fracture events For studying the fiber fracture events, photographs were
taken at a magnification of 70 and for the purpose of studying matnix failure between
piles and fiber/matrix interface, photographs were taken at a magmification of 500 In a
sample processed by the laser, it was found that the fracture surface wac different across
the width of the sample due to non-uniformity 1n the laser power distribution as well as
due to the heat transfer limitations At a 60W laser power and at a lower specd range
(sample 1 of Table 3.2), bare fibers and matrix ribbons were observed in the central
region of the fracture surface as shown in Fig 3 54 It 1s because that at lower speed
range, matrix vaporization takes place [65]. From the fracture surface, fiber bundles can
be easily separated fromi middle region which shows lack of matrix material Crack
propagation load 1s found to be maximum for this case because of fiber bndging
phenomena. Fiber bridging causes the toughness measurements to be higher than the
actual toughness of the resin Fiber fracture events caused by fiber bridging can be
observed in Fig.3.55 for same sample at a magnification of 70 Fiber fractures are more
towards the central region. As the speed increases to the medium speed range, number of
fiber fracture events decreases At 60W and 26 99mm/sec tape speed, resin fracture was
observed as shown in Figs 3 56 and 3 57 Small resin blocks are left on fibre surfaces
without evidence of large deformations, revealing a relatively brittle fracture mode
Absence of bare fibers shows good interface bonding between the fiber and matrix. Fiber

fractures are not visible. Fracture surface observed at this combination of processing
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Fig. 3.54 SEM micrograph of a fracture surface of a sample proccssed at
60W laser power, 8.33mm/sec tape speed, and 100.8kN/m

consolidation pressure (500X).
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Fig. 3.55 Fracture surface of a sample processed at 60W lascr power, 8.33

mim/sec tape speed, and 100.8kN/m consolidation pressure (70X).
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Fig. 3.56 Micrograph of a fracture surface for a sample processed at 60W

laser power, 27.0 mm/scc tape speed, and 100.8kN/m consolidation
pressure (S00X).
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Fig. 3.57 SEM image of a sample processed at 60W laser power, 27.0 mm/sec
tape speed, and 100.8kN/m consolidation pressure (70X).
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I and I fracture surface of APC-2 samples processed in an autoclave or hot press as
reported in the literature [1,70.71] In general, mode I test of GR/PEEK specimens results
formation of hackles and nver patterns {1] The fracture surface of a mode 1I shear
spectmen 1 a much more ductile delamination with its ductile hackles than that of a mode
I tension specimen [1] It can be noted here that the temperature history during tape
winding process 1s more complex as compared to the hot press or autoclave operation
[72,73] As shown in Fig. 3 56 small matrix fractures are found to be spreaded at the
interface. The reason of this kind of fracture surface is still unknown but probably change

in the size of spherulite during processing could be the possible cause.
3.12.2.4 Discussion

It 1s evident from the test results that with the increase 1n laser power from 30 W
to 60 W, apparent interlaminar shear strength and crack propagation load increase.
Agarwal [17] also reported similar trend in improvement of ILSS with the increase in
laser power from 20W to 60W. Agarwal determined the ILSS of samples processed at
laser powers from 20W to 75W and at a constant tape speed of 15.4 mm/sec. He observed
that with the increase in laser power from 20W to 60W, ILSS increases. With further
increase in the laser power to 75W for the same 15.4 mm/sec tape speed, ILSS decreases
because of polymer degradation [17]. Because of the selection of constant tape speed for
all the laser powers, effect of increasing the laser power on the mechanica! properties of
the component can not be properly understood. Protably for 75W laser power, speed
higher than 15 4 mm/sec is required to get higher ILSS Mazumdar and Hoa [65,72] found
that for every heat intensity, there 1s an optimum tape speed for which mechanical
properties of the composite 1s maximized. From the present study, 2C.8 mm/sec tape speed
at 60 W laser power gives higher ILSS compared to other processing conditions studied
for laser power. It 1s observed that with the increase in laser power, optimum tape speed
for better consolidation also increases For example better consolidation at 50 W laser
power is achieved at around 12.69 mm/sec tape speed and for 60 W laser power it is near

20 8 mm/sec tare speed. Therefore higher laser power reduces the processing time and
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gives better consolidation With the increase in heat ntensity, temperature at the
consolidation point increases Higher temperature would 1esult in higher amount of
molecular interdiffusion and resin flow. With the increase in diffusion of polymer chains
across the interface, improved interlaminar properties can be achieved At this pont it 1s
not sure what is the maximum laser power for which highest interply bonding could be
achieved. It is suspected that there must be a it on maximum heat intensity beyond
which the quality of consolidation will start deteriorating. Because of the linmtation of

current laser unit, processing of APC-2 composites was not performed for laser powers
higher than 65 W.

3.12.2.5 Com harative study of SBS, DCCB, and fiactography tests

It is clear that the DCCB test measures the quality of the interply bond between
two specific layers because of the presence of a crack initiator, whereas SBS test
determines the quality of bond for a wider test zone Table 3.2 shows that as tape speed
decreases to lower speed range (sample 1 at 60W and 8.33 mm/sec, table 3 2), crack
propagation load increases whereas ILSS decreases Increase in the crack propagation load
can be attributed to increase in fiber fracture events caused by fiber bridging, whereas
decrease in ILSS can be attributed to polymer degradation. Therefore, 1t can be said that
the SBS test measures the effect of degradation whereas the DCCB test can not 1dentify
the matrix degradation phenomena because of fiber bridging. Matrix vaporization at lower
tape speed range was verified during experiments and from SEM study Fractography can
show the excessive matrix degradation in terms of fiber fracture events and Sare fibers
but can not measure the extent of degraaation quantitatively. Moreover, DCCB test
results and fractography measure the bond quality between two specific phies and do not
measure the overall bond quality It 1s noted here that the bond quality dunng tape
winding process is not uniform through out the thickness, therefore a testing method
which can measure the interlaminar properties for a wider test zone 1s more suitable. SBS

test to some extent determines the bond quality for a wider testing region.
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From the test results 1t can be observed that the SBS test in most cases gives better
percentage difference in results for two process parameters This shows that the SBS test
provides higher sensittvity to characterize the interply bonding For example, a
companson in test results for samples numbered 2, 3, and 4 (table 3 2), show that a
reduction 1n tape speed from 32.72 mm/sec to 26 99mm/sec increases the ILSS by 47.4
% whereas crack propagation load increases by 17.3% Further decrease in tape speed
from 26 99 mm/sec to 20.8 mm/sec, increases the ILSS by 37.8 % and crack propagation
load by 1%. A comparison in test results with samples produced at lower speed range is
not made here because of the increase in fiber fracture events during a DCCB test. It is
clear from the rrevious study that at low speed range matrix degradation in terms of
matrix loss takes place. The matrix vaporization was observed during the experiment and
loss of matrix material was found from SEM study for low speed range. The SBS test
results show that there is a loss of bond strength for low speed range. Therefore the SBS
test can identify the matrix degradation For a DCCB test, crack propagation load
increases for samples processed at low speed range because of fiber fracture events. An
increase in laser power from 30W to 60W (sample numbered 9 and 2) increases the ILSS
by 127.5% and crack propagation load by 81 3%. Thus the SBS test can measure the

differences in bond quality more easily.

Above discussions show that the SBS test provides better comparison in interply

bond qu:lity as compared to the DCCB test and fractography.

3.13 Conclusions

Results of experimen:s on laser-assisted tape winding of APC-2 thermoplastic
composite are presented. Use of the laser during a tape winding process is found to be

a clean operation.

During the tape winding process, the temperature history is found to be complex.

In the tape winding process, localized heating causes a high rate of heating (more than
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20,000°C/min.) and cooling (more than 4,000°C/min.) near the consolidation point. For
the laser-assisted processing, 1t was found that for good interply bonding, required
processing temperature goes above 500°C as compared to 380°C to 400°C for hot pressing,
autoclave processing, and diaphragm molding. It is because that the shorter melt times and
higher heating rates achieved during laser-aided processing require a higher processing

temperature for sufficient molecuiar interdiffusion.

In the thermoplastic tape winding process, several parameters influence the
properties of the end product. Effect of dominant processing parameters on crystallinity,
process-induced deformation, and consolidation quality are examined. Crystallinity higher
than 25% are observed even for complex temperature histories for laser processed
samples. With the increase in laser power, process-induced deformation is found to be

decreasing.

Test results show that the quality of the interply bond is strongly influenced by the
selertion of processing conditions, Improvement in interlaminar properties are found with
the increase in the heat intensity for the process conditions studied in this chapter. It was
found that the short beam shear test provides higher sensitivity to characterize the

interply bond quality.

Based on SBS test results, best process parameters for enhanced quality of interply
bonding are found to be 60W laser power, 20.8mm/sec tape speed and 100.8 kN/m
consolidation force per unit width of the tape for laser processed ten-ply rings. Above
values are votained for processing conditions studied in this chapter. Further improvement

in the quality is possible for higher laser powers.
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CHAPTER 4

IMPLEMENTATION OF TAGUCH! METHOD

4.1 Summary

During laser-assisted processing of thermoplastic composites, the individual effect
of the heat intensity, tape speed, and consolidation force on the interply bond strength 1s
not easily separated unless a larze number of experiments is carried out Because the
properties of a end product depend upon the selection of processing conditions, it is
essential that the conditions under which a well consohdated part is obtained should be
defined. The previous chapter deals with the qualitative analysis of the influence of
process parameters on the bond quality, whereas this chapter performs studies on the
quantitative analysis of the effec: of process parameters on the bond quality For this,
Carbon/PEEK (APC-2) thermoplastic composite rings were manufactured by a
thermoplastic tape winding process at selected conditions and influence of dominant

process parameters on the interply bond strengths were evaluated.

Optimum processing conditions for higher quality products are determined by the
Taguchi method. The Taguchi method is a powerful tool to bring qualiiy into the product
through design and not by inspection or triai and error method. The influence of three
dominant factors such as laser power, consolidation force and tape speed on the bond
strength are investigated. Experimental design was performed using L, orthogonal arrays.
Percentage contribution of each factor on the quality of bond are estimated by ANOVA

technique

4.2 Introduction

In the manufacture of a composite component, several processing variables

influence the performance of the product. The technique of defining and investigating all
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possible conditions 1n an experniment involving multiple factors 1s known as the design
of experiments. In the old days it was believed that the scientifically correct way to
conduct an expettment was to vary just one factor at a time, holding everythmg else fixed

Thus for a full factorial design the number of possible designs N 1s

N=LMm (4.1)

where L = Number of levels for each factor

and m = Number of factors

Thus, if the quality of a given product depends on three factors A, B, and C and
each factor is to be tested at three levels then Eq. 1 indicates 3' (27) possible design
configurations. It means the expertmenter has to conduct 27 tests to understand the
process. As the number of facic 's or number of levels increases, the total number of tests
also increases. For example if an engineer wants to determine the effect of seven factors
at two levels then ‘e total number of experiments becomes 27 (128), which will increasce

the cost of experiments.

Techniques such as fractional factorial design are used to simplify the design of
experiments. Fractional factorial design investigates only a fraction of all the possible
combinations. This approach saves considerable time and money but requires rnigorous
mathematical treatment, both in the design of the experiment and in the analysis of the
results to correctly understand about the process Each experimenter may design a
different set of fractional factorial experiments. Therefore, there is a need for developing
a systematic approach to determine the effect of process parameters on the quality of an
end product and also to investigate which process parameters are required to be controlied
to get a minimum variation in the results. Herein lies Taguchi's contribution to the science
of the design of experiments. He simplified and standardized the fractional factorial
designs using a special set of orthogonal arrays. According to Taguchi's experimental

design, only a minimum of 8 experiments instead of 128 experiments for seven factors
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at two levels are required to get enough information about the process. Detail explaination

of Taguchi Methodology can be find in [ 74,75,76]

For manufacturing processes where large numbers of factors influence the final
ontcome, Taguchi approach can be utilized to arrive at the best parameters for the
optimum design configuration with the least number of analytical investigations. Therefore
Taguchi method has great potential in the area of low cost composites manufacturing and
materials processing. Still the use of statistical techniques in the -ea of composites
manufactuning is lacking. Recently, Wilkins et al [77] have used Taguchi method for

property and process enhancement in the Resin Transfer Molding (RTM) process.

In chapter 3, qualitative analysis of influence of process parameters on physical
and mechanical behaviours of an end product i1s performed, whereas this chapter provides
quantitative effect of individual parameters on the bond quality. Taguchi method is
implemented for the experimental design of a - .noplastic tape winding process.
Percentage contribution of individual parameters on the bond quality are estimated by

ANOVA technique.
4.3 Objectives
The present study is performed to fulfi) the following two objectives.
1. To use statistical method for analyzing the results of experiments
2. To estimate the contribution of individual process parameters such as laser power,
corisolidation force, and tape speed on the quality of bond.

4 4 Experimental Procedure

For the present investigation, ten-ply rings were manufactured at selected

processing parameters using laser as a heat source. Same experimental set-up as described
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in chapter 3 is used for the fabrication of nings. In the previous chapter, interfacial ply
bonding of ring specimens are chatacterized using short beam shear (SBS) tests, double
cantilever curved beam (DCCB) tests, and fracture surface study by scanming electron
microscope (SEM). It was found that the SBS test 1s sensitive to the interply bonding and
can easily detect differences in the interply bond Therefore, for the present case SBS tests
were conducted for quality control purposes. The SBS test was measured according to the

method described in ASTM D2344 [56].

4.5 Implementation of Taguchi Method

4.5.1 Designing the experiment :

Experimental design involves defining all the possible conditions in an experiment
involving multiple factors. An experimental design must satisfy two objectives. In the
first, the number of trials is calculated and in the second, conditions for each tnal are
specified Taguchi developed several sets of orthogonal arrays (OAs) for designing
experiments with various factors and levels. In the present case three factors at three
levels are studied as listed in Table 4.1. Three levels are selected when it 1s suspected that
the influence of a factor on the recult can be non-linear For the present case, an L, OA
as shown in Fig.4.1 is suitable for the experimental design. There are nine independent
conditions in an L, These conditions are described by the numbers in the rows.
Experiments were performed at laser powers of 40W, 50W, 60W, consolidation force of
50.4 kN/m, 100.8kN/m, 151.3 kN/m, tape speeds of 6.42 mm/sec, 13.00mm/sec and
27.00mm/sec. Here consolidation force is measuied 1n terms of load per unit width of the
laminaie with the assumption that there 1s a linear contact between the consolidation roller
and laminate For clarity, the experimental conditions of Fig. 4.1 can be explained as

follows.

Experiment No. 1:  40W (A, ), 50.4 kN/m (B, ), 6.42 mm/sec (C, )
Experiment No. 2. 40W (A, ), 100.8 kN/m (B, ), 13.0 mm/sec (C,)
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Table 4.1 Control factors and thetr levels.

Factor Level 1 Level 2 Level 3
Laser Power (W) 40 50 60
Consolidation 50.4 100
Pressure (kN/m) ' B 151.3
Tape Speed o

(mm/sec) 6.42 13.0 27.0
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Factors A B C Y
Trials Power Speed |results (MPa)
1 1 1 1 25.66
P 1 2 2 28.00
3 1 3 3 20.85
4 2 1 2 35.09
5 2 P 3 29.79
6 2 3 1 29.15
7 3 1 3 35.66
8 3 P 1 35.73
9 3 3 2 - 39.57

Fig. 4.1 An experimental layout using L, array.
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40W (A, ), 1513 kN/m (B, ), 27 0 mm/sec (C,)
SOW (A, ), 504 kN/m (B, ), 13 0 mm/sec (C,)

50W (A, ), 100.8 kN/m (B, ), 27.0 mu /sec (C,)
SOW (A, ), 151.4 kN/m (B, ), 6.42 mm/sec (C,)
60W (A, ), 50.4 kN/m (B, ), 27 0 mm/sec (C,)

60W (A, ), 100.8 kN/m (B, ), 6.42 mm/sec (C,)
60W (A, ), 151.4 kN/m (B, ), 13.0 mm/sec (C,)

Experiment No
Experiment No.
Experiment No.
Experiment No.
Experiment No.

Experiment No.

A A e

Experiment No.

For the present case only one experiment at each of the above conditions was
performed to see the main effects of individual processing parameters. The optimum

condition is identified by studying the main effects of each of the factors.

4.5.2 Analysis of the results:

As described above, rings at specified conditions were manufactured and the
results of the SBS test, in terms of a quality characteristic, Y, were measured as shown

below:

Y, = 25.66 MPa, Y, =28.00 MPa, Y, =20.65 MPa
Y,=3509 MPa, Y, =2979 MPa, Y, =29.15MPa
Y,=3566 MPa, Y, =3573 MPa, Y, =239.57 MPa

These results are recorded in the right most column of the OA (Fig.4.1). Since,
there was only one test for each condition, the results are recorded in one column. For
some trial conditions such as experiment numbers 4 and 7, multiple tests were performed.
The standard deviation for experiment number 4 with two test runs was found to be 0.564
and standard deviation for experiment number 7 with three test runs was found to be
1.773. Once the main effects are known then new levels for conirol factors are selected

to locate the best condition for higher performance.
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To speed up the analysis, Taguchi has provided some key procedures which are
used here. When these steps are strictly followed by different individuals performing the

analysis, they are likely to arrive at the same conclusions.

4.5.3 Computation of Average Performance:

To compute the average performance of the factor A at level 1 ie. A, at 40 W

laser power, add results for trials including factor A, , and then divide by the number of

such trials. For A, loovk in the column for A and find that level 1 occurs in experiment
numbers 1, 2 and 3. The average effect of A, , is therefore calculated by adding the

results, Y of these three trials as follows:

Aw=(Y, +Y,+Y,)/3=(2566+2800 +20.65)/3 =2477

The average effects of other factors are computed in a similar manner.

Ay =(Y,+Ys+Y,)/3=3134
A= (Y, +Y, +Y,)/3=36.99
B, =(Y,+Y,+Y,)/3=32.14
B, =(Y,+Y;+Y,)/3=31.17
B,,=(Y;+Ys+Y,)/3=2979
Crw=(Y, +Y,+Y,)/3=30.18
Co=( Y, 1Y, +Y,)/3=3422
Co=(Y;+Y;+Y,)/3=28.70

Above values are plotted in Fig. 4.2 to see the main effects of the each factor on
the bond quality. It is c'=ar from the figure that the increase in laser power increases the
bond strength whereas effect of consolidation force in the range of 50.4 kN/m to 151.3

kN/m is negligible. Influence of tape speed on the bond strength is found to be nonlinear.
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Fig. 4.2 Main effects of the factors on SBS test results.
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Quality of interlaminar properties 1s found to be poor at lower and higher tape speeds

The reason for increase in interply bond stiength with the increase in laser power
is that the higher laser power causes a higher temperature at the consolhidation point
Higher processing temperatures would result 1n lower viscosity and higher intermolecular
diffusion which will cause greater degree of resin flow and molecular interdiffusion and
results 1n better interply bond properties [60] Varnation in the consolidation force 1n the
range of 504 kN/m to 1513 kN/m on the wetting and mtmate contact at the ply
interfaces is found to be neghgible {65] Decreasing the consohidation force to 25 kN/m
causes poor wetting and improper bonding between plies. Because of the sufficient
wetting between plies 1n the range of 504 kN/m to 151 3 kN/m consolidation forces,
variation in the interply bond strength 1s found to be a minimal The effect of the tape
speed on the SBS test result is found to be non-linzar. Because of the polymer
degradation at lower speeds and insufficient wetting at higher speeds, the interply bond

strength 1s reduced.

4.5.4 Quality Characteristics

For a product obtained by the tape winding, the bigger the value of the bor
strength, the better the quality of a product. Thus from Fig 4.2 the A; (60 W) , B, (50 ~
kN/m) and C, {13.0 mm/sec) combination will hikely produce the best result. From Fig
4 2 it can be observed that the influence of the tape speed on the bond strength is non-
linear. The exact trend of the curve is not known. More tests at 60 W laser power and at
tape speeds in the range of 13 0 mm/sec to 27 0 mm/sec are needed to locate the optimum
conditions. It 1s obvicus from the result of Fig 4 2 that to further improve the quality of
the laser processed parts, one shouid study the effect of laser powers above 60W and tape
speeds higher than 13 3 mm/sec. In the present case, tests higher than the 60W laser

power is not conducted because of limitation of the equipment
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4.5.5 Relative Contributions of Vanables

The relative tribution of processing yarameters are established by comparing
their variances The technique, analysis of variance (ANOVA) 1s used for this purpose.
Results of ANOVA 1n terms of percent contribution of each process parameters are found

as mentioned below

P, = 75.08 %, P, =2.72%, P.=1705%

The results show that the laser power contributes around 79.08% in the
development of the bond strength, therefore the laser power should be controlled properly.
Contribution of consolidation force in the development of bond strength is only 2.72%,
therefore variation 1n the consolidation force during processing would not significantly
affect the quality of the bond. Influence of the tape speed during an on-line consolidation
1s found to be 17 05% Calculations of different terms of ANOVA are omitted here. For
detailed study on ANOVA refer to [74].

In most cases variation in the quality of a product is unavoidable. This variation
can be brought to a minimum by undeistanding about the effects of process parameters.
In the present case, the laser power has the highest influence on the variation in the
propert s of a tape wound product. Therefore during the tape winding, variation in the

heat intensity should be minimized in order to get a consistent quality of the end product.

The present results can be very helpful in designing new processing equipment for
manufacturing complex composite components. In the fabrication of non-axisymmetric
shapes, the tape speed vanes for a constant mandrel speed [78,79,80]. For example, during
manufacturing of rings of elliptical cross-sections with semi-major axis of 7.8 cm and
semi-mnor axis of 3.9 cm, it is found that the tape speed varies from 2 cm/sec to 16.2
cm/sec during one revolution at a constant mandrel rotation of 10 rpm [78]. With the

change in tape speed, laser power can not be kept constant for uniform bonding between

131




the layers. To solve this problem, either the laser power should be vanied to compensate
for changes in the tape speed or tape speed should be maintained constant in order to
prevent the variation in the laser power. Results obtained in this thesis work show that
the laser power should be kept at a maximum level (60W 1n this case) for higher bond
quality. Reduction in the laser power will decrease the bond strength. Therefore in the
production of complex shapes by a tape winding technique, variation in the laser power
should be prevented and the tape speed should remain constant in order to keep the laser

power at a maximum level.
4.5.6 Projection of the Optimum Performance:

From the above analysis A, B, C, is found to be the optimum condition for the
interply bond strength. The actual result for the above condition is not known because it
is not among the trial runs performed for the present case. Prediction of the result at the

optimum condition is determined by the following relation [74].

Yopt = TIN + (Asay =~ TIN) +(B1g,~ TTN) +(Caav" TiN) (4.2)

= average performance + contribution of A, B, and C, above avarage
performance
where,

T = Grand total of all results

N = Total number of results

Y, = Performance at optimum condition
In this case:

T=2793,N=9, A,,=3699, B, =32.14, C,, = 34.22

therefore,
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Y,, = 31.03 + (36.99-31.03) + (32.14 -31.03) + (34.22 - 31.03)
Y, =41.28

which is slightly above the 39.57 MPa value obtained during trial run 9.

4.6 Conclusions

Taguchi method was applied for the experimental design of a thermoplastic tape
winding process. Using Taguchi method, only nine experiments were sufficient to
determine the percent contribution of each process parameter on the quality of bond. The

optimum condition for the tape winding process is estimated.

It was found that the bond strength increases with an increase in laser nower
within a range of 30W to 60W. The effect of consolidation force on bond strength was
found to be negligible. The influence of tape speed on the quality of bond is found to be
non-linear with the highest strength at a medium tape speed. It is estimated that the iaser
power has a major contribution on the improvement of bond quality. Percent contributions
to the enhancement of bond quality by laser power, consolidation force, and tape speed

are found to be 79.08 %, 2.72% and 17.05 % respectively.




CHAPTER §

HOT-NITROGEN-GAS-AIDED PROCESSING

5.1 Summary

Manufacturing of Carbon/PEEK (APC-2) thermoplastic composite rings by
thermoplastic tape winding using hot-nitrogen-gas as a heat source was studied. During
the fabrication of thermoplastic composite parts using the thermoplastic tape winding
process, several parameters such as heat intensity, tape speed, consolidation force,
preheating temperature of tape and tool material, and cooling rate can affect the property
of the end product Effects of dominant processing parameters on temperature distribution,

process-induced deformation, quality of consolidation, and crystallinity are examned

5.2 Introduction

Chapter 3 described the processing of APC-2 composites using laser as a heat
source. Because of higher equipment cost involved with the laser, the hot-nitrogen-gas is
used for processing APC-2 composites. This chapter describes the feasibility of hot-
nitrogen-gas aided processing of Carbon/PEEK thermoplastic composites. To the author
knowledge, no experimental results are available on the cffect of processing parameters
on the temperature history, crystallinity and process-induced deformation during the tape
winding process using the hot-nitrogen-gas as a neat scurce. In this chapter, temperature
histories for various processing parameters are determined. Effects of dominant process
parameters such as heat intensity, tape speed, and consolidation force on crystallinity,
process-induced deformation, and interply bond quality are examined. Effect of heating
rate on the minimum temperature required for a well consolidated part 1s discussed.
Characterization of the interply bonding for hot-gas processed samples by short beam
shear tests, double cantilever curved beam tests and scanning electron microscopic tests

is performed.
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5 .3 Experimental

Same experimental set-up as described in chapter 3 for laser-assisted processing
is used for the manufacture of circular rings using hot-nitrogen-gas as a heat source.
Schematic diagram of the set-up with a heat source is shown in Fig. 5.1. Hot-nitrogen-gas
was supplicd to the contact point of the mandrel and roller at various flow rates. The
teraperature of nitrogen gas just before leaving the nozzle was measured by a
thermocouple and was controlled at a temperature of 905°C. Outlet of the nozzle tip had
elliptical cross-section with a scmi-major axis of 4.7 mm and semi-minor axis of 3.05
mm. The nozzle tip was kept 25.4 mm away {rom the contact point during the processing.
The unit for supplying hot-nitrogen-gas was obtaired from Automated Dynamics
Corporation. Ten-ply rings were manufactured under various processing parameters and
found to be suitable for various studies while limiting material use to a reasonable

amount,

From the initial experiments, with 146 SCFH (Specific Cubic Feet per Hour)
nitrogen flow rate at 905°C, and at tape speeds of 6.28 mm/sec to 13.3 mm/sec,
immediate bonding between plies was not achieved though the tape temperature recorded
was higher than 650°C. In that speed range, the outer ply, i.e., one circumferential length
of the ring could be easily pecled off. The layers beneath the outer laver had good
bonding. It is to be noted here that in contrast to the outer layer, the inner layers undergo
more than one heating and cooling cycle. For a similar temperature history during laser
processing, immediate bond formation was achieved. In laser processing, heat is supplied
by radiation, whereas in hot-gas processing, heat is supplied at the contact point by forced
flow convection. Probably high nitrogen velocity may be affecting the immediate bond
formation. Using a lower tape speed of 3.58 mm/sec during hot-gas processing, immediate
bonding was achieved. By increasing the nitrogen gas flow rate to 264 SCFH, immediate

bond formation was achieved for 13.3 mm/sec and 28.0 mm/sec tape speeds.
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Fig. 5.1 Schematic diagram of thermoplastic tape consolidation using hot

gas as a heat source.
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5.4 Temperature History During Hot-gas Aided Processing

Experimental measurement of temperature during hot-gas assisted processing was
done similar to that described in chapter 3 for laser processing A digital process indicator
(DP 86, Omcga Eng Inc), LeCroy 9400, dual 125 MHz digital oscilloscope, and 0.125
mm diameter K type thermocouple were used to record the temperature profile during
processing. For the measurement of the temperature history, a thermocouple was inserted
between the fifth and sixth plies without interrupting the process. In all the cases, the
mandrel and roller were preheated to 130°C by an air heater (heat gun) just before

winding, and then the heat gun was switched off

Figures 52, 5.3 and 5.4 represent the temperature profiles recorded by the
oscilloscope during three consecutive heating cycles. In Fig. 5.2, the temperature profile
1s shown just after placing the thermocouple near the contact point whereas fizures 5.3
and 5.4 represent the temperature profile nearly after one heating cycle. The temperature
recorded by the oscilloscope is not smooth because of the low sampling rate of the
instruments. The general trend in temperature history during the thermoplastic tape
winding process is that the maximum temperatur: decreases as the thermocouple goes
away from the contact point. In figure 5.4 the maximum temperature recorded by the
oscilloscope atter first heating cycle is found to be shightly lower than the temperature
measured after the second heating cycle. This can be attributed to the insufficient

sampling rate of the instrumert.

It 1s evident from Figs 3.2-5.4 that temperature profile depends upon the selection
of process parameters. i is nu.ed that the several layers beneath the consolidation point
go above melting temperature (343°C) of PEEK thermoplastics. The general trend is that
the temperature reached in a ply decreases as the ply goes away from the consolidation
point. It is found for all the speed ranges that the maximum temperature recorded by the
instrument during insertion of the thermocouple (first spike) is around 1,000°C (Fig.5.2).

Maximum temperature recorded during second spike onwards differed with the change
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Fig. 5.2 Temperature history during hot gas processing for nitrogen flow rate
of 146 SCFH, 6.28 mm/sec tape speed, and 67.2 kN/m consolidation

pressure.
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Fig. 5.3 Temperature profile during hot gas processing for nitrogen flow rate

of 146 SCFH, 13.3 mm/sec tape speed, and 67.2 kN/m consolidation

pressure.
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Fig. 5.4 Temperature history during hot gas processing for nitrogen flow rate

of 264 SCFH, 28.0 mm/sec tape speed, and 67.2 kN/m consolidation
pressure.
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in tape speed and heat intensity The nitial increase in the temperature duning first spike
1s due to the direct heating of the thermocouple by hot-nitrogen-gas As the thermocouple
reaches the consolidation point, it comes into contact with the prepreg tape and substrate
and becomes embedded i the material The material hegins to cool immediately as 1t
moves away from the heat source The heating rates and cooling rates are calculated to
be more than 20,000°C/min and 5,000°C/min, respectively, for Figs 52 and 5 3. For 264
SCFH flow rate and at a tape speed of 28 0 mm/sec (Fig 5.4), the heating rate is found
to be more than 45,000°C/min, and the cooling rate 1s measured to be more than
5,800°C/min The melt time during hot-gas processing is found to be in the range of 1 sec

to 4 sec, which is slightly higher than that during laser processing.

5.5 Effect of Heating Rate on Minimum Temperature Required for Good Consolidation

A majority of the work in polymer bonding 1s focused on amorphous polymers.
In amorphous polyn.ers, interdiffusion occurs above the glass transition temperature. In
semicrystalline polymers, the mterdiffusion would not occur below the melting or
crystallization temperature because the crystal structure effectively locks the movement
of molecules. Wetting predominates at low welding temperatures close to the polymer
melting point and involves the surface tension and viscosity of the two surfaces in
contact. Interdiffusion of macromolecular chains of the two surfaces in contact
predominates at fairly high temperature and welding times [59] During hot-gas processing
of APC-2 thermoplastic composites, it was found that for a good interply bonding, the
processing temperature goes above 600°C, whereas for hot pressing and autoclave
processing, the manufacturer's recommended processing temperature 1s 380°C to 400°C
Shorter melt times (1 sec to 4 sec) and higher heating rates (more than 20,000°C/min)
during thermoplastic tape winding limit the amount of diffusion, therefore a higher
processing temperature 1s needed for sufficient molecular interdiffusion. Higher processing
temperatures would result in lower viscosity and higher diffusivity, which will cause a
greater degree of resin flow and interdiffusion. A higher degree of resin flow and

interdiffusion would result in better interply bond properties. Saint-Royre and coworkers
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[59] found that the minimum temperature required for good welding of polyethylene
layers increases from 145°C to 214°C with the increase in heating rate from 20°C/mun to

400°C/min.

To determine the mimimum temperature required for good interply bording,
experiments were performed at various amouats of heat supply and at various speeds The
temperature history for each case was recorded To check the bonding between layers, the

specimen was peeled manually using the end of the tape after the ring was manufactured.

It was found for 146 SCFH nitrogen flow rate at 205°C, 67.2 kN/m consolidation
force, and a tape speed of 28 mm/sec, the maximuin temperature reached during the
second spike was above 580°C and the maximum temperature during third spike was
above 490°C Here the lower limit in the maximum temperature 1s presented Because of
the insufficient sampling rate of the instrument, it is possible that the exact peak
temperature is not recorded by the instrument In this case, 1t was found that the outer
four plies (four circumferential length) peeled off easily because of insufficient bonding

between the plies.

By lowering the tape speed from 28 mm/sec to 13 3 mm/sec for same condition,
the maximum temperature recorded during the second spike was above 680°C and during
the third spike was above 580°C (Fig.5.3). For this case, only the top ply (one
circumf{erential length) peeled off easily. After one circumferenual length, manual peeling
of the tape became difficult, and the tape end was broken due to the good consolidation
It is obvious from this test that when the temperature between plies goes above 680°C,

better consolidation is achieved.

With further decrease of the tape speed to 6 28 mm/sec for the same heat intensity
(146 SCFH), the maximum temperature during second spike was above 840°C, and durning
the third spike it was above 780°C (Fig.5.2). The top ply (one circumferential length) for

this case came apart easily. Peeling of the tape became difficult after one circumferential
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fength due to good bonding between the plies.

For tape speeds higher than 28 mm/sec for 146 SCFH gas flow rate, poor
consolidation between plies was achieved By increasing the heat intensity from 146
SCFH to 264 SCFH, the maximum temperature at the consolidation point increases for
the same tape speed. For 264 SCFH flow rate and 67.2 kN/m consolidation force,
immediate bond formation was achieved for 13 mm/sec to 28 mm/sec tape speeds. The
maximum temperature was above . J0°C during 264 SCFH gas flow rate and at tape
speed of 28 mm/sec (Fig. 5.4). From this study 1t was observed that for the case when
maximum temperature during second spike was lower than 600°C, ply consclidation was

found to be poor

5.6 Crystallinity Study

Measurement of crystallinity was done by using differential scanning calorimetry
(DSC) Approximately 5 mg samples were taken from different layers. The DSC scans
were done from 100°C to 400°C with scanning rates of 20°C/min as shown in Figs. 5.5-
5.7. Cold crystalhzation peaks were not observed for hot-gas processed samples as shown
in Figs.5.5 - 5.7. The results of the crystallinity for various processing parameters are
tabulated in Table 5.1. For a ning processed at 146 SCFH and 3 58 mm/sec tape speed
(sample number 1), crystallinity at the third-ply from inside was found to be 36.64%
whereas for the outer-most layer (the tenth-ply), crystallinity was found to be 28.99%. For
comparison purposes, the crystallinity of unprocessed APC-2 tape was also determined
and found to be 29.4%. Third layer has more crystallinity compared to the outer layer
probably because of the annealing of the sample and lower cooling rate. To the author's
knowledge, the effect of high heating rates and short melt times on crystallinity kinetics
is unknown. At this point it is not sure whether all the crystallinity in a ply dissolves
when the ply undergoes temperatures above 400°C at heating ratis higher than
20,000°C/min and melt times m the range of 1 sec to 4 sec. The melting of a

semicrystalline polvmer is a complicated phenomenon. Lee [64] showed that the crystal
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structure requires considerable time to be completely destroyed For short dwell times
during laser and hot-gas aided process, residual crystallinity may exist in the melt More
research needs to be done to develop crystallinity models for the thermoplastic tape

winding process.

5.7 Process-induced Deformation

Residual stress is measured indirectly from process-induced deformation because
there is no direct technique available for measuring of internal stresses To measure the
process-induced deformation, rings were cut using » very fine (0 3mm thick) diamond
cutter at low speeds. After cutting, it was found that the rings in most cases opened up
For some of the rings made by hot-gas processing, 1t was found that some pertion at the
ends of the ring overlapped because of the internal stresses Process-induced deformations
were determined by measuring the distance between two ends of the nng Table 5.1
shows process-induced deformations in the samples in th, plane of the ring (r-O plane)
for various processing parameters. Deformation when there 1s an opening 1s considered

to be positive and in the case when there 1s overlapping 1s considered as negative (Table
5.1).

For the present case, minimum process-induced deformation was obtained for 264
SCFH nitrogen flow rate at 905°C, 13.3 mm/sec tape speed and 100.8 kN/m consolidation
force. At this specific processing condition, highest bond strength (ILSS) was achieved

for the process range studied and is discussed in section 5.9.

5.8 Optical Microscopic Study

A microscopic study was performed to investigate the quality of consolidation
during hot-gas processing. Figures 5.8, 59, and 5.10 show the micrographs of well
consolidated rings processed at different processing parameters. Voids at interply locations

were not observed. From the micrograph, some resin-rich areas and non-uniformity in the
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Fig. 5.5 DSC thermogram for a hot gas processed sample for nitrogen flow rate
of 146 SCFH, 3.58 mm/sec tape speed, and 100.8 kN/m consolidation

pressure. The sample was obtained from third ply.
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Fig. 5.6 DSC thermogram for a hot gas processed sample for nitrogen flow rate
of 146 SCFH, 3.58 mm/sec tape speed, and 100.8 kN/m consolidation

pressure. The sample was obtained from top layer (10th ply).
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Fig. 5.7 DSC thermogram for a hot gas processed sample for nitrogen flow
rate of 264 SCFH, 28 mm/sec tape speed, and 100.8 kN/m

consolidation pressure. The sample was obtained from Sth layer.
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Table 5.1 Crystallimity and process induced deformation of the hot gas aided

processed samples.

Processing parameters Experimental Resulls
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Fig. 5.8 Micrograph of a cross-scction for a ring processed at nitrogen [low
ratc of 146 SCFH, 100.8 kN/m consolidation pressure and at a tape
speed of 6.28 mm/sec (200X).
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Fig. 5.10 Cioss-sectional micrograph of a ring; processed at 264 SCFH, 100.8
kN/m consolidation pressure and 28.0 mm/scc tape speed (100X).




fiber distribution could be observed. Different plies could be easily distinguished from the
micrographs. From the microstructure study, 1t was found that at 3.58 mm/sec tape speed
(sample number 1), the resin-rich area was minimal compared to the 628 mm/sec
(sample number 2) and 13 3 mm/sec (sample number 3) tape speeds. At some locations,
it was difficult to distinguish interply interfaces at lower speeds. It may be because some
of the matrix materials were being vaporized (weight loss) or because a belter squeezing -
out process was taking place at lower speeds During laser processing [65], smoke was
observed at lower speeds Smoke during hot-gas processing was not visible because of

the high velocity of the hot-nitrogen-gas.

5.9 Characterization of Intelply Bonding

Quality of interply bonding 1s determined similar to the method described in
chapter 3 ‘cr laser processed samples. Short beam shear tests, double cantilever curved
beam tests and scanning electron microscopic tests are performed to characterize the
joining between plies. Same experimental procedure for above tests was followed as

discussed 1n chapter 3. Results of the tests ar mentioned below

5.9.1 Short Beam Shear Tests

Short beam shear test is performed similarly to the procedure described in chapter
3. Results of the SBS test are tabulated in table 5.2. For the present case, hot-gas
processed samples gave better interlaminar properties as compared to the laser processed
samples. Uniformity of heat distribution across the width of the specimen and longer .nelt

times causes improved results for hot-gas processed samples.

After the test, samples were examined microscopically to determine the type of
failure mode. In all the cases failure was found to be dominant by horizontal shear. A
micrograph of the center region of a hot-gas processed sample at 264 SCFH and at 28 0
mm/sec tape speed (sample number 5, table 5.2) is shown in Fig. 5.11. The apparent ILSS
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Table 5 2 Effect of processing parameters on the quality of the interply bond

for hot gas processed APC-2 samples.

Processing parameters Experimental results
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4 | 905 1264|345]13.3 100.8 04.17 29.38 1.64
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Fig. 5.11 Center region of a damavred specimen. Specimen was processed by

hot gas at 264 SCFH, 28.0mm/scc tapc speed, and 100.8kN/m

consolidation pressure.
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Fig. 5.12 Failure mode during SBS test lor a sample processed at 264

SCFH, 13.3 mm/scc tape speed, and 100.8kN/m consolidation

pressurc.
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Fig. 5.13 Damaged sample processed at 146 SCFH, 1 3.3mm/sec tape speed,

and 100.8kN/m consolidation pressure
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for this case 1s found to be 35.47 MPa. Plastic deformation at the center region of the
sample 1s not visible. Some matrix crushing below the loading point was observed.
Majority of the delamination failure took place on one side of the sample In most cases
of hot-gas processed samples, interply failures were predominant near the bottom surface,

which shows insufficient bonding in first few plies.

By decreasing the tape speed from 28.0 mm/sec to 13.3 mm/sec for 264 SCFH,
apparent ILSS increases from 35.47 MPa to 54.17 MPa. Interlaminar failure for this case
1s shown in Fig. 5.12. Left hand side of the bottom layer got delaminated from rest of the

plies. A small amount of matrix crushing below the loading nose was observed.

With the reduction in heat intensity from 264 SCFH to 146 SCFH for the same
tape speed of 13.3 mm/sec, apparent ILSS reduced by approximately 50 % to 27.11 MPa.
Several interply failures on left hand side of the sample were observed (Fig.5.13).
Majority of the delaminations were near top and bottom plies. This locates the weaker
zone in the sample. For same heat intensity (146 SCFH), maximum bond strength (42.2
MPa) was achieved at 6.28 mm/sec tape speed. With further reduction in tape speed from
6.28 mm/sec to 3.58 mm/sec, apparent ILSS decreased to 38.74 MPa because of the

degradation of the matrix material.
5.9.2 Double Cantilever Beam Tests

Double cantilever beam tests were performed similarly to the method discussed
in chapter 3 for characterizing the quality of bond. One quarter length of the ring was
taken as a test specimen. Aluminum foil was kept during processing between the f'fth and
sixth layer as a crack initiator. The sample was loaded on a MTS machine at a cross head
speed of 1 mm/min. During the tests, delaminations above the initial crack was observed
similarly to the laser processed samples. Interlaminar stress through the thickness is the
cause of delamination for curved samples. Because of the initiation of multiple cracks

during the DCCB test, fracture toughness is not measured. Instead crack propagation load
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/ unit width is measured and is chosen as a parameter for characterizing the bond quality
The results of DCCB tests are tabulated in Table 52 For 146 SCFH flow rate, crack
propagation load / unit width s found to be higher at 6 28 mm/sec tape speed. With the
increase in tape speed to 13.3 mm/sec or decrease in tape speed to 3 58 mm/sec gave

decreased value of crack propagation load

For hot-gas processed samples, delaminations above the imtial crack was observed
for 146 SCFH and 13.3 mm/sec tape speed. For a sample processed at 264 SCFH and
28.0 mm/sec tape speed, delamination was observed in the beginning, which stopped
moving later on. In other cases of hot-gas processed samples, delamination above the
desired crack was not observed For hot-gas processed samples, bonding is reasonably

uniform through out the width

5.9.3 Fractography

Scanning electron microscopic study was performed to gain a qualitative indication
of degree of bonding between ply interface and fiber/matnix interface. To study fracture
surface details, smaller specimens were cut from the crack propagation zone of DCCB
samples processed at various processing conditions and were examined in the SEM Prior

to this operation, specimen was coated with a thin [ 10 nm ] gold layer .

The major contribution to energy absorption during the interlaminar fracture can
be attributed to the deformation and fracture of the polymer matrix, whereas minor effect
can be due to fiber fracture events. For studying the fiber fracture events, photographs
were taken at a magnification of 70 and for the purpose of studying matnx failure

between plies and fiber/matrix interface, photographs were taken at a magnification of
500.

The fracture surface obtained in hot-gas processed samples is found to be different

from the mode I and 1I fracture surface of APC-2 samples processed in an autoclave or
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Fig. 5.14 Micrograph of a fracture surface {or a sample processed by hot
gas at 264 SCFH, 13.3mm/sec tape speed, and 100,8kN/m

consolidation pressure (500X).
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Fig. 5.15 Fracture surface of a hot gas processed sample at 264 SCFH, 28.0)

mm/scc tape speed, and 100.8kN/m consolidation pressure (500X).
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Fig. 5.16 Micrograph of a {racture surface for a sample processed by hot gas
at 264 SCFH, 13.3mm/sec tape speed, and 100.8kN/m consolidation
pressurc (70X).
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Fig. 5.17 Fracture surface of a sample processed by hot gas at 146 SCFH,
13.3mm/scc tape speed, and 100.8kN/m consolidation pressure (500X).
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hot press as reported in the literature [1,71] and as discussed in chapter 3 It can be noted
here that the temperature history during the tape winding is quite complex as compared
to the hot press or autoclave operation Small matnix fractures are found to be spread at
the interface as shown in Figs 5 14, 515, and 5.16. Small matrix fractures are also
observed 1n laser processed samples It can be noted here that at these processing
parameters, interlaminar shear strengths and the value of crack propagation loads are
larger In a sample processed by hot-gas at a nitrogen flow rate of 146 SCFH and at a
tape speed of 13 3 mm/sec, matrix plastic deformation and river patterns are observed as
shown in Fig. 5.17. Falure tn this sample was found to be dominant by matrix
deformation and cracking and not by fiber/matrix interface failure. At this processing
condition (146 SCFH and 13.3 mm/sec tape speed), quality of the bond 1s found to be
poor as mentioned in Table 5 2. From fractography, 1t can be inferred that the matrix

property is influenced by the selection of processing parameters
5.10 Conclusions

Experimental results on the hot-gas processing of APC-2 composites by the
thermoplastic tape winding are presented. The use of hot-nitrogen-gas demonstrated good

interply bonding between phes.

The temperature history during the winding process was measured and was found
to be complex. The heating rates higher than 20,000°C/min., cooling rates more than
4,000°C/min. and shorter melt times in the range of 1 sec to 4 sec, required the
processing temperature more than 600°C for totter interply bonding during hot-gas
processing. Several parameters were found to influence the properties of the bond. Effects
of heat intensity, tape speed, and consolidation force on crystallinity, process-induced
deformation and quality of consolidation were examined Crystallinities larger than that
of the as received APC-2 tape were observed. Void free consolidation was achieved

during hot-gas processing.
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SBS tests, DCCB tests and SEM study were performed for characterizing the
interply bond quality With the increase in heat intensity, bond strength (ILSS) was found
to increase. Based on SBS test results for hot-gas processed samples, best proessing
condition was found to be 264 SCFH nitrogen flow rate at 905°C, 13.3mm/sec tape speed

and 100.8 kN/m consolidation force per unit width of the tape
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CHAPTER 6

MANUFACTURE OF COMPLEX PARTS BY TAPE WINDING AND TAPE
LAYING

6.1 Summary

The aim of the study presented in this chapter is to describe methods for the
fabrication of complex composite parts by thermoplastic tape winding and tape laying
process. The tape winding process can be used for the production of closed parts such as
cylinders, non-axisymmetric rings etc., and the tape laying process can be used for the
fabrication of open parts such as curved beams, leaf springs etc. Advantages of the
thermoplastic tape winding and tape luying are not yet exploited because of lack of
understanding about the kinematics of these processes. A new approach is presented to
study the kinematics of windi.g and tape laying for the manufacture of complicated

shapes. This approach is applied for the production of elliptical composite rings

During the thermoplastic tape winding process, promer heat and pressure are
applied at the contact point of the roller and mandrel to consolidate the laminate. Heat can
be supplied by laser or hot mtrogen gas or any other heat source For the fabrication of
uon-axisymmetric thermoplastic composite rings, the contact point changes with change
in the mandrel position. Moreover, tape speed is found to vary for a constant rotational
speed of a non-axisymmetric mandrel. With the changes in tape speed, the amount of heat
at the contact point has to change for uniform heating of the laminate, otherwise the
component quality may suffer. This chanter discusses the problems associated with the
manufacture of non-axisymmetric shapes such as elliptical rings and presents 2 solution

by performing a kinematic study.

During the tape laying process, a moveable head consisted of heaters, coolers and

rollers move at a certain speed to get uniform bonding between plies. A method is
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presented for determining this head rpeed such that the tape feed rate remains constant

for uniform bonding of the laminate

6.2 Introduction

In the thermoplastic tape winding and tape laying process for non-axisymmetric
parts, fiber reinforced thermoplastic tape is laid down on the tool while heat and pressare
are applied at the contact point as shown in Figs. 6.1 and 6.2 respectively. The necessary
amount of heat supplied for good interply bonding depends upon the material properties
and tape speed Several models have been developed for the tape laying and tape winding
process which address the problems of heating, crystallinity, consolidation and residual
stresses [5,6,7,9] All these models deal with the manufacture of a flat plate by tape laying

process or manufacture of a circular cylinder by tape winding process.

During the manufacture of circular rings by tape winding technique, the tape speed
remains constant for constant mandrel speeds during one cycle, whereas for non-
axisymmetric rings the tape speed varies with time for a constant mandrel speed. In the
manufacture of thin circular rings, the amount of heat supplied remains almost constant
for constant mandrel speed, whereas for the fabrication of non-axisymmetric rings, heat
intensity can not be kept constant with the change 1n tape speed. In other words tape
speed has to be maintained constant ror the same heat intensity. Another complication in
the fabrication of a non-circular ring is due to the fact that the contact point changes with
the change 1in mandrel angular position. Sometimes the roller and mandrel get in the way
of the laser beam. Because of these problems, a method is developed to determine the
mandrel speed while maintaining a constant tape speed for non-axisymmetr'c convex
mandrel shapes. The roller and mandrel are moved in such a way that the heating at the
contact point is obtained without any interference from the roller and mandrel. To the
author's knowledge, a study on the kinematics of thermoplastic tape winding and tape
laying process for manufacturing complex thermoplastic composite parts is not yet

available in the literature,
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Fig. 6.1 Schematic diagram of the thermoplastic tape winding process for the

manufacture of elliptical rings.
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Fig. 6.2 Dlustration of a tape laying process.
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In conventional automobiles, steel coil springs in conjunction with shock absorbers
are used as both front and rear suspensions A Vertical load on a coil spring creates
torsional as well as direct shear stresses in the coil Although fiber reinforced plastic
composites have higher energy storage capacities than steel, they have in general poor
resistance to shear stresses Unidirectional fiber reinforced plastic composites have tensile
and flexural strengths comparable to or higher than most common spring steels. Because
of high strength to weight ratio, and higher tensile and flexural properties, springs
comprising of elliptical rings can be used as a suspension system for automobiles [81].
Mailick [81,82] designed and developed elliptical springs for automobile suspension
systems. Elliptical rings were manufactured by dry winding of 76.2 mm wide fiber
reinforced epoxy tapes to various thicknesses over a collapsible elliptic mandrel Spring
elements were removed from the mandrel after curing at 149°C for at least 14 hrs From
the study it was found that the elliptic spring has potential of saving as much as 50% by
weight in a typical automotive suspension system as compared to the steel coil spring
[81,82] In this work a method for the manufacture of elliptical rings by the thermoplastic

tape winding is presented.

The objective of this investigation is to address the problem concerning the
fabrication of complex thermoplastic composite parts and presents a solution by
performing kinematic study. A generalized formula is developed to determine the tape

speed, and roller movement during the thermoplastic tape winding.

6.3 Kinematic Model for Thermoplastic Tape Winding

Understanding the kinematics of tape winding is important to determine the tape
speed for various mandrel shapes. During the tape winding process, heat is supplied at the
contact point to melt the incoming tape. For laser heating, the laser beam is kept
stationary and, the roller and mandrel are moved in such a way that the contact point
remains at the same horizontal plane. This is done because of the problem in moving the

laser beam with the change in contact point as shown in Fig 6.3. It is clear from the figure

168



that at certain positions of the elliptical mandrel, the mandrel and roller get in the way
of the laser beam In order to be incident at the moving contact pownt, one way 1s to move
the laser beam up and down Change in the direction of the laser beam tor the present
mstance can not be achieved only by using a ulting mirror The nurror has to move up,
down and tilt in order to direct the laser beam at the desired location  To avoid the
problems associated with the alignment and movement of the laser beam, 1t was decided
that the laser remain fixed and the roller and mandrel will move in such a way that the
contact point remains at the same horizontal plane as shown in Fig 6 4 Different positions
of the roller and the mandrel are determuned by performing a kinematic study For this
study, the roller 1s replaced by a flat plate without any loss of generality As outhned in
Fig 6.5 the contact point between the mandrel and a flat plate determines the position of
the roller for different mandrel positions Determination of the tape speed and contact

point positions (or any convex mandrel shape 1s done as follows

Let the mandrel profile be represented in polar co-ordinates by the radius r given

as function of the polar angle ® in the form,

r = F(}) (6.1)

Angle @ is measured counterclockwise from the x axis which 1s engraved n the
mandrel. The driving angle 6 i1s measured between the fixed x' axis and x axis. Now
consider loop OPQRO, where the horizontal component is given by

d+e = rcos (0+¢) (6.2)

and the vertical component is:

h = rsin {0 +¢) (6.3)

The angle v between the radius vector and the outward normal vector at any point of the

mandrel profile is given by [83],
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ar

d(D'OF) (6.4)

v = tan™? (-g

where o, the sign indicator, 1s defined by

oz(_ll) lf%‘g(ig) (6.5)

and s represents the oriented arc length on the mandrel profile.

From triangle OPR,

0+p+v = n/2 (6.6)

For any value of @, v is determined by equation 6 4 and then 6 1s determined by
equation 6.6. The value of h is determined by equation 6 3 and value of d is determined

by equation 6.2. For the case when e=0, roller position (d) from y axis 1s determined by,

d = rcos (8+¢) (6.7)

6.4 Calculation of Mandrel Sypeed for a Constant Tape Speed
For a consistent bonding between the two layers, the heat intensity should be

uniform. This is assured by keeping ihe tape speed constant. For non-circular rings, the

tape speed varies for a constant mandrel speed. Tape speed V, can be given by
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v, = 22 (6.8)

where ds is the arc length between two points of the mandrel. For two close points on the

mandrel profile, arc length can be given by [83]:

ds=/axZ~ ay 2 (6.9)

ds=\/(%,-%,) 2+ (¥,-¥1)® (6.10)

where,

x,=r1,cos P, , X, = r,cos®, , y, =1 sin®, , y, =1, sin O,

r, and r, are the radii for positions @, and &, respectively. For tape speed of V,, dt =

ds/V,. dt is the time taken by the mandrel to reach to position @, from position @, .

For calculation purposes, small increments in @ are given and corresponding
values of the mandrel position O are determined using Eq.6.6 as explained earlier.
Mandrel speed, N, in revolutions per minute (rpm) for a tape speed of V, in length/sec is

calculated by:

. (6.11)
27 ds

N

Figure 6.6 shows the mandrel speed for a constant tape speed of 6 cm/sec for an
elliptical mandrel with a semi-major axis of 7.8 cm and semi-minor axis of 3.9 cm. The
effect of a constant mandrel speed (10 rpm) on the tape speed for the same elliptical
mandrel is shown in the Fig.6.7. In both the cases the roller and mandrel move as shown
in Fig.6.4. It is clear from Fig. 6.7 that the tape speed varies a lot during one cycle.
Change in the tape speed may severely effect the quality of the bond between layers if

proper control on heating is not maintained.
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6.5 Kinematic Model for Thermoplastic Tape Laying

In the thermoplastic tape laying process or fiber placement process {8:4], tapes
containing a matnx-fiber mixture are laid on the predeternuned surface of the tool and
required processing temperatures and pressures are applied continuously as the tape 15
being laid down. The amount of heat supplied for better consohdation depends upon the
tape speed as well as tape and tool material propertiec A moveable head, cou~izting of
heaters, coolers, and rollers i1s mounted above the tool plate as st swn m Fig 62 The
heaters and coolers heat or cool the composite from above, while the rollers apply a

known amount of force P to the plate.

Assume that the head moves at a constant speed V,, along the x direction and the
roller moves along the x direction as well as along y direction depending upon the shape
of the tool (Figs. 6.2 and 6.8). The z direction is along the width of the tape as shown n
Fig. 6.2. The roller moves up and down ( along y direction) because of the consolidation

force applied by an air cylinder.

Let the desired shape ot the composite be defined by:

y = £(x) (6.14)

At any time t, , roller is in contact with the composite surface at the point (x,..y,.)

as shown in Fig.6.8. At that point, position (x,, , y,) of the roller can be obtained by

- (6.19)
X r = X

. -1, d
- r.sin]| tan‘(-a%)l]



Fig. 6.8 Movement of a roller during tape laying operation.
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o
y1r=ylc+r.cos[tan‘1(%)1] (6.16)

where r 1s radius of the roller and (dy/dx), 1s the slope of the composite surface at time
t, To develop a relationship between the tape speed and head speed, a small increment
dx,, 1is given to x,. For the new position (x,,y.), the roller position (x,.y,) is

determined in the similar manner as,

X, =x20—r.sin[tan‘1(%)2] (6.17)

r

i

Y2,=Y20+r-cos[tan‘1(%)9] (6.18)

Value of y,, is calculated by Eq. 6.14. The tape speed V, for a small increment dx,, can
be given by:

V. = \/(XZC_"":LC)Z + (Vac=Yic)? (6.19)
t dt

where dt is the time required to reach to point (x,.,y,.) from (x,.y,.). Speed of the head
which moves along the x direction is given by:

vV, = L z (6.20)
a dt
Replacing the value of dt from Equation 6.19,
X, - X
v, = 2z iz .V, (6.21)

\/(lec—xlc) 2+ (Yoo V1) ®
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Above equation 1s used for determiming the head speed for achieving a constant
tape speed during the tape laying operation.

6.7 Experimental Set-up

A set up as shown 1n figure 6.9 was designed and developed for the manufacture
of elliptical rings The movement of steel roller and steel mandrel 1s shown in Fig 6 4.
The mandrel 1s rotated by a motor and 1s moved up and down using air pressure. The
roller moves back and forth using a cam attached to the system. The cam profile 1s
generated by performing a kinematic study. A controller was developed to vary the speed
of the mandrel as required The controller was interfaced with the computer and a user
friendly program was developed to generate the winding motion based on the current
algorithm A 65 Watt CO, laser (MPB Technologies Inc ) having a wave length of 10.6
um was used for the experiment. The six millimeter diameter laser beam is directed by
two mirrors to the contact point The circular laser beam size is converted to elliptical
beam (having a semi-major axis of 3 6 mm and semi-minor axts of 1 mm at the contact

point) by two coplanar lenses to get a more concentrated heat source at the contact point.

Validation of the kinematic model is done by performing experiments on an

liptic mandrel with semi-major axis of 6 cm and semi-minor axis of 4.5 c¢cm. Mandrel
speeds (stmular to Fig 6.6 ) are determined using the kinematic model for constant tape
speeds of 1 cm/sec, 2 cm/sec, and 3 cm/sec. A thermoplastic tape was marked and scaled
for the measurement of tape speeds. The mandrel was run at a speed determined by the
kinematic model and the scaled tape was wound on the mandrel. The tape speed was
measured during winding process and was found to give desired constant speed. Several
elliptical rings having 10, 15 and 25 plies were successfully manufactured using the laser
as a heat source (Fig.6.10). Rings were fabricated using Carbon/PEEK (APC-2)

thermoplastic compesites tape
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Fig. 6.9 Photographs from back and front of thc experimental set up for

the production of elliptical rings
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Fig. 6.10 Sample elliptical rings having 10, 15 and 25 plies.
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6.8 Conclusions

Problems during the fabrication of non-circular shapes by thermoplastic tape
winding and tape laying techniques are discussed and solutions are presented by
developing kinematic models. Verification of the models was done by perfornung
experiments on a mandrel with elliptic cross-section. A set-up was designed and

developed for the production of elliptical rings using laser as a heat source

During the thermoplastic tape winding technique, heat and pressure are applied at
the contact point to consolidate the laminate. Selection of heat intensity depends upon
material properties as well as tape speeds. It is found from the kinematic study that the
tape speed changes during winding process for non-axisymmetric shapes for a constant
mandrel speed. The present study suggests that the maintenance of a constant tape speed
during the fabrication of non-circular shapes is desired for an uniform bond quality
Generalized formulae are presented for determining the machine motions for obtaining a

constant tape speed during the tape winding and tape laying process.
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PART I FILAMENT WINDING




CHAPTER 7

A KINEMATIC MODEL FOR FILAMENT WINDING OF
NON-AXISYMMETRIC CYLINDRICAL MANDRELS

7.1 Summary

Filament winding technique has not been used to 1ts overall capacity because of
insufficient understanding of the kinematics of filament winding In order to effectively
utilize the capability of the filament winding technique, a Geometric Approach, based on
the algebraic and tiigonometric relations is presented to determine the maclhme motions
for generating destred fiber distribution on axisymmetric, non-axisymmetric, cylindrical,

and non-cylindrical mandrel shapes

The analytical modul thus developed 1s found to be extremely useful tools for
laying down the fiber on a predetermined path 1n lieu of costly techniques such as teach
in programming, simulation, CAD/CAM, etc. It 1s suggested that a sophisticated filament
winding machine is not always necessary to fabricate complex structures A filament
winding machine with two degrees of freedom can perform the same task on vurious
types of mandrel surface with fewer driven parts, higher accuracy, and lower
manufacturing cost. The method presents exact solution for determuning the winding

motions for mandrels, which have polygonal cross-sections

This chapter discusses the kinematic aspects of the filament wnding for
cylindrical mandrels having a smooth convex cross-section Deiermination of winding
motions for cylindrical mandrels with polygonal cross-sections and non-cylindncal
mandrels with axisymmetric and non-axisymmetric cross-sections are covered 1n chapters
8 and 9 respectively A method 1s proposed 1n this chapter to determine the motion of

delivery point relative to the mandrel to ensure that the fiber laydown is of the
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predetermined path over the mandre! Experimental verification of the process 1s done
on a cylindiical mandrel with an elliptic cross-section with a semi-major axis (a) of
7798 mm ( 3 07") and semi-minor axis (b) of 39 98 mm (1 574") All the experiments
are performed on a computer controlled filament winding machine having two
degrees of freedom. Effects of location of the delivery point, mandrel geometry, and

fiber winding angle on the delivery point motion are discussed

7.2 Intvoduction

Exact fiber placement generated by the filament winding makes the process
suitable for the production of technically high quality composite components. The
components which are currently in developmental stage often have a complicated
geometry, and when such components are producea, the manufacturing process must

guarantee the production of the desired winding path on the mandrel surface.

Exploitation of the filament winding technique has not been made properly
because of msufficient knowledge about the kinematics of filament winding. Filament
winding technique can be used for the fabrication of a .ariety of composite components
but at present, use of filament winding is mostly limited to the manufacture of circular

cylinder and axisymmetric shapes.

Figure 7.1 shows a schematic diagram of a two axis filament winding machine,
in which the mandrel rotates at a constant speed and the delivery point moves vack and
forth for generating a desired fiber distribution on the mandrel surface The desired fiber
trajectory is oblamed by knowing the relative speeds of the mandrel and delivery point.
Several techniques such as teach-in-programming [29}, simulation [33], CAD/CAM
[38,39], etc. are available for the determination of machine motions. These methods are
described in detail in chapter 1. In all these methods, either velocities of the mandrel and
dehivery point are determined, or relative positicns of the mandrel and delivery point are

calculated. These values are then fed into the computer of a filament winding machine
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to generate the desired motion Allard et al. [43] reported that the kinematics of filament
winding on an elliptic cross-section 1s complex Kirberg et al [85] reported the use of
CAD/CAM techmque since the computation of controi data would require much
mathematical effort This thesix presents a Geometric Approach for (he determination of
machine motions In this approach, geometrical and trigonometrical relations are used to
calculate the delivery point positions corresponding to the mandrel's angular positions for
a given mandrel's geometry, fiber winding angle, and experimental set-up conditions. This
method 1s very suitable for performing the kinemat:ic analysis of winding motion for
specific combinutions of fiber winding angle, delivery point distance, etc The important
aspect of Geometric Approach 1s that it determines the winding motion for a filament
winding machine with only two-degrees-of-freedom Thus it 13 evident that the present
technique can be applied to any filament winding machine since every filament winding
machine has at least two-degrees-of-freedom Moreover, many filament winding industries
have cnly two-axis machines. Therefore, the present approach can be useful for such

industries for the manufacture of non-circular components

This  chapter provides a solution for helical winding on non-axisymmetric
cylindrical mandrels having any smooth convex cross section represented by r = F(¢),
where first derivatives dF/d¢ are continuous. The present method can not be used for the
mandrels having rectangular, hexagonal or any polygonal cross-sections, where first
derivative dF/d¢ is not continuous. To solve such problems, a method has been proposed

in chapter 8

7.3 Comparisons Between Thermoset and Thermoplastic Filament Winding

In the thermoset filament winding, thermoset resin (in liquid form) 1einforced with
the fiber 1s wound on the surface of the mandrel at the desired orientation (Fig.7.1),
whereas in the thermoplastic filament winding, thermoplastic is supplied with the fiber
in powder form such as in powder coated towpreg or 1n fiber form such as in commingled

yarn. In the thermoplastic filament winding heat and pressure are applied at the contact
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point of the roller and madrel for melting and consolidation of thermoplastics (Fig 7 2)
In the process, laydown, melting, and consolidation are obtained m a single step which
thereby avoids curing stage which is necessary with thermosets Both techmques have
their advantages and disadvantages. The thermoset filament winding 1equires less
sophistication and the quality of consolidation achieved in a thermoset wound component
is very high as compared to a thermoplastic wound component. In theromplastic filament
winding, four advantages are apparent as compared to thermosets. First 1s the potential
of non-geodesic winding and manufacture of concave surfaces by thermoplastic filament
winding. The second advantage ts the ability to post form the structure Fillament wound
sections can be remoulded in other ways. For example, a box section can be cut in half
and reconsolidated to form an ' I ' beam [3]. The thermoplastic filament winding 1s a
clean process The final advantage of thermoplastics is that there 1s no need for an
autoclave. This feature, which compensates for the relatively slow winding speed, 1s
particularly exploitable in the rnanufacture of very large structures *hat would otherwise
require impossibly large autoclaves. An additional feature of large thick structures 1s that
it may not be convenient to wind them all at one time. with thermoplastic matenals an

interruption in the process has no effect - there is no consideration of shelf hfe

7.4 Process Formulation

Figure 7.3 shows the cross-sectional view of the mandrel and fiber position
at any driving angle 0 for an arbitrary mandrel cross-section. Fiber CD is perpendicular
to the longitudinal axis of the mandrel passing through point C The dnving angle
0 is measured between fixed X axis and an axis x engraved in the mandrel The fiber
delivery point is located at point D at a distance d from mandrel’s axis of rotation Let

the profile of a mandrel's cross-section be represented 1n polar co-oidinate as,

r = F(¢) (7.1)
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Fig. 7.3 Fiber and mandrel position at any arbitrary angl. .
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where r 15 the radius at any polar angle ¢ measured from the axis x as shown in the

Fig 73

For determining the winding motion, first various geometric parameters, V, Q, 1,
0 corresponding to polar angle ¢ are calculated similar to the kinematic analysis of CAM

with oscillating flat faced follower [86]. These terms are shown in Fig. 7.3 and defined

later.

The angle v between the radius vector and the outward normal vector at any
point on the surface can be found by finding an expigssion for a unit tangent vector

and unit normal vector.

Let T represent a unit tangent vector at point C, which moves in the direction
of increasing arc length and traces out mandrel profile as shown in the Fig.7.3. The

complex radius vector AC with respect to x axis can be represented by,

z = rei = F(}) e'® (7.2)

The unit tangent vector along the direction of T can be given by,

r.d . d do
ds do ds
or,
CdF o db
T = (— F — 7.3
(d¢+z)e = (7.3)

where s represents the oriented arc length on the mandrel profile. It is clear from Fig. 7.3
that fiber CD 1s always tangential to the mandrel profile at the point of contact (C)

for properly tensioned fiber delivery system.
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The outward unit normal (N) can be gtven by [86],
N = ~T
which using Eq.(7 3) yields,

N=(-i% s Fyeedd

do ds

Or,
_ it pdd dF db
(Fds do ds)

So magnitude of the angle which N makes with the x axis is given by

argN = ¢ + arctan, (- (2) Z: c‘i:: F)
or
argN = ¢ + arctan, (o %(IE ,a F)

where o is the sign indicator defined as,

o-(4) v &lS)

From Fig.7.3 we can also see that

arg N =¢ + v

Thus on comparing Eq. (7.6) and Eq. (7.8),
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v =arctanz(-o%$,oF) (79)

The instantaneous fiber length (I), and angle a which fiber makes with X axis
can be found from following two loop equations for a loop ABCD. By taking

components along moving axes ( x'y'), where y' axis is normal to the fiber CD, we

have,
rsinv + I - dcosa = 0 (7.10)
rcosv - dsine =0 (7.11)
50,
sine = rcosv [ d (7.12)
and
I = dcosa - rsinv (7.13)

Equations 7.12 and 7.13 can also be obtained by equating components along the fixed
axes ( X, Y ).

Driving angle 6 can be obtained from triangle ABD.
0+d+v = nf2-a
so,
9 =n22-a-¢~v (7.14)

Above equations can be easily solved if we take ¢ as independent variable. For a
fixed value of ¢ Eq.(7.1) gives r, Eq. (7.9) gives v, Eq.(7.12) defines o, Eq.(7.13) defines
| and Eq.(7.14) defines 6. Corresponding to this angular position ( 0) of the mandrel,

delivery point positions are determined for desired fiber winding angle and the procedure

193



is explained in next section

7.5 Calculations of Delivery Point Positions for Helical Winding on Mandiel Smface

For calculation of relative positions of the mandrel and delivery point, the
perimeter of the given cross-section is assumed to be made of n linear segments. Linear
segments are made between polar angles (¢, .9, ), (92 .05 ), (9, .9,). .. (4., .0,) A linear
segment 1 is defined by the segment on the perimeter between polar angles ¢, and ¢,,, .

Then all the variables r,, 0,, 1, v,, o, are calculated as stated above for each polar

angle ¢, .

After determining the values of 8, , 1, v,, &, for various magnitudes of ¢, with
stationary delivery point, the delivery point positions are calculated as follows for the
desired fiber orientation (8, ). Here the winding angle (6, ) is measured from the
transverse axis of the mandrel to the fiber direction as shown in Fig.7 4 for the sake of

convenience. Thus the angle, the fiber makes with the longitudinal axis will be ( 90

-6 ).

Calculations of delivery point positions are based on the principle that any smooth
curve can be assumed as made of infinite number of linear segments. The smaller is
the linear segment, the more accurate the result will be. Linear segment is selected
because fiber just overlaps the segment i when mandrel reaches to 6,,, from 0, In
between, fiber remains at the vertex of the side. With this assumption the perimeter of
the cross section can be approximated with small error. For example perimeter of a
circle of radius 3.07" (77.98 mm ) can be found by dividing the perimeter into 720
equally distributed linear segments. The error on the length of the perimeter was found

to be 0.0003% which can be considered as negligible.

Suppose initially the mandrel's reference axis x makes an angle 0, from the fixed

axis X as shown in Fig.7.4. In this position the fiber touches at point C, , which is at
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Fig. 7.4 Mandrel and delivery point posstion for a fiber winding angle of ©,.
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polar angle ¢, measured from the reference axis x. Fiber delivery point s at a genenc
point D which is at a distance of d from the mandrel axis of rotation At the
beginning of winding, let the co-ordinate of the fiber delivery point be Z,,,

Line C, D 1s perpendicular to the C, C,' as shown in Fig.74 C, C,'1s a line parallel
to the longitudinal axis of the mandrel. Let the co-ordinate of the pomt C, be ( x, .y,

,Z, ) with respect to the mandrel's rotating axis (x,y,z), where,
X =ricos,, y =nrsing , z =2Zp

To make a fiber winding angle 8, between points C, and C, , the fiber should
be laid down making an angle of 6, on the linear segment between polar angles ¢, and
¢, and that it should wuch the mandrel at a point C, C, is the contact point
between fiber and mandrel when the mandrel reaches to 0, corresponding to ¢, .

Co-ordinzie of point C, is given by
X, = 1,c080, , y, = r,sing, , z, =z, +ds;,tan6; (715)

Where §; is the fiber windi.ig angle and ds,, is the length of the linear segment between

r.lar angle ¢, and ¢, given by,

dsy, = ‘/(sz -5+ (-3 (716)

Correspondingly, delivery point should move to Zy, during the time when mandrel

reaches to next position 9, , such that,
Zp, = (l+dsp)tanb, + Zp,
or,

Z,, = (L+ds,)tand, + z, (7.17)

where, 1, is the fiber length C, D at position 8,. D is a generic point on the delivery

point axis such that C,D is always perpendicular to the delivery axis as shown in Fig.
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75. Through this reference hine C, D, fiber winding angle is measured. Various values
of I, corresponding to ¢, have already been calculated 1 1s the distance between the

fiber delivery point (D) and the contact point C,

Similarly, for another small increment tn ¢ when the mandrel reaches 6, , the

co-ordinate of fiber contact point C, should be such that.

X3 = 13008Q; , y3 = rysing; , 2y =, +dsytanb, (7.18;

where,

dsyy = \/(x3 -5+ (05-9,) (7.19)
Correspondingly delivery point should reach to Z,, such that

Zpy = (ly+dsyy)tanb, + z, (7.20)

In general, we can say that the fiber lies on the mandrel surface at a point C,

making an angle 8, from transverse axis of the mandrel such that:

where,

ds; ;= (&%) + 3y ) (7.22)
Corresponding delivery point position should be such that,

Zy = (l,+ds,._,’i)tanef + 2, (7.23)

Thus we can locate all the delivery point positions for complete revolution

of the mandrel.
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{b) Mandrel position at 8 = 45°.
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(c) Mandrel position at 8 = gp°.

Fig. 7.5 Fiber positions at various mandrel positions: (a) 8=0°, (b) 0=45°,
(c) 6=90°
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7.6 Delivery Point Velocity

Filament winding machines which have velocity feed back control, may require
velocity of the delivery point and mandrel's rotational speed as input data for generating
the desired fiber distribution. Once the co-ordinates of delivery point relative to mandrel's

positions are known, delivery point velocity is calculated as follows.

Average velocity of the delivery point between any two points i and i+1 can be

represented as follows,

ZDm - Zm
- ti

sl (7.24)
b

where t represents the time.

Suppose the mandrel is rotating at a constant speed of N rpm. then,

zDi

Z -
V., =360N-21 D
H 6;1-6;

H
Substituting values of Z,, and Z,,, from Eq.(7.23), gives

(b +dsy. a0, + 2, - (f+ds, )tanb, - 7,
0,,,-6,

i+l i

Vo = 360.N.( )

Upon substituting the value of z, from Eq.(7.21), finally we get

ds,...+1, -l
Visa = 360.N( (@i *hor 7y

(7.25)
em - ei 4

So the average velocity between any segment is dependent on change in the fiber length
(1), arc length of the segment (ds,,,, ), fiber winding angle (6) and the mandrel
rotational speed (N).
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For the case of a circular cylinder, the fiber length and arc length remamn
constant for equally spaced polar angle therefore the average velocity remains constant

for the same fib=r winding angle.

Thus for a circular cylinder,

ds, ;.
Vit = 3601v.(ﬁ)mnef (7.26)

i+l i

where ¢ is a constant. For the constant fiber winding angle,

= ¢, (7.28)

i+l

where ¢, is another constant.
7.7 Kinematics on an Elliptical Mandrel

The Geometric approach is applied to perform the kinematic analysis on various
types of elliptical cross-sections with ellipticity e = 0.25, 0.51, 1.0 and a semi-major axis
(a) of 3.07" (77.98 mm). Ellipticity e is defined as the ratio of a semi-major axis (a) and
semi-minor axis (b) i.e. e=b/a. Figure 7.5 shows positions of the fiber contact point for
various mandrel positions of an elliptic mandrel. It is clear from the figure that the point
C, varies with the mandrel rotation whereas for a circular cylinder, position of point C,

remains constant with respect to the fixed axis X.

Mandrel profile in terms of cartesian co-ordinate can be represented by,
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2
+ 2 -1 (7.29)

b2

&lk
[

Replacing x = r cos ¢ , y = r sin ¢ the elliptical profile can be written in polar

co-ordinate ( r = F (¢) ) as,

r= a.b =F (7.30)

Angle v between a radius vector and an outward normal vector at any point cn

the mandrel surface can be obtained from Eq.(7.9) as,

v = arctan, (-0% , aF)

dF/d¢ for the present case will be,

% ~0.5a.b(a%-b)sin2¢ [bcotd + a’sin’p] P (731)

For a particular value of ¢, v can be calculated using equations (7.30) and
(7.31). Other variables such as a, 1, and 6 corresponding to ¢ is obtained using equations
7.12, 7.13, and 7.14 respectively. Delivery point positions corresponding to the
mandrel rotation are calculated using equation 7.23. For performing the kinematic
analysis on an elliptical mandrel, perimeter of the ellipse is divided into 1440 linear
segments. Calculations of above parameters such asr, , 6,,1,, v,, o, Z, are performed

for ¢ = 0.0°, 0.25°, 0.5°, 0.75°, 1.0° ... and so on with an increment of 0.25°.

Variation of the polar angle (¢) relative to the mandrel rotation 0 for e = 0.25,
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0.51, 1.0 are given in Figs.7 6 and 7 7 for delivery point distances (d) of 29 72" (754 89
mm) and 11.81" (299 97 mm) respectively In the case of a circular mandrel1e e = 10,
variation 1n polar angle is proportional to the variation in driving angle 0. For all

mandrel shapes, semi-major axis is kept at 3.07" (77.98 mm).

Figure 7.8 shows variation of the fiber length (1) relative to the mandrel rotation
fore=0.25,0.51, 1.0 and d = 29.72" (754.89 mm) and 11.81" (299 97 mm). For the case
of circular mandrel (e=1), the fiber length (1) remains constant with the change in

mandrel rotation.

Movement of the delivery poim relative to the mandrel rotation for 0, = 30° is
plotted in Fig.7.9 for e=0.25, 0.51, 1.0 and d = 29.72" (754.89 mm) and 11.81" (299.97
mm). Corresponding velocity diagram is shown in Fig. 710. Fig.7 11 shows the
velocity of delivery point for e=.51, d = 29.72" (754.89 mm) and for various fiber

winding angles.

7.8 Experimental Verification

Experimental verification of the process is done on a cylindrnical mandrel
having an elliptical cross-section with a semi-major axis of 3.07" (77.98 mm) and semi-
minor axis of 1.57" (39.98 mm). In the beginning of the experiment, the mandrel was kept
at O = 0.0° and the delivery point was kept such a way that the fiber direction was
perpendicular to the longitudinal axis of the mandrel. The distance ot dchivery point
from mandrel's axis of rotation was kept at 29.72" (754 89 mm). Calculations were made
to find out the delivery point positions (Z; ) for nearly one revolution of the mandrel with
the increment of 025° in ¢ for various fiber winding angles 0, as discussed earher.
Co-ordinates (0, ,Z,, ) are then transferred to the computer of the filament winding

machine for generating required winding motions.
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Fig. 7.6 Varnation of polar angle (¢) relative to A for e = 0.25, 0.51, 1.0, and
d =29.72".
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Fig. 7.7 Variation of polar angle (¢) relative to 6 for e = 0.25, 0.51, 1.0, and
d=11381".
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Fig. 7.8 Effect of delivery point distance on fiber length (1) for e = 0.25, 0.51
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Fig. 7.10 Delivery point velocity relative to 0 for e = 0.25, 0.51, 1.0, d =

29.72", 6~ 30° and N = 10 rpm.
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Fig. 7.11 Delivery point velocity relative to 8 for e = 0.51, d = 29.72",

N = 10 rpm, and 6= 30°, 45°, and 60°.
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To measure the fiber winding angle on a mandrel surface, a sheet of paper was
wrapped over the mandrel surface and then tests were performed to get the desired fiber
winding angle (0,) of 30°. After the completion of winding, the fiber path was traced with
a pen Paper was then unwrapped to measure the fiber winding angle The experimental
value was found in the range of 29 7° - 30 3° in comparison to the desired fiber winding
angle of 30°. The error ( maximum of 1%) n getting desired 6, may be due to errors
in measuring the exact delivery point distance from the mandrel axis of rotation,

truncation error during computations, etc.

It is obvious from Fig. 7.9 that the delivery point moves a significant
distance to the get desired winding angle (6,) of 30° at the point of start and then it
follows a smooth motion. During the experiment, delivery point was made to reach to Z,

first and then mandrel and delivery point moved simultaneously.
7.9 Effect of Various Parameters on Delivery Point Motion

7.9.1 Effect of mandrel geometry

Mandrel geometry affects the delivery point motion significantly. Fig.7.9 shows
the trend of delivery point motions relative to the mandrel rotation for 8, = 30° and for
e = 025, 0.51, 1.0 keeping semi-major axis equal to 3.07" (77.98 mm) for all the
cases. The figure shows the carriage motion for delivery point distances (d) of 29.72"
(754.89 mm) and 11.81" (299 97 mm). Figure 7.9 is plotted assuming Z,, = 0.0 mm.
F1g.7.10 shows the average ve.ocity of the delivery point relative to the mandrel position
for a constant mandrel speed (N) of 10 rpm. Velocity during first segment is obviously
very high and is not shown in the figure. It is clear from the Fig.7.10 that for a circular

mandrel, velocity remains constant for a constant fiber winding angle.
7.9.2 Effect of fiber winding angle

With the increase in 9, , the required velocity also increases. It is clear from Eq.
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7.25 that for a given mandrel shape and given delivery point distance (d), (ds,,,, +1,, -

)/ (6,, -8)remains constant for a particular segment for various 9, . So,

(A, * by -k
8,.,-6,

i+l

iy, = (Fisdg = 360N ) (tan6, - tan6))

or,

(qu)eﬂ - (l";,.'»,l)ep: kuq(tanejz B taneﬂ) (7.32)

where k, ., is equal to [360.N.(ds,,; + 1., -1)1/(6,, -6).

Velocity curves for 6, =30°, 45°,60° and fore = 0.51 and d = 29.72" (754.89

mm) are shown in Fig. 7.11 for constant mandrel speed (N) of 10 rpm.
7.9.3 Effect of Location of the Delivery Point

Location of the delivery point axis with respect to mandrel's rotational axis can
be changed either by orienting the delivery point axis as shown in Fig. 7.12 keeping the
distance (d) constant, or by changing the distance (d) between both the axes. In practice,
for the same 'd', change in orientation is done for two reasons; in the first mandrel's axis
of rotation is changed due to change in diameter of the cylinder e.g. mandrel's axis of
rotation is moved upwards with the increase in radius of the cylinder. In another case, for
safety or for increasing the floor space, carriage axis can be shifted from floor to the wall.
In such cases, knowledge regarding the effect of orientation or delivery point distance can
be helpful.

It is clear from Fig.7.12 and Eq.7.25 that by orienting the delivery point D by
A degrees as shown in Fig.7.12 b, same velocity trend is obtained as that for the case

in Fig.7.12 abut after the mandrel has rotated by A degrees. Equation 7.25 does not
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Fig. 7.12 Mandrel and fiber position at different delivery point locations.
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Fig. 7.13 Delivery point velocity relative to mandrel position for e = 0.51,

d=12972" and 11.81", N =10 rpm, and 0= 30°

212




contain any term related to the carriage orientation angle A. In above case delivery point

was kept at the same distance d

With the change in delivery point distance d, the contact point of the fiber and
mandrel changes for the same mandrel position. Fig. 7.9 shows the delivery point
movements for d = 29 72" (754 89 mm) and 11.81" (299.97 mm). Fig. 7.13 shows the

effect of the delivery point distance on the delivery point velocity.

7.10 Advantages of Geometric Approach

Geometric Approach presented in this chapter has the following advantages over

other techniques.

(a) Teach-in-programming technique consumes lot of time and effort due to its trial and
error method.

(b) Simulation techmque and CAD/CAM technique are expensive. Sometimes these
techniques require a sophisticated filament winding machine for generating the desired
fiber winding angle distribution For filament winding machines with five or six degrees-
of -freedom, the most difficult and time consuming part is to convert delivery point co-
ordinates 1nto five or six simultaneous axes of motion such that the net effect of motion
of each degree of freedom should match with the desired movement of the delivery point
location.

(c) Present technique is suitable for even simplest form ot a filament winding machine,
which has only 2 or 3 degrees of freedom. This reduces the cost of filament winding
machine.

(d) Geometric Approach is very suitable in performing the kinematic analysis of
filament winding 1 e effect of Jelivery point distance, mandrel speed, and other winding
parameters on winding motion can be easily determined.

(e) Present approach determines the winding motion in a few seconds and thus reduces

the overall manufacturing time.
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(D) Cost of determining the winding motion is quite less in the present technique.
(g) Present technique avoids the complex movement of feed eye, and the winding

motion obtained by the present technique is found to be smooth and collision free.

7.11 Conclusi~os

A Geometric Approach is presented for the determination of winding motions for
generating desired fiber angle distributions on the surface of non-axisymmetric cylindrical
mandrels. Based on the present algorithm, a computer code is developed for performing
the kinematic analysis of filament winding. The study shows that a two-axis filament
winding machine can laydown the fiber on a desired path on non-axisymmetric cylindrical

mandrels.
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CHAPIER 8

A KINEMATIC MODEL FOR FILAMENT WINDING OF CYLINDRICAL
MANDRELS WITH POLYGONAL CROSS-SECTION

8.1 Summary

A Geometric Appraoach is presented to determine the windins motion for
filament winding of non-axisymmetric cylindrical mandrels with convex polygonal
cross-sections. Experimental verification of the process is done on mandrels having
rectangular and hexagonal cross-sections. All the experiments are performed on a
computer controlled filament winding machine having two-degrees-of-freedom. Effects
of location of the delivery point, mandrel geometry, and eccentricity in the rotational axis

of the mandrel on machine motions are discussed.

8.2 Introduction

Fiber reinforced composite parts a1 ; gaining importance in highly stressed
automobile and machine components such as drive shafts, cross-members, and robot arms.
Most of these parts have complicated geometry without any rotational symmetry. As
Kirberg et.al. [85] reported that the computation of control data for non-axially
symmetrical component geometries would require much mathematical effort. The use
of CAD/CAM systems to determine the control data for non-axisymmetric

components was suggested [38,39].

A procedure to determine the control data for non-axisymmetric cylindrical
mandrels with smooth convex cross-sections (represented by r = F(¢) , where first
derivatives dF/d$ are continuous) was discussed in Chapter 7. The method was
successfully used to study the kinematics of filament winding on cylindrical mandrels

with elliptical and circular cross-sections. It can not be used for mandrels with
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rectangular, hexagonal, or other polygonal cross-sections The functions describing the

cross-section of these mandrels do not have continuous first derivatives.

The procedure discussed here 1s useful in determining the trajectory of
delivery point for exact fiber placement on the non-axisymmetric cylindrical
mandrels with convex polygonal cross-sections such as rectangular beams, pipes, etc.
The procedure was experimentally verified for mandrels with rectangular and hexagonal

cross-sections,

8.3 General Procedure

Based on the Geometric Approach, a model is proposed for kinematic analysis of
a cylindrical mandrel with a convex polygonal cross section. The whole procedure is

divided into following main parts.

* determination of the mandrel shape geometry,

* determ.nation of the experimental set-up conditions such as finding the distance (d) of
the delivery point axis from mandrel's rotational axis,

* calculation of delivery point positions for various mandrel positions for desired fiber
orientations. These relative positions of the mandrel and delivery point are then transferred

into the computer of a filament winding machine for generating required motion.

The complete procedure is performed in .e following steps (an
illustration of the process takes the example of a hexagonal cross-section as shown

in Fig.8.1):
(1) Divide the cross-section into triangles as shown in Fig8.1 by joining

vertices of the triangles to the axis of rotation (O) of the mandrel. Vertices and sides are

named as shown in Fig.8.1.
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Fig. 8.1 Different geometric parameters on hexagonal cross-section.
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(2) Determine the values of various parameters such asr,, s,, o, , B, from the

mandrel geometry for each triangle as shown in Fig 8 | where r, 1s the distance of the

vertex A, from center O, s, . is the length of side A A, ; o, . 1s the angle made by
line AO and A, O at point O; and B, is the angle made by side A, A,,, with OA, at
point A, . Once all the values of r, and o, are known then's, and B, are computed
using cosine formula for 2 triangle,

(3) Measure d, the distance of delivery point (D) from the axis of rotation (O) of
the mandrel, from the experimental set-up as shown in Fig.8.2. It 1s assumed that
the delivery point axis and mandrel's axis of rotation are parallel, and the delivery point
distance d is a constant. In general, for a two-axis filament winding machine, these two
axes are parallel. At the beginning of the winding process, delivery point D 1s kept
perpendicular to the longitudinal axis of the mandrel as shown in Fig 8.3

(4) Suppose at the beginning of the windmig, the fiber 1s at vertex A, Leta
moving axis x is engraved in the mandrel which passes through point O and A, as
shown in Fig.8.2. Let at the beginning of the winding the mandrel's moving axis x is at
© = 0.0° as shown ‘n Fig.8.2. From the experimental set up determine the angle ¢
which the moving axis x makes with line OD1e ZA, OD.

(5) Find length AD for a triangle OA D as shown in Fig 8 4 using the law of
cosine. Here AD is the distance between the vertex A, and delivery point (D) at the ime
when fiber just overwraps the side A, A,, . The above situation 1s determined when
ZOAD is equal to B, as shown in Fig8.4. All A D values are obtained for the same

delivery point position:

d’ =AD?* + r} - 2A,Drcos B,

d® =r? + (AD - rcosB) + - (rcosp)?

AD = ricosp; + \[ (reosB)® + (@* - ) (8.1)
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Fig. 8.2 Mandrel and fiber position at the heginning of winding.
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Fig. 8.3 Mandrel and delivery point positions.
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(b) T

(e)

Fig. 8.4 Different mandrel positions at which the fiber just overwraps the

side.
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(6) Find angle y, i.e, ZA OD from the triangle OA D using the law of cosine

v, is the angle when the fiber just overwraps the side A, A,,, as shown in Fig.8.4.

AD? = r} + d* - 2.r,.d.cosy,

rl+d? -A,D?

(8.2)
2.r,.d

cosy; =

(7) Determine various mandrel positions 8, , for which fiber just overwraps side
the A/A,,, as follows. Suppose at the beginning of the winding, mandrel position is as
shown in Fig.8.2. The fiber overwraps the side A; A, when this side just coincides with
the fiber A, D as shown in Fig.8.4a. This situation is obtained when the mandrel goes

to position 0, (Fig. 8.4a). The value of 0, is calculated as follows,
0, =v, - ¢ (8.3)

Similarly the side A, A; coincides with the fiber when mandrel reaches to 0,

as shown ir Fig.8.4b. The value of 0, is calculated as follows.
b=y, + o - ¢ (84)
Similarly the mandrel position 6, for side A; A, (Fig.8.4 c) is calculated as follows:

B, =y, + oty - b (8.5)

In general, the mandrel position ©, for side A, A,, is calculaied as follows:
J=i-1

6, =Y+ Y &-& (foriz2) (8.6)
i1

Value of 0, is calculated from Eq.8.3.

S8
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(8) After determining various mandrel positions 6, , for which fiber just
overwraps the side A, A, , corresponding delivery point positions Z; for desired
winding angle are determined as follows. For the sake of convenience, angle 6, is
measured from the transverse axis of the mandrel as shown in Fig.8.3. So the fiber
winding angle from longitudinal axis of the mandre! will be (90 - 6, ). Suppose at the
beginning of the winding, mandrel position is at 6, = 0.0° and the delivery point
position is at Z,, ( Fig.8.3). Zy, is the position when fiber A, D is perpendicular
to the mandrel's longitudinal axis passing through point A, (Fig.8.3). For the side A A,
to be overwrapped by the fiber with a winding angle of 6;, the delivery point should

reach to Z,, , by the time mandrel reaches to 8, . The value of Z,,, is calculated as

follows:
Zp, =z, +A,Dtan6; (8.7)
where
2 = Zpy
Similarly for side 2,
Z,, =z, +4,Dtan6, (88)
where
%, =z, +s,tanb, (8.9)
In general for side 7.
Zp, =z +ADtand, (for iz1) (8.10)
where
Z; =3, +5;,tanb, (for i22) (8.11)
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(9) These values of the mandrel and delivery point posi. s (0, ,Z,, ) are then fed
into the computer controlled filament winding machine, 1n order to get desired fiber
winding angle on the mandrel surface. Cal:ulation of the delivery point positions for
various mandrel shapes and delivery pomnt locations are illustrated in the following
example. Calculations are made for nearly one revolution of the mandrel. It is to be
noted here that even the simple hand calculations without using a computer is sufficient
to determine the windir'g motion. Thus present technique is cost-effective as compared

to the teach-in-programming, CAD/CAM, simulation, etc.

8.3.1 Rectangular cross-section

The rectangular cross-section (Fig.8.5) used for the illustration has the following

values for various parameters;

s; =84.99 mm, s, =140.00 mm, s; = 8499 mm, s, = 140.00 mm,

r, =81.89 mm=r, , =1,
o, =62.52°, o, =11748 |, o, =qa, =62.52°, o, =a, =117.48°
B, =58.74°, B, =31.26°, B, =587« , B, =31.26°

and let 6, = 30°.

The distance of the delivery point d from the mandrel's axis of rntation was kept
at 754.89 mm. Values of A|D, A,D, A,D, A,D are found using Eq.8.1.

ADD = rycosp, + ‘/?,cosﬁ,)2 +(d?*-r})

A, D=794.26 mm.

Similarly,

A,D = ricosB, + [ (rycosp,)* + (d2 - r?)
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Fig. 8.5 Rectangular cross-section used for the experiment.




A,D=282380mm, A,D=79426mm, A,D =82380mm

Values of angle y, 1.e., ZA, OD are found using Eq.8 2.

ri+d*-A,D?
2.r.d

Cosy; =

Y, =115.946° Similarly, y, = 145.508° v, = 115946° 7y, = 145 508° .

Suppose at the beginning of the experiment for the mandrel position of 0, =
0.0°, the moving axis x makes an angle of 60° from the line OD as shown 1n Fig8 6.

So ¢ = 60°.
Values of 6, for which a side A, A,,, just gets overwrapped by fiber the was
found using Eq.8.3 and Eq.8.6.
61 =y, - ¢

6, =115.946° - 60° = 55.946°

Similarly,
9, =v,+¢e -¢

Thus by calculation, 6, = 147.508°, 0, =235.946°, 0, =327.508°

Delivery point positions Zy,, , Zp, , Zp, , Zp, corresponding to 6,, 6,,0,,
0, for desired fiber winding angle (8,) of 30° are calculated using Eq. 8.10 and Eq.8.11.
Let at the beginning of the winding, fiber A, D was kept perpendicular to the
longitudinal axis of the mandrel passing through the point A, . At that time the delivery

point position was at Z,, = 0.0 mm. So z, = 0.0 mm.
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Fig. 8.6 Mandrel position at the beginning of winding.
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Zy,; =z +ADtan6,

Zy, = 0.0+ 79423 tan 30
Z,, = 458.55 mm

Similarly for side 2, Z,, =2z, + A, D tan 6,
where

z, =z +s, tanf,
So,

z, =49.07, and Z,, =524 69mm.

Similarly, Zy, = 588.44 mm, Z,, = 65456 mm

It is shown above that at time t = 0, the mandrel position was at §, = 0.0 and
delivery point position was at Z,,, = 0.0 mm. For the fiber winding angle of 30° on the
side A, A, , when the mandrel reaches to O, = 55.946°, the delivery point should
reach to Z,, = 458.55 mm. Subsequently for the same fiber winding angle (8,) of 30°
on the side 2, when the mandrel goes to 6, = 147.508°, delivery point should go to
524.69mm. Similarly for the side 3, points 6, and Z, , and for side 4 pomnts 6, and
Z,, , should coincide. For further rotations of the mandrel, delivery point would follow
the same trend as followed in the first one revolution of the mandrel. Values of Zj,
corresponding to 6, are shown in Fig.8.7 ford = 754.89 mm and d =119.99 mm. It is
obvious that the path of the delivery point between two points Z;, and Z,, does not

affect the fiber orientation.
8.3.2 Hexagonal cross-section

The hexagonal cross-section used for the experiment is shown in Fig. 8.1.
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Fig. 8.7 Delivery point movements for rectangular cross-section at different

values of d and 6= 30°.

229



Values of r, and o, for the cross-section are as follows.

rr, =81.89 mm, r, =81.89 mm, r; =112.50 mm

r, =81.89 mm, r;, = 8189 mm, re = 10947 mm
o, =6252° o, = 58.74° o, =58.74°
o, =62.52° o, = 58.74° o, = 58.74°

Calculations of the mandrel and delivery point positions are done as discussed
earlier. Various values of the delivery point positions Z,, corresponding to 0, are

ploited in Fig.8.8 for d = 754.89 mm, 0, = 15°.
8.3.3 Hexagonal Mandrel with Eccentricity
In this example, the same hexagonal mandrel shown in Fig.8.1 is used but with

axis of rotation shifted to O, as shown in Fig.8.9. In this case triangles are formed by

joining vertices of the sides to the axis of rotation O, . Values of r, and a, are as

follows:
r, = 27.69 mm, r, = 74.90 inm, r; = 148.28 mm
r, =135.99 mm, s = 11679 mm, g = 92.96 mm
o, =1014°, o, =38°, o, =41.6°
o, =38°, o, = 53°, o, = 88°

Calculation of the delivery points relative to the mandrel positions are done as
discussed earlier. Various values of 0, , Z,, are plsited in Fig.8.8 for d = 754.89 mm,
$=90°,and O; =15°. Itis clear from the Fig. 8.8 that the values of ©,, Z,,, change

with the change in axis of rotation.

8.3.4 Effect of Location of the Delivery Point

Experiments were performed on a rectangular mandrel with various of delivery

point distances and orientations. It was found similar to the case discussed in
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Fig. 8.9 Hexagonal cross-section with axis of rotation passing through point
0..
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Fig. 8.10 Mandrel and fiber position at different delivery point locations.
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chapter 7 that orienting the delivery point by any angle A keeping the d same
(Fig.8.10), does not affect the trend of the delivery point movement, ie Z,,, - Z,,
/0., - 6, remains the same For the same value of d . A D, v, , Z,,, do not change.
Values of O, get shifted to new values due to change in ¢ hut 6, - 0, remains the

same.

With the reduction in delivery point distance d, total distance travelled by
the delivery point gets reduced for the same mandrel rotation. Fig. 8.7 shows dehivery
point positions ford = 11999 mm and for d = 754.89 mm for the same rectangular

mandrel.

8.4 Experimental Verification

The present technique was experimentally verified for cylindrical mandrels
with rectangular and hexagonal cross-sections. All the experiments were performed
on a computer controlled filament winding machine with two-degrees-of-freedom.
Mandrel rotation and carriage motion are the two degrees of freedom of the machine.
Tests were performed for mandrels with rectangular and hexagonal cross-section with
various values of the delivery point locations and fiber winding angles In the start of the
winding, mandrel was at © = 0.0° and the delivery point was kept perpendicular to the
longitudinal axis of the mandrel. From the experimental set-up, angle ¢, delivery point
distance d, and co-ordinate of the delivery point were measured. Calculations were made
to find the wajectory of the delivery pomt for rectangular and hexagonal
cross-sections as discussed earlier for the desired fiber winding angle. Co-ordinates

6,,Zp, ) were then entered into the computer ccntrolled filament winding machine.

To measure the fiber winding angle on a mandrel surface, a sheet of paper was
wrapped on the mandrel surface and the mandrel was rotated for nearly one revolution
of the mandrel. Experiments were carried out for delivery point distances (d) of

119.9mm, 754.8mm, and for fiber winding angles of 15° and 30°. After completion of
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the winding, the fiber path was marked on the paper which then was unwrapped from
the mandrel for the measurement. A maximum of 1% difference was found in the
experimental value and the desired fiber winding angle. This small error is due to
errors in measuring the exact delivery point distance d, angle ¢, and truncation

errors during computation.

8.5 Conclusion

A method based on the Geometric Approach is presented for the exact calculation
of the winding motion for filament winding of non-axisymmectric cylindrical mandrels
with convex polygonal cross-sections. A filament winding machine with only two-
degrees -of-freedom can be sufficient to get the desired fiber winding angle. The method
provides means to compute trajectory of the delivery point relative to the mandrel rotation
with very little effort even without any need of a computer program. Using the procedures
discussed in this chapter and in chapter 7, it is possible to determine the kinematics of
filament winding on cylindrical mandrels having cross-sections with combinations of a

curve profile and a linear segment.
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CHAPTER 9

DIRECT KINEMATICS OF FILAMENT WINDING

9.1 Summary

Previous chapters 7 and 8 deal with the kinematics of filament winding for
cylindrical mandrels, whereas in this chapter a method based on Geometric Approach is

presented for the determination of winding motion for non-cylindrical mandrels.

Based on the algorithm presented in this chapter, a user friendly computer
program "DIRECTKIN" was developed to study the direct kinematics of filament
winding. Using the program "DIRECTKIN", effects of location of the delivery point,
fiber winding angle distribution, and mandrel shape geometry on winding motions
are determined. Experimental verification of the model is performed on a McClean

Anderson filament winding macnine for conical and pyramid structures.
Nomenclatures:

A,;= apoint on an edge j at the co-ordinate z, . First subscript denotes the point on the
edge number j and second subscript denotes zth co-ordinate of the point.

A'J,i = a point at the intersection of a line parallel to the z axis and passing through
point A ., and a line passing through points O, and A, .

A,, = fiber position on the mandrel at the beginning of winding. Fiber is at edge 1 and
at co-ordinate z, .

d = delivery point distance from =z axis i.e. perpendicular distance between z and
M, axis.

du, = angle inscribed by a face j at z axis i.e. LA, O, A, oru,, - u.

Edge j = a line uy, equal to a constant.
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Face j = a trapezoidal face including edges j and j+1. Edges are in increasing order
opposite to the mandrel rotation,

M, = axis of movement of the delivery point.

M,, = delivery point position corresponding to mandrei position 6, to get fiber
winding angle of 6, at co-ordinate z, on the mandrzl surface.

O, = a point on the z axis at co-ordinate z, .

P, = a point at the intersection of M, axis and a line perpendicular to the z axis at point

0]

t,, = perpendicular distance of any point A, from the z axis. First subscript denotes the

edge number and second subscript denotes the zth co-ordinate.

S, = length of the me A | A ,,, .

u, = polar angle at the cross-section.

v = normalized axis along z axis v varies from 0.0 to 1.0.

z = rotational axis of the mandrel.

z, = co-ordinate of a point at z axis.

a, = angle inscribed Uy a face j at z axis i.e. ZA, O, A,,, .

B,, = L0 A,A ,,

Y, = ZA,, O P, . It is the angle when fiber just over-wraps the face j.

¢,, = wedge angle made by edge j on the trapezoidal face j-1 at co-ordinate z,.
When j=1, face number is equal to the total number of faces.

1 = angle which line O, A,,  makes with the line O, P, at the beginning of
winding.

v, = angle made by an edge j with the z axis.

. = mandrel orientation when the fiber, which was at co-ordinate z, , just over-wraps

the trapezoidal face at a desired winding angle.

6, = initial mandrel position.

0, = fiber-winding angle made from the transverse axis of the mandrel when the
fiber is at co-ordinate z, on the mandre! surface.

0, = fiber-winding angle on a cylindrical plane corresponding to 8, .
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9.2 Introduction

In previous chapters 7 and 8, kinematic models based on the Geometric Approach
were presented for the determination of machine motions for filament winding of non-
axisymmetric cylindrical mandrels with curved and polygonal cross-sections In this
Geometric Approach, geometrical and trigonometrical relations are used to determine
the delivery point positions for obtaining desired fiber winding angle on the mandrel
surface. Curved cross-sections are assumed as made of many linear segments and thus
mandrel is considered as made of many rectangular surfaces For a mandrel with a
polygonal cross-section such as rectangular or hexagonal, Geometric Approach presents
exact winding motion for generating the desired fiber winding angle. For a curved
cross-section, the accuracy of the approach increases as the number of linear segments
increases. In previous chapters, winding on non-cylindrical mandrels was not addressed.
In this chapter, a generalized model is presented, which can determine the winding motion
for a variety of structures including non-cylindrical mandrels with axisymmetric or non-
axisymmitric cross-sections The algorithm developed in this chapter can also be used
to determine the winding motion for the cylindrical mandrels but the algorithm

presented in chapters 7 and 8 are simple because of mandrel's cylindrical nature.

This chapter as well as previous chapters 7 and 8 deal with the direct kinematics
of filament winding, which is defined as the process of determining winding motion for
a desired fiber winding angle on the mandrcl surface. In this method, the composite
components are represented by a ruled surface or by an axis of revolution A ruled surface
covers broad range of mandrel surface e.g. a mandrel surface which has rectangular or

hexagonal cross-section at one end and circular or elliptical cross-section at another end.

9.3 Kinematic Model

An anaiytical model is developed to study the kinematics of filament winding

for the manufacture of various types of composite components which are represented by
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axis of revolutions or by ruled surfaces. Axis of revolutions and ruled surfaces cover large
number of mandrel shapes as discussed 1n section 9.3 1 The model is mainly divided
into three steps In the first step, the mandrel shape is defined by mathematical equations
and then various geometric parameters of the mandrel such as tapering angle, and wedge
angle are determined In the second step, experimental set-up conditions such as axis of
movement of te delivery point, mandrel's 1otational axis, and fiber winding angle are
defined. Distance of delivery point from mandrel's axis of rotation is calculated. Initial
fiber position and mandrel orientation are described. To avoid the complexity of the
delivery point movement, it is assumed that ine delivery point moves along a straight line.
In the third step, delivery point motion is determined using geometrical and
trigonometrical relations. Finally validity of the present model is done by performing

experiments on a filament winding machine.
9.3.1 Computation of geometiic pararueters of the mandrel :

In the present analysis, a mandrel surface is assumed as made of trapezoidal faces
as described later. For cach of the trapezoidal face, taper angle and wedge angle are

determined as follows. For convenience this section is divided into following parts.

9.3.1.1 Defining mandrel shape:

Mandrel surfaces for various shapes are defined as follows.
9.3.1.1.1 Axisymmetric mandrels:

The surface of axisymmetric mandrel is generated by revolving a curve called

generator about an axis called z axis and is represented by,

r = @) G.1)

where, r is the radial distance of a point on the mandrel surface and z is the axis of
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revolution Cone, ellipsoid, paraboloid, spheroid and other axisymmetric mandrels

(Figs.9.1a and 9.1b) is represented in the form of Eq.9.1

9.3.1.1.2 Ruled surfaces:

A ruled surface covers wide range of mandrel surfaces. Axisymmetric,
non-axisymmetric, cylindrical, and non-cylindrical mandrel surface can be defined
using the concept of a ruled surface [87,88]. Ruled surfaces solve the following problem:
given two space curves ¢, and c,, both defined over the same parameter interval
u € [0,1], find a surface r such that it contains both curves as opposite boundary

curves. More precisely: find a function r such that,

r@0) = c,®), r@ml) = c,®) (92)

where u is an angle as shown in Fig. 9.1c.

Clearly, the stated problem has infinitely many solutions. 7 -2 sumplest solution is

ry) = (1-v) ¢c,() + ve,(w)

or,
rwy) = (1-v) r0) + vr(u,l) 9.3)

where v is an axis along z axis (Fig. 9.1c) such that, 0< u,v < 1.

Ruled surfaces have the familiar flavor of linear interpolation: every
isoparametric line u = constant is a straight line segment, as illustrated in
Figs.9.1a, 9.1c and 9.1d. The input curves r(u,0) and r(u,1) can ve of any form defined
over the same parameter interval. For instance, one end can be circular or elliptical or any
shape and other end can be a polygon or any other shape. Thus, there is a large number

of mandrel shapes which can be defined by ruled surfaces. For the case when both
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(a) Cone (b) nozzle

Vv,

N

y

(c) Both ends elliptical (d) One end circle and other
end square

Fig. 9.1 Trapezoidal faces on axisymmetric and non-axisymmetric surfaces.
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the ends of the mandrel have elliptical cross-sections with different semi-major (a) and

semi-minor (b) axes then,

a.b
r0) = — (9.4)
ybilcos?2ny + alsin’2nu
a,.b
ru,l) = 2 2 (9.5)
Jblcos*2nu + a)sin*2mu
Equation of the ruled surface will be
ruy) = (1-v) r@,0) + vr(u,l) (9.6)

where, 0< uyv < 1.

The cross-section of the mandrel at any value of v can be determined from above

relation.

9.3.1.2. Approximation of the mandrel surface:

To determine the relative positions of the mandrel and delivery point for desired
fiber lay down path. a mandrel surface is approximated as made of trapezoidal faces as
shown in Fig.9.1. Accuracy in laying down the fiber on desired path increases with the
increase in total number of trapezoidal faces. Assuming that the mandrel rotates about

the z axis as shown in Fig.9.1, trapezoidal faces are constructed as follows.

9.3.1.2.1 Ruled surfaces:

A cone comes in the category of axisymmetric mandrels as well as ruled surfaces

where two boundary curves are circles. For ruled surfaces, u = constant, represents a
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straight line Draw straight lines foru=u, ,u=u,,u=u; ... u = u, with a small
increment in polar angle u as shown in Fig 9.1c. Now consider the perimeter of the
two boundary curves as made of linear segments by 'oining the points on perimeter at u
=y, ,u=u,,u=u; .. u=u, by straight lines. With this assumption, the perimeter
of the cross-section can be approximated with little error. For example, the perimeter
of a circle of radius 77.98 mm (3.07 1n.) can be found by dividing the perimeter into 720
equally distributed linear segments. The error on the length of the perimeter was

calculated to be 0.0003 % which can be considered as negligible.

Now assume that the edge 1 is represented by a straight line u =u, , edge 21s
represented by a straight line u = u,, and similarly edge j is represented by u = u,
Edge numbers are in an increasing order opposite to the mandrel rotation. Now assume
that the face 1 is a flat plane whose boundaries are edges 1, 2 and two linear
segments between u, and u, at boundary curves. Similarly any j" face is a trapezoidal
face consisted of j , j+1 edges and two linear segments between u, and u,,, polar angles
at boundary curves. Thus there are n number of tapered faces and n number of edges for
n polar angles. The more the number of tapered faces, the better the approximation of the

mandrel surface.
9.3.1.2.2 Axisymmefric mandrels

Structures like nozzles, ellipsoid, paraboloid etc. come under this category.
Such surfaces can be approximated as made of series of truncated cones as shown
in Fig.9.1b. For each cone tapered faces are formed as discussed in previous section
for the cone.

9.3.1.3. Determination of taper anglc for each edge:

9.3.1.3.1 For ruled surfaces:
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The taper angle of an edge is defined as the angle which it makes with the
rotational axis (z axis) of the mandral It is clear that all the edges of an axis of revolution
and ruled surface (whose boundary curves are closed curves) intersect the z axis at some
points. Taper angles for different edges of a non-axisymmetric tapered mandrel are

different whereas the taper angle for all the edges of a cone are the same

Taper angle (v, ) for an edge j is given by,

v, = tan” (’(“f”) ; r(“f’o)) (9.7

where | is the length of the mandrel.
9.3.1.3.2 Axisymmetiic mandrels

We have assumed the surface of an ellipsoid and nozzle as consisted of series of
truncated cones. Now consider an i truncated cone between z, and z,, co-ordinates.
Assuining that the truncated cones are made of n number of trapezoidal faces as
discussed earlier. Tapering angle for all the edges of a truncated cone is the same.

Tapering angle of any edge on an i truncated cone can be found from following relation.

f(zzq) - f(zj)

v, = tan™! (
Zia "4

) (9.8)

9.3.1.4. Calculation of wedge angle for trapezoidal face:

9.3.1.4.1 Ruled surfaces

Consider a tapered face j as shown in Fig.9.2, which is made with edges j and

j+1. Let the boundary curves are at z = z, and at z = z, The angle ¢,,,, which is made
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by an edge j+I with the line A, - q is called wedge angle made by edge j+1 on the
trapezotdal face j at co-ordinate z, . To determine the wedge angle, extend the edges
till it intersects the z axis at point I as shown in the Fig.9.2. Now consider the triangle
IA A,

between line I A,,;, and Ip. The length of each side of the triangle and wedge angle are

The wedge angle ¢, for the triangle is determined by knowing the angle

calculated as follows Length of the lineI A, is found from following relation.

IA, (0 ©.9)
' @ sinv;

where v, is the taper angle for the edge j and r(u, ,0) is the radial distance of the point

A,. from the z axis.

).2

Simularly length of the line I A, is given by,

r(u,.,0
A, , =—£-J:.‘__Z (9.10)
! sinv;,,

Let length of the line A A, is s, , which is determined from following relation.

S0 = @0 +r*G, 0 - 2.rw,0). 7 1,,,0) . cosdu; (9.11)

where du; =u,, -u, .

Area (A) of the triangle 1A ;A ,,, 1is determined from following relation.
A = 5.(s-0).(s-b).G5¢) (9.12)

where s = (a + b + c)/2, and a, b, c are the length of edges of the triangle i.e. values
of IA,,, IA

1+l

and s, for the triangle 1A A, .
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Fig. 9.2 Wedge angle in a typical trapezoidal facc.
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The perpendicular distance (h,) between the pomt I and the base A A, is

determined using following relation

ho=24 (9.13)

"The wedge angle (¢,,,,) of a trapezoidal face j, which edge j+1 makes with line

Ip is determined from following relation.

- h a
¢j+l,a = cos™! (TZL_—) (9.14)

Jtl, a

It is obvious from Fig. 9.2 that ¢,,, = ¢,,, . Similarly for every trapezoidal face

wedge aagle is determined using above relation.
9.3.1.4.2 Axisymmetric maadrels:

Wedge angle for an axisymmetric mandrel is determined from following relation.

(8;4.1 ~5;,)c08v;,,

9.15
2(2“1 "Z‘-) ) ( ‘

¢j+1_,' = sin™ (

where s,  represents the length of the line A, A, and s, represents the length

of the line A,,,; A, ., and are found from followmg relatious.

8 = f@) 2 - 2c08(u;,, -u) (9.16)

et =@y - 2 -~ 2cos(u;, -u) (9.17)
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9.3.2 Defining experimen‘.d set-up conditions:

After the mandrel shape is defined and various parameters ol the mandrel's
geometry are calculated, experimental set-up conditions such as mandrel posttion,
delivery point position and fiber position in the beginning of winding are defined
Let's consider a non-axisymmetric tapered mandrel with elliptical cross-sections at both
ends of the mandrel as shown in Fig.9.3. Let rotational axis of the mandrel coincides
with the z axis of the mandrel as shown in Fig.9.3. Let the location of one end of the
mandrel be at z = z, and other end is at z = z, . Let end curves lie on planes
perpendicular to the z axis. At z = z_ , the elliptic curve is represented by,

a,.b,

r@0) = (9.18)
ybilcos*2mu + a*sin*2nu

At z = z, the viliptic curve is represented by

a,.b
r(u,1) = 2 2 (9.19)
Jb,7cos*2nu + a,’sin’2nu

Let the delivery point moves along My, axis as shown in Fig.9.3. Assuming that
the z and M, axes are parallel and a line perpendicular to them has the same reading,
i.e. 0.0 on both the axes starts from the same perpendicular line and the scale on both
the axes are same. Perpendicular distance between z and M;, axes is d as shown in
Fig.9.3. Let any point on the z axis at co-ordincte ., be O, and a corresponding point
on the M axis be P, such that O, P, is perpendicular to the 7 axis at point O, . For
determining the winding motions, mandrel surface is assumed as made of many
trapezoidal faces as explained earlier. Let any point on an edge j of the mandrel at

co-ordinate z, be represented by A | .
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Fig. 9.3 Mandrel and delivery point positions.
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Initially fiber is kept at a point A, on edge 1 and at co-ordinate z, as shown
in Fig.9.3. In the beginning, let fiber A,, P, be perpendicular to the M,, axisie
ZA,, P, L =90° as shown in Fig.9.3.

To measure the initial mandrel orientation, consider two refer.ence lines O, A, and
O, P,. In the beginning for mandrel position of 6 = Gofthe angle between reference
lines O, A,; and O, P, ie. ZA,,O,P, is measured. Let ZA, OP, = p. Value of p
is calculated experimentally. For a circular cross-sectioned mandrel, 1t 1s calculated using
the relation p = cos (r,; /d), where r,, is the radius of the circular cross-section and
d is the distance between z and M axis. For mandrels with elliptical and cther
non-axisymmetric cross-sections, analytical calculation of p i1s done as discussed in

chapter 7. Mandrel positions for consecutive winding are determired by knowing the

angle between lines O, A, and O, P, .

9.3.2.1 Calculation of fiber winding angle

9.3.2.1.1 For Geodesic winding:

A geodesic path is the shortest distance between two points on a surface thus fiber
wound under tension along a geodesic path is stable. For rotationally symmetric
surfaces, geodesic positioning of the fiber can be described by Clairaut's condition [73]
According to this condition, the product of the radius r and the sine of the fiber
winding angle 0, remains constant i.e. r, .sin 8, = c. Thns by knowing initial winding
angle 6, and initial radius of the core r,, fiber winding angle 6 at various points of

the mandrel surface can be destermined using above relation for a geodesic winding.

9.3.2.1.2 For Non-geodesic winding:

It is well known that for a surface, greatest winding stability is obtained if

the winding is performed on geodesic lines. This restricts the choice of fiber angles on
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a structure and is an obstacle to the production of optimized composite components.

Non-geodestc winding is necessary for winding complicated shapes for stability
of the fiber [38,39,89]. Non-geodesic winding is the process in which the friction between
the resin impregnated fiber and the base is utilized to prevent any slippage between
them. For stable winding, fibers are wound on constant slippage line [39]. Xian-li L
et.al. presented the non-geodesic stable winding condition for the axisymmetric mandrels

such as conical, ellipsoidal, paraboloidal, spherical surfaces [90].

Non-geodesic winding equation for a conical surface is given by [90],

d8; tand
—£ = — & (ksinf, + tanv,) (9:20)
dz; T

where 6, is the fiber winding angle, 1, is the radius, k is the co-efficient of friction
and v, is the tapering angle of the cone. By solving above differential equation using
Runge Kutta method, fiber-winding angle at various point of a conical mandrel

can be determined fur known k value for non-geodesic winding.
9.3.3 Calculation of delivery point motion:

Once the mandrel shape geometry and experimental set-up conditions are defined,
co-ordinates of mandrel and delivery point positions are determined in following steps.
Fiber path on a face is defined and free length of the fiber is calculated. Relative positions
of the mandrel and delivery point are determined incrementally for each face using

algebraic and trigonometrical relations.
9.3.3.1 Determination of distance of a point A, from mandrel’s axis of rotation:

Let the perpendicular distance of any point A, from the z axis be r,,, which can
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be determined as follows.

rg = tanv; (2, - 2,) +r (0.21)

3

where r, = r(u, ,0).

The value of r; can also be determined using the relation r,, =r(u, v, ), where

v, =(Zl 'zn)/(zb 'Za)

Determination of winding motion is divided into two parts. In the first part
winding motion is determined for the case when fiber moves in the upward direction
(from smaller cross-section to the larger cross-section) in the mandrel as shown in
Fig.9.3. In the second part, the fiber returns towards the downward direction (from larger

cross-section to the smaller cross-section) after completion of the upward winding
Winding motion during upward direction:

Determination of winding motion means the calculation of relative positions
of the mandrel and delivery point at different times of the winding. For this mandrel
positions and fiber positions are calculated incrementally using geometric and
trigonometric relations. Various parameters such as fiber position, fiber length, etc. are

determined in each stage as follows.
9.3.3.2 Determination of Fiber Position (z, ) on the Mandrel Surface

For determining the winding motion, mandrel surface is divided into n
trapezoidal faces. Fiber is laid down at a specific angle at these faces. To describe the
path of the fiber on a face, zth co-ordinate of the fiber on each face is determined.
Position of the fiber on an edge of a mandrel is calculated as follows. It is pointed out

that for the case of axis of revolution and ruled surfaces, all the edges of tapered faces
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pass through the rotational axis (z axis) of the mandrel.

Consider a trapezoidal face 1, which is consisted of edge 1, edge 2, and two linear
segments at boundary curves between polar angles u, and u, as shown in F1g.9.4 Line

A, A,, is the fiber position on face 1 for fiber winding angle of 0°.

Suppose it is desired that the fiber lies down on the face 1 along line A, A,,
making an angle of 6;, from line A, A,, as shown in Fig.9.4. Here for the sake of
convenience fiber winding angle is measured from the transverse axis of the mandrel. The

fiber winding angle from longitudinal axis of the mandrel will be 90° -6, .

The z" co-ordinate of point A,, is determined by finding the length A, A,
as shown in Fig.9.4 and Fig.9.5. Length A, A,, is determined from triangle A, A,, A,,

as follows. In triangle A, A, A,,

ZA,, A Az,z =0, , ZA,,; Ay, A1,1 =90° + ¢2.1 ,
LA\, Ay, A,; = 90- 0y - (bz,l >

and length A,; A,, = Nr,> +n,> -2.r1,.1, .cosdy

Angle du, is the angle between line O, A;,; and O, A,, atz ie du, =u,-
u,. Applying the law of sines for the triangle A, A, A,, [91],
A1.1A2,1Sinaﬂ

Ay Ay, = (9.22)

In general the distance between points A,,, and A,,,,, is calculated as follows [91].
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Fig. 9.4 Fiber position on tapered face 1.
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Fig. 9.5 Calculation of z* co-ordinate of point A, ,
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A;iAy1,5in0

sin(90°-0;-d.,,)

(9.23)

Aj+l,iAj+l,i+l =

The z" co-ordinate of point a A,, ie z, can be determined from Fig.9.5 as
follows.

z, =z +dz
Where z, is the 2" co-ordinate of point A,, or A,, .

dzy = Ay, Ay, cos v,

Therefore,

2, =z, + Ay A, c08v, (9.24)

In general z™ co-ordinate of point A 1€ 2, is calculated by

Ziy = g+ Apy A COSV,y (9.25)
where
9.3.3.3 Construction of a c¢ylindrical plane
A cylindrical plane about z axis and passing through points A, and A,,,,, is
constructed to make calculation simpler for determining the winding motion [91]. With

the assumption of a cylindrical plane, the approach is similar to the method discussed in
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chapters 7 and 8 for cylindrical mandrels. It can be observed by extending the cylindrical
plane, that the delivery point axis M, lies in the cylindrical plane at some particular
mandrel position 8, and thus the delivery point position My, corresponding to the
mandrel position 9, for desired winding angle can be easily calculated by considering

itas a plane geometry problem. Construction of a cylindrical plane is done as follows.

‘Lo make an angle 6,, on the face 1, fiber should lie down along the line A, A, ..
Now consider a plane A, A, A,,, where point A}, is obtained by drawing a line
A,, A}, parallel to the z axis and a line passing through points O, and A,, as shown
in Fig.9.6. In this case plane A, A, A,, becomes cylindrical plane with respect to

the z axis and the calculation of winding motion is done similarly to the cylindrical

mandrel case.
9.3.3.4 Calculation of parameters of cylindrical plane:

Determination of various parameters such as A, A, , B, (£LO0A, A,)

of cylindrical plane are done as follows [91].

N ) 2 _ 9.27
Ay = % g = 20004 COSAY, 627

where duy =u,, -u,.

2 /2., 2
rtAA ,’j+1,i+1 (9.28)
274 s

cosp,; =

9.3.3.5 Calculation of fiber length

Fiber length A, P, for the case when fiber just overwraps the tapered face j by

6, winding angle can be determined as follows [91].
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Fig. 9.6 Location of point A',, .
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APy = 1 cosBy, + [ c08B )"+ (d*-1,)) (029)

9.3.3.6 Calculation of winding angle (0;) for a cylindrical plane

The angle which the fiber makes with the transverse axis on the tapered face is
not the same as the angle on a cylindrical plane. Since the calculation for delivery point
positions are performed using cylindrical plane, it is necessary to determine the winding
angle which the fiber will make on a cylindrical plane corresponding to the angle on the
tapered face. The fiber angle 0 on a cylindrical plane A, A|,; A, ,., corresponding to

the fiber winding angle 0, on a tapered face is determined as follows [91].
0, =tan' (dz, / A, A')”,l )

Upon substituting the value of dz, from Eq.9.26,

e/ﬁ = tan-l(AjﬂJAjﬂ,i:lcosvf*l) (9.30)
AJ»’Af*lri

9.3.3.7 Calculation of delivery point and mandrel positions

The final step in the calculation of relative positions of the delivery point and the

mandrel at various instants of the winding are done us. g following relations [91].

Mp, =z + A, Ptand’y (9.31)
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Jei
0, = v, + 1 du, - B+ 6, (orix) (932)
=

where du = u,,, - u,. Other terms such as 2z, A, P, 0", p, and 6, are already defined

and calculated. Value of y,, is calculated as follows.

2 2 2
i td” AP ) (9.33)
2.r;;.d

¥y = cos™(

If the value of i is more than the total number of tapered faces n then the value
of du, = du,,. Similarly if the value of i is more than the k" times the total number of

tapered faces n, then the value of du, = du,, .

For face 1, My, and 0, are calculated using following equations [91].

0, Yy, - B+ 0 (9.35)

For the res: of the faces we use above generalized equations 9.31 and 9.32 to
determine the delivery point positions corresponding to the mandrel angular position.

Above generalized formulas are written assuming that the winding starts from point A .
Winding motion during downward direction:
Winding motion analysis for downward winding is done similarly to the

upward winding. Calculation of various parameters for downward winding are done

using equations developed for upward winding and by subsututing 0, by -0, .
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Grce the co-ordinates of mandrel positions (6, ) and delivery peint positions (M,,)
for one complete stroke are determined then repetiiion of above trajectory 1s generally
done after indexing the mandrel If new sets of data for other strokes are required then
it 1s determineq 1n a similar manner Studies on the kinematics of filament winding durning

start-up and reversal period are covered 1n chapter 10

9.4 Implementation of the Method on a Computer

Based on the method described above, an interactive computer program
DIRECTKIN was developcd to determine the winding moticns for upward and
downward winding to get the desired fiber winding angle on various types of cylindrical
and non-cylindrical mandrels. Thus by feeding mandrel's shape geometry such as r = ¢,
(u) and r = c,(u) at boundaries, length of the mandrel (1), initial experimental set-up
values such as d and p. winding motions can be generated for desired fiber winding

angle (B, ).

The program is written in Fortran language. The Flow Chart for this
algorithm is shown in Fig.9.7. Experiments were performed on a conical mandrel with
length 156.7 mm, end radii 57.00mm and $8.8 run, and tapering angle v = 14.59°
Delivery point distance d was kept at 450 mm. In the beginning of winding, fiber was

at a radius r = 57.00mm on the mandrel and at z, = 0.00mm.

Based on the above algorithm, delivery point motion relative to the mandrel
motion are determined for 6, = 10° The result is shown in Fig 9 8. The data thus
obtained were transfered to the computer of a McClean Anderson filament winding
machine and experiments were conducted After the winding, experimental values of fiber
winding angle at various positions of the mandrel were measured The maximum error
between the predicted and experimental values in 6, were found to be 1° The error
between the predicted and experimental values may be accounted due to various reasons

Human error in the measurement of experimental set-up conditions and mandrel shape
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geometry, and truncation error during data transfer could be possible causes of the error.
9.5 Effect of Winding Parameters on Winding Motions

Effects of delivery point distance d and fiber winding angle ©; on winding
motions are shown in figures 99 and 9 10 respectively for a conical mandrel with
v = 14.59° . In all the cases it was assumed that the winding starts at z, = 0.0 and at
a radius r = 57.00mm Figure 9 9 shows the winding motion for delivery pomnt distance
d = 300mm, 450mm, and 600mm for fiber winding angle of 15°. Winding motions
for fiber winding angle of 5°, 15°, 25° and d = 450mm are shown in Fig. 9.10. It is
evident from Figs 9.9 and 9 10 that with the increase in delivery point distance d and
0, , total distance travelled by the delivery point also increases for the saine amount of

mandrel rotation.

Mandrel geometry affects the winding motion trajectory. For different mandrel
shapes, the delivery point movement 1s different. Figure 9.11 shows the winding motions
for different tapering angle v = 5.0°, 14.59°, and 20° for a conical mandrel. In all the
cases, winding was started at z, = 0 Omm and at a radius r = 57.00mm Figure 9 12
shows the O; distribution over the mandrel surface for the geodesic ‘and non-geodesic
winding on a conical mandrel with tapering angle v = 14.59°, starting radius r =
57.00mm at z, = 0.0mm, d = 450 inm,, initial fiber winding angle 6, = 10° and for
different values of frictional coefficients. Corresponding winding motions for the

geodesic and non-geodesic winding are shown in Fig.9.13.

Winding motion for a cylindrical mandrel with an elliptic cross-section was also
determined using computer program DIRECTKIN and was found to be the same as
presented in chapter 7 It is to be noted here that the experimental verification of the
algorithm presented in chapter 7 is already done for a cylindrical mandrel with an
elliptical cross-section. Experimental verfication of the present method is also done on a

tapered mandrel with rectangular cross-section.
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9.6 Filament Winding on non-cylindrical mandrels with polygonal cross-sections

The algorithm described 1n this chapter 1s also applied with few modifications for
the manufacture of non-cylindrical mandrels where both the ends are poiygonal cross-
sections [91] The first step, computation of geometric parameters (9.3.1) for these types
of structures 1s straight forward Mathematical equations are not nceded to define the
mandrel surface Cross-sections of both the ends are defined by the distance of each
longitudinal c¢dge from the axis of rotation and by the angle inscribed by each
circumferencial edge at the axis of rotation [91] Mandrel surface is not approximated
because all the faces are trapezoidal faces The delivery point motion relative to the
mandrel motion are determined by following the second step (9 3 2) and third step (9.3.3)
of this chapter The complete procedure for the determination of winding motion is

described sn detail in reference [91].

The concept presented in this chapter can be utilized for the manufacture cf
composite drive shafts for aerospace industries as designed by Gross and Goree [92). The
drive shaft had triangular cross-section at one end and circular cross-section at another.
Non-circular end cross-section allows for mechanical interference between the end-fitting
and the tube end during torque transmission Using present technique such complex
components can be filament wound This approach is not only usefui in filament winding
operation with thermoset and thermoplastic resin but the concept can also be applied to

various other fields such as thermcpiastic tape winding, tape laying, laser cutting, etc

9.7 Conclusions

A technique based on Geometric 4 pproach is presented to determine the machine
motions for generating desired fiber angle distribution on axisymmetric,
non-axisymmetric, cylindrical, and non-cylindrical mandrel shapes. The study shows that
a filament windinge machine with two-degrees-of-freedom can laydown the fiber on a

desired path with good accuracy for a variety of composite components, Winding motion
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obtained for two-axis filament winding machine 1s found to be smooth and can be easily

generated.

An interactive computer program DIRECTKIN was developed to perform the
study on the direct kinematics. The aim of writing this program 1s to study the effect

of mandrel shape geometry, experimental set-up conditions, fiber winding angle

distribution on winding motions.
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CHAPTER 10

INVERSE KINEMATICS OF FILAMENT WINDING

10.1 Summary

There are no available techniques for the prediction of fiber angle distribution for
various mandrel shapes under different conditions of mandrel's rotations and dehvery
point motions. In this chapter a novel approach based on the geometric and trigonomet:ic
relations 1s developed for predicting the fiber laydown path for a given equation of
motion for the delivery point. This is important during the start-up and reversal periods
of the filament winding operation. During the start-up period, the delivery point
accelerates from a velocity of zero to a final value in some interval of time, whereas
during the reversal period the delivery point decelerates to zero velocity and then

accelerates to a final velocity.

Equations of motion for the delivery point are presented to have smooth
start-up and reversal periods. Closed form solutions are developed to compute the fiber
winding angle distribution on various types of cylindrical mandrels with axisymmetric
and non-axisymmetric cross-sections, whereas numerical solutions are presentied for
non-cylindrical mandrels. Fiber slackening phenomena during a reversal period is

discussed.

Based on the current approach, an interactive computer program
INVERSEKIN is developed to determine fiber winding angle distributions for a given
equation of motion, mandrel shape geometry and experimsntal set-up conditions.
Effects of winding parameters on fiber pustition and fiber winding an<'e distributions are

discussed.
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Nomenclatures:

A = a point on an edge j at co-ordinate z,

A, = a point at the intersection of a line parallel to the z axis and passing through
pomnt A ., , and a line passing through pomnts O, and A,

A,, = fiber position on a mandrel at the beginning of winding Fiber 1s at edpe | and
at co-oidinate z, .

d = delivery point distance from the z axis 1e pe.pendicular distance between

z and M, axis.

dt = small increment 1n time
du, = angle inscribed by a face j at the z axiste.ZA , O, A, oru, - y
Edge j = a line at u; equal to a constant.

Face j = a trapezoidal face including edges ) and j+i. Edges are in increasing order
opposite to the mandrel rotation.

M, = axis of movement of the delivery point.

M, = delivery point position corresponding to mandrel position @, to get fiber

winding angle of ®,, at co-ordinate z, on the mandrel surface.

0, = a point on the z axis at co-ordinate z, .

P, = a point at the intersection of M;, axis and a line perpendicular to the z axis at
a point O, .

I, = perpendicular distance of a point A, from the z axis

S = length of the line A, A, .

u, = normalized polar angle at the cross-section. u varies from 0 to 1.

v = normalized axis along z axis. v varies from 0 to 1.

z = rotational axis of the mandrel.

z, = co-ordinate of a point at z axis.

a, = angle inscribed by face j at z axis i.e. ZA, O,A,,,

B,; = L0, A A,

Y = ZA,, O,P, . It is the angle when fiber just over-wraps the face j.

b, = wedge angle made by edge j on the tiapezoidal face j-1 at co-ordinate
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u = angle which line O, A,, makes with the hne O, P, at the beginning of

i

winding

v, = angle made by an edge ) with the z axis

0, = mandrel position at time {,

0, = nitial mandrel position

0, = a fiber winding angle made from transverse axis of the mandrel for the case
when fiber 1s at co-ordinate z, on the mandrel surface.

0, = a fiber winding angle on a cylindrical plane corresponding to 0; .

10.2 Introduction

In previous chapters 7, 8, and 9, the problem of computing the position of
delivery point relative to the mandrel position is discussed for a given fiber laydown path
on a mandrel In this chapter the following problem is investigated: given the i-aectory
of mction of the delivery point and niandrel, how to compute the fiber position and fiber
winding angle on various mandrel shapes. In previous chapters, direct kinematics of
filament winding is studied, whereas 1n this chapter inverse kinematics of filament

winding is discussed.

During a filament winding process, the delivery pcint undergoes small sections of
acceleration and deceleration in which the carriage unit is reversed without impact.
Dynamic loads in these sections are usually large so the maximum operating speed of

the mechanism depends in many respects on the equation of motion.

Kinematic analysis of winding process during the middie section i.e. away from
the start-up and reversal process is discussed in previous chapters for various types of
mandrel surfaces. However, there have not been reports in the literature to determine the
fiber winding angle distribution from given equations of motion of the delivery point.
This is 1mportant during start-up and reversal period of th- delivery point. During a

start-up pertod delivery point starts at zero velocity and reaches to a final velocity in
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some interval of time Simularly, during e reversal period. delivery pomt decelerates
to zero velocity and accelerates to a final velocity m some interval of time During
these start-up ~nd reversal periods, delivery point should follow a smooth and
continuous mouwu to avoid impact and vibration of the machine Discontinuous motions
of delivery point may cause fiber breakage or fiber slackeming during winding process
Charrier et al [93] determined the fiber angle distribution during start-up and

reversal periods for the circular cylinder case.

In this chapter, simple equations of motion for the delivery point, simlar to the
motion of robot arms are presented [94]. Once the trajectory of the delivery point is
defined, a model based on the geometri: approach is developed to determine the fiber
winding angle distributions on various types of axisymmetric, non-axisymmetric,
cylindrical and non-cylindrical mandrels. The present analysis is helpful in designing the
composite components and in selecting suitable equations of motion for the delivery
point. This could also avoid the accumulation of excessive materials at two ends of the

mandrel.

10.3 Pioblem Statemont

The problem of determining the fiber laydown path on a given mandrel for known
equations of the delivery point motions is studied For this, a simplest form of filament
winding machine which has two-degrees-of-freedom is considered Mandrel rotation and
delivery point motion are the two degrees of freedom of the machine. For dynamic
stability of the mandrel, it is considered to be rotating at a constant speed Delivery point
follows a specific equation of motion for smooth start-up and reversal period. If the
motion of the delivery point is not smooth and continuous, it might create excessive
fiber tension or fiber slackening. Fiber tension might cause fiber breaking during

start-up and reversal period.

In this chapter a method is developed to compute the fiber position and
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orientation (6,) on various types of axisymmietiic, non-axisymmetric, cylindrical and
non-cylindrical mandrels for known equations of motion of the delivery point. Fiber

slackening phenomena during reversal period is discussed.
10.4 Trajectory Generation for a Delivery Point

Trajectory means a time history of position, velocity, and acceleration of any
degree of freedom. Usually, it is desirable that the delivery point motion be
smooth and continuous to avoid vibration and impact on the machine. In order to
guarantee smooth paths, some sort of constraints on equation of the motion is required.
There are many ways a path for delivery point can be defined depending on the

number of constraints [95,96,97].
10.4.1 Cubic Polynomials:
Consider a delivery point moving along M, axis from its initial position M, to
a final position M, in a certain amount of time (t; ). During the start-up period,
initial velocity of the delivery point is zero and the final velocity is of certain value.
Position constraints can be written as follows,

Velocity constraints are,

M',0) = 0.0 M/y(t) = M’y (10.2)

These four constraints can be satisfied by a polynomial of at least third degree. A

cubic polynomial has the form,
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Mp() = K, +k.t+ kK, .12+ kg t3 (10.3)

Velocity and acceleration along this trajectory are,

M/ o0 = Kk +2.K.t+3.k, .12 (10.4)

M50 = 2.k, +6.kyut (10.5)

Fulfilling the four desired constraints, we have,

kO = MDO’ k‘l = 0-0,
3 M’ o
=9 (MM - — D
by = 5 (Mor~Mog) == 105)
2 /Df
ky = = (Mp~Mpy)
I f

Figure 10.1 shows the position, velocity and acceleration diagram for following
constraints of the delivery point; My, = 0.0, My, =350mm, t, = 20 sec, M',, = 0.0,
My, = 0.0 mm/sec.

10.4.2 Second Degree Polynomial:

Second degree polynomial is used when only three constraints are required to be
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satisfied. In a second degree polyr:omial equation, a constant acceleration 1s used to move

the delivery point.
10.5 Calculation of Fiber Winding Angle Distribution

Inverse kinematic solutions are divided into two categories. closed form solutions
and numerical solutions. Closed form solutions are presented for axisymmetric and
non-axisymmetric cylindrical mandrels whereas numerical solutions which are of
iterative nature are presented for non-cylindrical mandrels. Numerical solution can

also be applied for cylindrical mandrels.

In the previous section, equations of motion for the delivery point are presented.
Once the motion is known, fiber winding angle distributions for various mandrel
shapes are determined as follows. For simplicity of the analysis, mandrel is considered
to be rotating at a constant speed of N rev./sec
10.5.1 Closed Form Solutions:
10.5.1.1 For a Circular Cylinder:

For a circular cylinder, when the veiocity (M', ) of the delivery point and the

speed (N) of the mandrel is known then, fiber winding angle (8; ) can be determmed

from following relation,

1, Mo (10.7)
8, = tan- :
=t (5N

where, r is the radius of the cylinder.
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10.5.1.2 Non-axisymmetiic cylinders with cuived cross-sections:

Figure 10 2 shows the cross-sectional view of a mandrel with an arbitrary
mandrel cross-section Let profile of the mandrel's cross-section be represented in
polar co-ordinate as r = F(¢) [83]. Velocity of the delivery point between any small

interval of time t, and t,,, can be given by,

dMD _ MD(tI+1) B MD(’I)

M/ = =
Di,i+1 ar to-1

where, delivery point pesition My, is in mm and the time t, is in sec.

For a mandrel rotating at N rev./sec., M'p, ,,; 1s given by

_ 2nN.Mp(t,,) - MD(Q_

M/DI I (10.8)
' 0.1-6;
where, 0, is the mandrel position in radian at a time t, .
It has been found from the Geometric Approach [83] that
Mp(t.1) - Mp(t) = (05,1 * .4 -/)tang, (10.9)

where, ds,,, is the arc length of the mandrel surface between polar angles ¢, and ¢,,,
{83]. ¢, is the angle which the radius vector O, C, makes with the engraved axis x for
mandrel position of 6, , 1, is the distance between fiber delivery point P, and the fiber
contact point (C, ) on the mandrel surface for fiber to be perpendicular to the longitudinal

axis of the mandrel [83]. For detail, please see chapter 7. From Eq. 10.8 and 10.9,
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Fig. 10.2 Fiber and mandicl position at any atbittary angle 0, .
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MID/,/q (0,.4-6)) (10.10)
2T N-(ds,‘/q + 1+1 _Il)

6, = tan_1

For a circular cylinder, 1, - 1, = 0.0 [83] and ds = r dO. Substituting these values

in Eq.10.10, simplifies it to Eq. 10.7.

It 1s clear from Eq.10.10 that for a non-axisymmetric cylindrical mandrel, fiber
angle distribution depends on the velocity trend of the delivery point and the initial

position of the fiber on the mandrel surface.

Figure 10.3 shows the fiber angle distributions for a circular cylinder with radius
78mm and for an elliptical mandrel with semi-major axis of a=78mm and semi-minor
axis of b=39mm for the velocity diagram shown in Fig.10.1. The delivery point

distance d was kept at 755mm for both the case-
10.5.1.3 Cylindrical mandrels with polygonal cross-sections:

In the case of a polygonal cross-section, trajectory of velocity of the delivery
point does not affect the fiber winding angle distribution [98]. Fiber winding angles on
the faces of the mandrel depends on the delivery point positions at which fiber just
overwraps the respective faces. Between these delivery point positions, trajectory of the

delivery point does not affect the winding angle.

To determine the fiber winding angle on each face of the mandrel for a given
equation of motion of the delivery point, consider a hexagonal mandrel as shown in
Fig.10.4a. For better understanding of the present method, please see reference paper

[98].

282



60F —elliptic cross-section 4
[7%]
Y
)
D sof -
o
e cireuf
v 40 or ular . -
'5'_0 cross—section
]
a 30 4
£
o
5
= 20k 4
3
2
= 10} .

0 A L - 1 L I 1

0 50 100 150 200 250 300 350 400

Mandrel position (ei) in degrees.

Fig. 10.3 Fiber winding angle distribution for cylindrical mandrels having

circular and elliptical cross-section.

283



Fig. 104 Fiber path on hexagonal mandrel at different mandrel positon.
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In Fig.10.4a, P, is the delivery point at a distance d from the axis of rotation (0,)
of the mandrel, A, P, is the fiber length. In the beginning of winding, let the mandrel be
at9=0and £ A, O, P, is p as shown in Fig 10 4a. Assuming that in the begmning
the fiber was at an edge 1 and at co-ordinate z; Let the mandrel rotates at a constant
speed and the delivery point remains stationary. At this stage, mandrel positions thus time
for which the fiber overwraps corresponding mandrel faces are determined. Once the time
('t ) is known then the delivery point positions corresponding to time t, are determined
from the equation of motion of the delivery pomnt. Finally, using algebraic and

trigonometric relations, fiber winding angle is calculated.

The time t, at which the fiber overwraps the face 1 is determined as follows. Here
face 1 is represented by line A, A,, . It is clear from the Fig.10.4b that the fiber

overwraps the face 1 when line A, A,, coincides with fiber A,, P, . In that case,

1141'1 O1P1 = 'Y1'1 = 21L‘ Nt1+|-|» (10'11)

where, N is the mandrel speed in rev./sec.

In general,

Il
Yj,l = 2nNtl+p—E “1-1 (1012)
=2

where o is the angle inscribed by face j at the center O, ie. o = ZA /O, .

From triangle A}, O, P,

A1.1 P‘|2 = r12,1 +d2"2r1'1d003(2ﬂ Nt1 +|_|.) (1013)

where r,, is the distance of the point A, , from O, . r,; is known fiom the geometry of

the mandrel shape.
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In general,
A P? = r3+d®-2r,doos(y,) (10.14)

The condition for which the fiber overwraps the face I (line A, A, ) is given by;

Z0O A, Ay, =B, = £0,A,, P,.So fromtriangle O, A}, P,

d2 = ﬂl?:1 +A1.1 P12-2.’:"1-A1'1F’1-°°s(p1,1)

or,

Ay 4Py = 14008By 4 + y/(Fy 4008By 4)%+ (07 -1, 9) (10.15)

All the terms on RHS of the equation 10.15 is known from the mandrel shape
geometry and experimental set-up conditions. Replacing the value of A, P, in Eq. 10.13,
exact time t for which the fiber overwraps the face 1 can be determined. In general

above equation 10.15 can be written as

AP, = nposp,, + (neosh, P+ (d*-r,7) (10.16)

where,, = Z£0 A,P,

Similarly, timest, , t,, ... for which fiber overwraps the faces 2, 3 ... and so on
can be determined. For known value of time t, , the fiber winding angle (6, ) on face

1 is predicted using following steps.

During this t, sec., delivery point reaches to Mp,, position which is determined by

the equation of motion. From reference [98],
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Mps = 2, + A, Ptang,, (10.17)

where, z, = My, which is the initial delivery point position for fiber to be perpendicular

to the longitudinal axis of the mandrel. Thus,

8, = tan™" (_A%’%z‘) (10.18)
117 1

All the terms on RHS of the above equation is known, so 0, 1s calculated from

above equation 10.18. In general, delivery point positions are given by [98],

My = 2z, + A Ptang, (10.19)

where,

zl = ZI_1 + Sj_”_, taneﬂ_1 (1020)

S.1.1 15 the width of j-1 face. For example s,, is the width of the face 1, i e. distance
between the points A, ; and A, . Itis assumed here that in the beginning fiber was at
point A,
So,

(Mp-2)

0,=tant —=_~ 10.21
p AP (10.21)

Thus fiber winding angle distribution for a given equation of motion of the

delivery point can be determined.
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10.5.2 Numerical Solution For Non-cylindrical Mandrels

A Variety of non-cylindrical mandrels can be represented by axis of
revolutions or by ruled surfaces [87] As discussed in the previous chapter 9, ruled
surfaces represent many types of cylindrical and non-cylindrical mandrels. In the
case of non-cylindrical mandrels, calculation of exact time t, becomes difficult

[95,96,97]. The equation involves sine, cosine and higher order functions of t, .

A numerical solution is presented here to determine the fiber winding angle
distribution for non-cylindrical mandrels. In this approach, a small increment in time (dt)
1s given and a corresponding check is performed for fiber to overwrap the respective face
of the mandrel. In the case when fiber does not overwrap the face then a radial gap
between the mandrel surface and fiber is calculated. In the present method, the time

t, for which fiber overwraps the respective face is determined by minimizing the radial

gap.

Following steps are performed for calculating the fiber laydown path by the
numerical technique. For better understanding of the method, study on the direct

kinematics of filament winding (chapter 9) can be helpful.
10.5.2.1 Defining mandrel shape geometry:
10.5.2.1.1 Axisymmetric mandiels:
The surface of an axisymmetric mandrel is represented by,

r=f_2 (10.22)

where, 1 is the radial distance of any point on mandrel's surface and z is the axis of

revolution [87].
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10.5.2.1.2 Ruled suifaces:

Variety of cylindrical and non-cylindrical mandrels can be represented by a ruled

surface. A ruled surface 1s defined by [87],
r(uv) = (1-v) r(u0) + vr(u1) (10.23)

where, 0 < u,v < 1. For present case, u is normalized by dividing polar angle by 27

and v is normalized by dividing z co-ordinate by length of the mandrel.

The input curves (boundary curves) r(u,0) and r(u,1) can be of any form defined
over the same parameter interval. For instance, one end can be circular or elliptical or
any shape and other end can be a polygon or any other shape. Thus, there is a large
number of mandrel shapes which can be defined by the ruled surface. For the case when
both the ends of the mandrel have elliptic cross-sections with different semi major and

semi minor axis then,

a,.b
r(u,0) - L (10.24)
ybifcos?2nu + asin®2nu

r(u,1) = &by (10.25)
yb.Pcos*2nu + a,sinf2ru

In the case of a ruled surface, every isoparametric line u = constant is a straight line as

shown in Fig.10.5a.
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(a) nozzle (b) both ends elliptlcal

Fig. 10.5 Trapezoidal faces on axisymmetric and non-axisymmetric surfaces.
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10.5.2.2. Approximation of the mandiel suiface:

For the present analysts, the mandrel surface has been approximated as made of
many number of trapezoidal faces as shown i Fig.10.5 and as explained in previous
chapter. For ruled surfaces, trapezoidal faces are construcied by drawing straight lines
foru=u ,u=u,, ... u = u, with small increments in polar angle u and by joining
the points of perimeter at u =y, ,u=u,,u=u, ... u = u, by straight lines as

shown in Fig.10.5a.

Now assume that any edge j is represented by a line u = u, .

Edge numbers are
in increasing order opposite to the mandrel rotation. Let any jth face be a
trapezoidal face consisted of j , j+1 edges and two linear segments between u, and u,,,
polar angles at boundary curves. Thus n number of tapered faces are constructed for n
divisions of the boundary - wves. The more is the number of tapered faces, the better is

the approximation of a mandrel surface.

Structures having axis of revolution e.g. nozzles, ellipsoid, paraboloid etc. can be

approximated as made of series of truncated cones as shown in Fig.10.5b.

10.5.2.3 Calculation of time (t, ) for which fiber overwraps the respective face:

Consider a trapezoidal face 1 as shown in Fig.10.6. Let the mandrel be
rotating at a speed of N rev./sec. In the beginning let the mandrel is at 8, , fiber is at
2z, , and ZA,,O\P, = p as shown in Figs. 10.6 and 10.7. Figure 10.7 shows the side
view of the mandrel position. After t, sec., the mandrel goes to 0, position and is

calculated as follows:

6, = 6, + 21 NI, (10.26)

and the ZA,,0,P, will have following new value:
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Fig. 10.6 Position of delivery point for a trapezoidal face.
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Fig. 10.7 Side view of the fiber and a trapezoidal face.
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During this time t, , the delivery point reaches to M, from M, = z, . Figure
10.7 is the side view, when mandrel is seen along z axis. It is to be noted here that the
delivery point positions and mandrel positions are changing with time . :cording to the

equation of motion

To determine the value of time t, for which fiber A,, My, overwraps the face

1, following terms at time t, are calculated.

The magnitude of the fiber length A, P, at time t, is calculated from the triangle

A., O, P, using the law of cosine,

2
A1 Py = \/r1,1 +d2‘2f1,1 dcos(y,4) (10.28)
where r,, =1 (u,,v,) as explained in previous chapter.

4, M2+ A PR-d?
N4 = CO87(— ' ) (10.29)
M 2.1n,.A14P

Let ZP, A;; My, =6, , then from triangle P, A, My, ,

-4 (MD1 -MDO)

9/” = {an
A1.1 P1

or,
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. (Mp,-2
B’,, = tan™ _(__.’l’_...’l (10.30)
A1 Py
Now consider a tnangle O, A, A',, where the point A, is at the intersection of
the line A, P, and O, A,,. Here the point A";; may be on the surface of the mandrel or
may not be. To determine whether the point A’ lies on the surface of the mandrel, the

distance between the points O, and A',, 1s calculated using the law of sine as follows.

r,-Sin(2n.du,)

A AL = (1C...)
W72 sin(n -2n.duy -1 )

O.A.. = A1,1A/2,1'sm("l1.1) (10.32)
1A sin{2n.du,)

In above equations 10.31 and 10.32, the angle du, 1s multiplied by 27 to get the
value of angle in radians. This is done since u is normalized from 0 to | by dividing
the polar angle by 27 as mentioned earlier. Now suppose at the time t, for the
mandrel position of 0, , fiber overwraps the face 1. In that case, the fiber would
touch edge 2 at the point A,, at the co-ordinate z,. The magnitude of z, and O,A,,

are calculated as follows.

2, = 2,+dz, (10.33)
dZ1 = A1'1AI2'1tane/" (1034)
02A2'2 = r2,2 = Zg.tanV2+f(U2,0) (1035)

The taper angle (v, ) for an edge j is given by,
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r(u,1) - r(LI,,O)) (10.36)

= tan™!
v ( j

where [ is the length of the mandrel.

If the fiber overwraps the face 1 at time t, then,

O1A,2'1 = I'2'2 (10.37)

If it does not overwrap the mandrel face then there will be a radial gap between

the fiber and mandrel's face, which is given by,
error = 01A/2'1 —f2’2 (10'38)

In the present approach, above error is minimized to a reasonable value, In order
to do this, a small increment (if error is positive) or small decrement (if error is negative)
of dt in time t, is given and the magnitudes of O, A',, and r,, are determined for the
new value of time t, using above steps. For fast convergence of the solution, larger value
of dt is selected for a large value of error and smaller dt is selected for the small value
of error. Once the time t, for a least error is known then the fiber winding angle 6,
on face 1 corresponding to 0'; on the cylindrical plane is calculated using following

celation,

/
siné’,,

8,, = sin™! )
f ( oav,

c0Sd5.1) (10.39)

Above equation can be derived as follows. From triangle A, A", A,,,
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/
sing’,, - A 21tz (10.40)
A1,1A2,2
/
cosv, = Aaifes (10.41)

Az 1oz

Location of the point A',, for the case when fiber overwraps th~ face 1 is shown
in Fig.10.8. Value of cos v, is determined from triangle A;, A%, A,, as chown in
Fig.10.8. Therefore,

sinb'yy _ Ap1Ap (10.42)
cosv, A;,A,

From triangle A, A,, A,, for the trapezoidal face 1 as shown in Fig. 10.9,

sind,, _ _Sine,  A4A, (10.43)
sin(90°+¢2'1) cos(dyy) A Az

Using equations 10.42 and 10.43 we can derive Eq.10.39. In the case when fiber
does not overwrap the mandrel face, a small increment in time is given and it is examined
whether the fiber overwraps the face 1 for the new time. Since the mandrel and delivery
point positions are constantly changing, recalculation of all the parameters given in
Eq.10.26 to Eq.10.38 for the new time t, =, + dt is performed. Finally comparison in
the error with the set value of error is performed. Set value of error can be selected
depending on the accuracy required. For ideal case error should be zero. If it is greater

than the set value, reiteration of the above procedures for the new value of time is
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Fig. 10.8 Location of point A';, .
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Fig. 10.9 Fiber position on tapered face 1.
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performed If it is less than the set value, calculation of time t, and fiber winding

angle 0, for other consecutive faces are performed in the similar r.anner.

Equations 10.26 through 10.39 can be generalized for consecutive winding as

follows.
6, = 8, + 2n N, (10.44)
and
J=l
Yy = 2nNtrp-2.2.) du, (forf=2) (10.45)
=2

If the value of i is more than the total number of tapered faces n then the value
of du = du,. Similarly if the value of i is more than kth times the total number of
tapered faces n, then the val'.e of du =du _,,. Thc equations are writen with

the assumption that the winding starts from the point A

AP = \/I):‘;+d2 -2.r,.d.cos(y) (10.46)
L O APE- P
ny = €08 (L) (10.47)
2.n.AP,
Mp-2)
o'y = tat Zo2) 10.48
! AP, (10.48)
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cylindrical mandrels.

r,-8in(2n.du)

AA Ly =

OA . = Aj,IA/jd,l's‘n(rlj,l)
PR sin(2r .du)

2,y = Z+dz
dz, = A A", tant’y
g = Zpq-tanv,, +1(U,4,0)

error = OJA/jn.l"]n.m

/
sing’,
CoSv,, 4

0, = sin™'( .C0Sty.)

rath for known equations of the motion.
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(10.49)

(10.50)

(10.51)

(10.52)

(10.53)

(10.54)

(10.55)

The formula given in Eq.10.44 to Eq.10.55 is used to determine the fiber laydown

A closed form equation can be developed to determine the exact time (t, ) for
which, fiber just overwraps the respective face. This equation becomes complicated
in t; , which contains sine, cosine and higher order functions of t, , which is difficult to
solve. This is the reason, a numerical solution is presented for determining the fiber

laydown path for non-cylindrical mandrels. This technique can also be applied for



10.6 Implementation of the Method on a Computer

An interactive computer program INVERSEKIN is developed to perform the
inverse kinematic analysis for a variety of mardrel shapes. The program determines the
fiber position and fiber winding angle distribution on the mandrel surface for a given
equation of niotion of the delivery point, mandrel shape geometry, and experimental set
up conditions The user 1s asked to feed the constraints on the equation of motion,
values on the mandrel shape geometry (e g. values on semi-major axis (a), semi-minor
axis (b), length of the mandrel etc.), values on experimental set up conditions e.g. d,
p, etc. The program is wntten n Fortran language. The Flow Chart for the present

algorithm 1s shown in Fig 10.10.

10.7 Experimental Veiification

The present model is experimentally verified on a computer controlled McClean
Anderson filament winding machine. The computer code INVERSEKIN was used for
the prediction of fiber angle distribution for a given equation of the motion. Experimental
verification of the method was done on a conical mandrel having length 156.7mm, end
radii 57.0mm and 98.0mm Delivery point distance (d) from mandrel's axis of rotation
was 450.0 mm. For axisymmetric mandrels, p .s calculated usir.g following relation [83],

n= cos' (r/d). The method was verified for starting as well as for reversal process.

10.7.1 Start-up period:

Figure 10.1 represents the position, velocity and acceleration diagram of the
delivery point for My, = 0.0, My, = 350mm, t, = 20 sec., M',, = 0.0, M',,=0.0 mm/sec.
A schematic diagram of the start-up process is shown in Fig. 10.11. In the beginning, the
fiber was at radius r = 57.00mm, and at z, = 0.0 mm. Values of 6, , My, as shown in
the position diagram of Fip 10.1 were fed into the computer and then machine was run

to follow the equation of motion. A thread in the form of a fiber was wound on the
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Feed mandrel shape geometiv such as r(u.0), riu.l),

. (1), experimental set-up conditions such as 7] 1.

#. and constraints on the equation of the motion

!

!

Calculate V). r“

for the trapezoidal face for known l

uy. du]. and z,
]
Calculate,
Gi = 90 + 2 T N Ll
71'1:211’Nt1+u ( for j=1=1 )
\ A 1=
Yiu= 2™ N + p - 2n°F duj_y (for 1122)
. =2
Calculate all LHS terms given in equaticns 46
through 54

If error > set value

N

If error < set value

-1 )

®,. = sin (sin@y; / cos v, cosé; )

fi f +1,

f.], = "i + dt ! i1 ! l
Print 84, z| .08y
2341 2, + dz‘
- j+l- \.1j + du
ti+1-“-' tl + dt

if t‘i+l < t‘l it "Hl 2z tf

o STOP

Fig. 10.10 Flow chart for the numerical solution for computer program

INVERSEKIN.
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Do Mpj Mp

Fig. 10.11 Schematic diagram of start - up period.
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mandrel surface and the laydown path was marked for the known equation of motion
performed using a thread. Resuits on the experimental and predicted values of 0,
are shown 1n Fig.10.12. Maximum of 1° difference was found compared to the
predicted value. Here error is not represented in terms of the percentage error to avoid

the confusion.

10.7.2 Reversal period:

Figure 10.13 shows a schematic diagram of the mandrel and delivery point
positions during a reversal period Fiber was kept at z, = 100mm on the mandrel
surface. Position, velocity, and acceleration diagram of the delivery point for M, =
160.0mm, M, = 0.0mm, t; = 20 sec., M, = 0.0, My, = 0.0 mm/sec are shown in
Fig.10.14. Results on the experimental value and the predicted value of the fiber
winding angle for the delivery point trajectory of Fig.10 14 is shown in Fig 10 15
Experimental results agree weli with the predicted value with the maximum

difference in angle of 1° .

10.8 Fiber Slackening During Reversal Period

Fiber slackening phenomenon can be observed during a reversal process. To
understand this phenomenon, let's assume that the mandrel is not rotating and delivery
point is moving towards the left side as shown in the figure 10.13. It is obvious from
the figure that the fiber length A, My, shortens as delivery point moves towards left
and thus fiber loosening takes place. Due to the loosening of the fiber during the
reversal process, there may be abrupt change in the fiber winding angle on the
mandrel surface, which may cause fiber slippage. Fiber slackening should be avoided to

get smooth fiber winding angle distribution on the mandrel surface.

To avoid the fiber slackening, the mandrel need to rotate at such a speed that at

any two instants of time, the fiber length A, M, should increase. Value of A, My, is
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. 10.12 Predicted and experimental value on fiber winding angle

distribution during start - up period for a conical mandrel.
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Mpgo My,

Fig. 10.13 Motion of delivery point during reversal period.
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Fig. 10.15 Experimental (*) and prdicted value of fiber winding angle

distribution during reversal period for a conical mandrel.
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calculated by following relation.

AP,
cos6/,

AMp, = (10.56)

Value of A, P, is determined by Eq.10.46 and 0'; is determined by Eq.10.48.
10.9 Effect of Winding Speed on Fiber Distribution

With the change in winding speed (N), fiber distribution on the mandrel
surface changes for the same trajectory of the delivery point. Figures 10.16 and 10.17
show the effect of winding speed N on the fiber orientation and fiber position
respectively for the delivery point trajectory as sho' 1 in the Fig.10.14. The winding was
started on the same conical mandrel ( with v = 14.59° ) at z, = 0.0 and at radius r =
57.00mm. It is evident from the figures that with the iiicrease in winding speed, rate
of change of 6, with respect to the mandrel position decreases and fiber distribution takes

place in larger length of the mandrel.
10.10 Effect of Delivery Point Distance on Fiber Distribution

Figures 10.18 and 10.19 show the effect of delivery point distance d on the fiber
orientation and fiber position respectively. It is obvious from the figures that with the
increase in delivery point distance d, the rate of change of the fiber winding angle and
the fiber position with respect to the mandrel position decreases. For larger delivery
point distance, fiber distribution on the mandrel surface takac place in smaller length of

the mandrel with smaller difference 1n fiber winding angle.
10,11 Conclusion
A method is developed to determine the fiber angle distribution for given equation
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Fig. 10.16 Effect of mandrel speed ( N rpm) on fiber winding angle

distribution for a conical mandrel during reversal period.
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Fig. 10.17 Effect of mandrel speed ( N rpm) on fiber position during

reversal period.
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10.18 Effect of delivery point distance on fiber winding angle distribution
for a conical mandrel during reversal period.
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Fig. 10.19 Effect of delivery point distance on fiber position for a conical

mandrel during reversal period.
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S

of motion of the delivery point. A Closed form solution is presented to solve the
inverse kinematics of filament winding for cylindrical mandrels with axisymmetric and
non-axisymmetric cross-sections, whereas numerical solution is presented for

non-cylindrical mandrels with axisymmetric and non-axisymmetric cross-sections.

An interactive computer program INVERSEKIN 1s developed to perform the
study on inverse kinematics. The purpose of writing this program is to determine the
effect of mandrel shape geometry, experimental set-up conditions, winding speed,

etc. on fiber position and fiber winding angle distribution on the mandrel surface.
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CHAPTER 11

CONCLUSIONS, CONTRIBUTIONS, AND SUGGESTIONS FOR FUTURE WORK

11.1 Conclusions and Contributions

During this study several contributions were made in the field of processing and
characterization of advanced thermoplastic composites and in (' = area of low cost
manufacturing of complex composite components by thermoplastic tape winding, tape
laying, and filament winding, Ultimate objectives of the present study are threefold: to be
able to understand the influence of proces. parameters on the quality of a part; to
investigate a testing method which can more easily detect the extent of bond strength; to
develop cost effective techniques for the manufacture of complicated structures by
thermoplastic tape winding, tape laying and filament winding The first part of the thesis
(chapters 2 to 6) deals with the laser aided and 2as atded processing of advanced
thermoplastic composites (APC-2). Effects of dominant process parameters such as
amount of heat supply, tape speed, and consolidation pressure on physical and mechanical
behaviour of composite parts were investigated Process models which relate the dominant
process parmeters to the temperature profile and degree of consolidation were presented.
Accuracy ot the models were assessed by performing experiments. Microscopic study was
performed to examine the quality of consolidation whereas DS (differential scanning
calorimetry) tests were carried out to determine the amount of crystallimity in the sample
Influence of process parameters on internal stress generation was studied by measuring
the process induced deformations. Characterization of interply bonding was performed by
double cantilever curved beam (DCCB) tests, short beam shear (SBS) tests and
fractographic studies. Quantitative analysis of effects of doininant process parameters on
the quality of bond was performed using Taguchi method. A method for the manufacture
of non-axisymmetric cylindrical shapes by thermoplastic tape winding and fabricati~n of

complex open structures by thermoplastic tape laying was presented. Problems during the
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production of complex shapes by on-line consolidation process were addressed and

solutions are presented by performing kinematic studies

Second part (chapters 7-10) of the thesis deals with the fabrication of
axisymmetric, non-axisymmetric, cylindrical and non-cylindrical composite structures by
filament winding techmque. Several kinematic models based on Geometric Approach are
presented for the manufacture of wide variety of composite components. Kinematic
models thus developed were found to be extremely useful tools for laying dowa the fiber
on predetermined path in lieu of costly techniques such as teach in programming,
simulation, CAD/CAM, etc. The models presented are for the two-axis filament winding
machine and thus any filament winding industry can use the present technique for the
fabrication of a variety of composite structures. Techniques for the prediction of .iber
angle distribution on a variety of mandrel shapes for known machine motions are not
available. A novel approach based on Geometric Approach 1s developed for determining
the fiber laydown path for known equation of motion of the delivery point This is

important during start-up and reversal period of the filament winding operation.

The important contributions of this thesis can be summarized in following items.

1. Process models which relate the amount of heai supply, tape speed, and
consolidation force to the temperature distribution, heating rate, cooling rate, melt time,
and degree of intimate contact during tape consolidation process are presented.

2. Two automated processing devices for the fabrication of thermoplastic rings
having circular and elliptical cross-sections were designed and built for the thermoplastic

tape winding operation.

3. Suitable manufacturing conditions for laser-assisted and hot-gas-assisted

processing were determined
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4. Qualitative analyses of effects of amount of heat supply, tape speed and
consolidation pressure on temperature distribution, crystallinity, process induced

deformation, and quality of interply bonding were performed

5. Quantitative analyses of effects of amount of heat supply, tape speed and
consolidation pressure on the quality of bond were evaluated using Taguchi method.
Percentage contributions of individual parameter on the bend strength were calculated

using ANOVA technique.

6. Optimum processing conditions for laser and hot-gas processing were

investigated.

7. Kinematic models for the marufacture of non-axisymmetric shapes by

thermoplastic tape winding and tape laying technique are presented

8. A new approach, Geometric Approach, is developed for the kinematic analysis
of filament winding. Computer codes are developed for kinematic analysis of filament
winding on axisymmetric, non-axisymmetric, cylindrical, and non-cylindrical composite

structures

9. Kinematic models were developed for the manufacture of axisymmetric, non-
axisymmetric, cylindricai and non-cylindrical composite components by filament winding.
Ali the models were developed for two-axis filament winding machine and thus two-axis
filament winding machines can be used for the fabrication of a variety of composite

components.

10. Technique for the prediction of fiber angle distribution for known equations
of motion of delivery point are not available. This is important during start-up and
reversal process of filament winding operation. Based on the Geometric Approach, closed

form and numerical solutions are presented for the prediction of fiber angle distribution
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on axisymmetric, non-axisymretric, cylindrical, and non-cylindrical mandrel surface for

known equations of motion of the delivery point.

11.2 Suggestions for Future Work

Though significant contributions have been made in the area of on-line
consolidation process and filament winding process, further work needs to be conducted

in following areas for the improvement of these manufazturing technology.

1. In this study effect of amount of heat supply, tape feed rate, and consolidation
pressure on temperature distribution, crystallinity, process induced deformations, and
quality of bond are determined. It will be interesting to see the effect of tape and tool
temperature, and cooling rate on above factors Cooling rate and dwell time can be

controlled by using additional heaters after the consolidation roller.

2. nfluence of laser power higher than 65 W are not examined because of
limitation of the equipment. Since the quality of bond increases with the increase in laser

power, a study on the effect of higher laser power could be useful.

3. Other thermoplastic composites such as polyphenylene sulfide (PPS) Ryton AC
40-60, Nylon/Graphite etc. can be used to see the feasibility of the process.

4. Effect of high heating rate and shorter melt time on crystallinity kinetics are not
known. In the on-line consolidation process material undergoes heating rate more than
20,000°C / min, melt time in the range of 0.5 sec to 4 sec and cooling rate more than
4,000°C / min. Therefore development of crystallinicy model for on-line consolidation

process could be interesting.

5. Polymer degradation is another area that needs to be better understood,

especic 7 for PEEK and other high temperature thermoplastic resin. Effect of rapid

319



heating rate on degradation of thermoplastic composites could be helpful for estimating

the processing window.

6. Fabrication of complex shaped structures using the models presented in this

study could be very useful.

7. Testing of thermoplastic elliptical rings for the use of automobile suspension

system can produce useful results.

8. Development of market-oriented computer software based on the current
models can be very useful for low cost composites manufacturing by filament winding

and thermoplastic tape winding.
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