
CHAPTER 6

1. GENERAL

Pultrusion is a manufacturing process that combines many steps in the
manufacturing of composites into two steps. Refer to Figure 1.7(a) of
Chapter 1. That figure shows four steps in the manufacturing process.
Figure 6.1 shows a representation of the pultrusion process. For
pultrusion, one goes directly from step a to step d, and one does not have
intermediate products in between.

• Step a: Beginning from the left-hand side, the fiber tows drawn
from fiber racks are routed through a series of guides. The fibers
then traverse through a bath of low viscosity resin for
impregnation.

• Step d: Upon exiting from the resin bath, fibers are collimated
into an aligned bundle before entering into a heated die. While
inside the die, the following takes place:

—The resin flows and wets the fibers.
—The ensemble of fibers and resin is compacted.
—The resin cures and the fiber/resin system becomes solid.

Upon exiting from the die, the composite structural component
is pulled by a puller. It is then cut to length and is ready for ship-
ment.

Since the pultrusion process combines many steps into one, the oppor-
tunity for checking the quality is reduced. Also the requirements for con-
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trol of quality are increased to ensure good quality. However, pultrusion
offers a fast production rate. The production rate can be in terms of me-
ters per minute. It can also produce composite parts at low cost. This is
because fibers in tow form are less expensive than in prepreg or woven
form. The rule is that if more processing is involved in transforming the
fiber, either by wetting with the resin or in changing the form from unidi-
rectional tows to woven or braids, cost and time are involved. As such,
pultrusion has been used to produce many low cost composite structural
elements, if strict quality is not a requirement. However there are also
limitations. One of the main limitations is that the fibers are mostly unidi-
rectional.

By pultrusion, many lightweight, corrosion resistant and low electrical
conductivity components can be made. These include standard shapes
such as rods, angles, clips, I beams, panels, plates, and rebars for con-
crete reinforcement. Other components include side rails for ladders,
fishing rods, tool handles, bus components, sign posts, and sucker rods
for oil drilling rigs.

Due to the low cost of the process, E glass fibers are mostly used even
though applications include fibers such as S glass, carbon, and Kevlar.
Resins are usually low cost polyester or vinyl ester even though other res-
ins such as epoxy, phenolic and thermoplastic have also been used.

There are two forms of pultrusion products. The first category con-
sists of solid rod and bar stock produced from axial fiberglass rein-
forcements and polyester resins. These are used to make fishing rods
and electrical insulator rods, which require high axial strength. The
second category is structural profiles, which use a combination of axial
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FIGURE 6.1 Schematic of the pultrusion process (reproduced from “Pultrusion of com-
posites,” by J. P. Fanucci, S. Nolet, and S. McCarthy, in Advanced Composites Manufac-
turing by T.G. Gutowski, 1997, with permission from John Wiley and Sons).



fibers and multidirectional fiber mats to increase a set of properties that
meet the requirements of the application in the transverse and longitu-
dinal directions.

2. MATERIALS

2.1. Fibers

2.1.1. Unidirectional Rovings

Fiberglass is the most commonly used fiber for pultrusion. Unidirec-
tional fibers are the least expensive reinforcements available. Most
pultruded profiles are used in structural applications where loading is
highly oriented along the length of the profile. Unidirectional loading
minimizes friction drag in the die, provides the highest pulling strength
possible, and simplifies the design and fabrication of forming guides at
the entrance of the die.

The combination of cost, design applicability, and manufacturing ease
make unidirectional rovings the most widely used reinforcement in
pultrusion processing. Unidirectional filaments in the form of rovings,
tows or threads are the building blocks for virtually all other
reinforcement forms.

For most practical applications, the use of all-unidirectional rovings is
unrealistic. The highly orthotropic behavior of the unidirectional com-
posite results in transverse properties that are much too low. Parts con-
structed this way might have unacceptable resistance to crushing or
splitting parallel to the fiber direction. Some means of providing strength
in the transverse direction is often mandatory.

2.1.2. Woven and Nonwoven Broad Goods

Low cost commercial pultrusions made of unidirectional glass rovings
often include inexpensive forms of nonwoven broad goods called contin-
uous strands and chopped strand mat. The random orientation of these
materials provides some degree of off-axis strength and stiffness en-
hancement at very low cost. Woven materials used in the pultrusion pro-
cess must be placed between more stable forms such as layers of
unidirectional rovings. Figures 6.2 and 6.3 show the incorporation of
mats along with unidirectional rovings.

When more complicated laminates are required, cloth, random mats,
and preplied fabrics can be added to obtain transverse and off-axis rein-
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forcing. Fiber tension is not a severe problem for commonly pultruded
constructions composed primarily of unidirectional tows. Problems be-
gin to occur in more sophisticated applications when broad goods and
other off-axis reinforcements are included in the laminate. If not prop-
erly handled, these laminates tend to distort and deform as they are
folded during assembly outside the die, and can be further distorted when
dragged along the tooling surfaces inside the die.

2.2. Resins

The necessary characteristics for a resin to be used to make pultruded
products are that it have low viscosity and that gel time and cure time
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FIGURE 6.3 Exploded view of materials in pultrusion (reproduced from Handbook of
Pultrusion Technology, by R. W. Meyer, with permission from Springer).

FIGURE 6.2 Introduction of mats into the pultruded products (reproduced from Hand-
book of Pultrusion Technology, by R. W. Meyer, with permission from Springer).



are short to allow for the high rate of production. If, for example, a rate
of production of 20 cm/minute is desired, for the length of a die of 100
cm long, the duration of the resin inside the mold is 5 minutes. The resin
should flow through the interstices of the tows, wet the fibers, gel and
cure during this time. When the resin gels, it also shrinks, which helps
to release the composite from the die wall. This, in turn, will reduce the
pulling force. The resin normally used to make pultruded products is
polyester resin, due to its low cost and low viscosity. Table 6.1 shows
the viscosity of polyester resin along with gel time and cure time. When
better corrosion resistance is required, vinyl ester resins are used.
When a combination of superior mechanical and electrical properties is
required, epoxy resin is used. Epoxy resins are expensive materials in a
number of aspects. The resins are three to six times more expensive
than polyesters and have a number of process-related costs not found
with polyesters. Because they are cured by a stepwise reaction rather
than an addition reaction, as with polyester resins, their reaction rate is
very slow. The gelation of epoxy resins occurs at a later stage of reac-
tion, and it is critical that the exotherm developed be contained within
the die. This dictates a slow reaction rate, which results in a high labor.
Because the epoxy begins to react slowly as soon as it is mixed, the pot
life is short. The resin scrap rate is potentially higher if viscosity
buildup affects wet-out to the extent that the bath must be recharged.
The die temperature profiles used for epoxy are typically hotter than
polyesters, and the drip-off at the entrance must often be discarded
rather than recirculated to the bath. Because of the tendency for the ep-
oxy resin to bond strongly to the die wall, epoxy products often display
surface defects, such as exposed fibers, chipping, or loss of dimension,
all of which increase finished-product scrap rate. These additional
costs place epoxy resins in a class in which the end-use requirements
must justify the high price [1].
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TABLE 6.1 General Properties of Polyester Resins Used for Pultrusion.

Property Value

Viscosity at 25°C (cP) 500–2000
Specific gravity 1.1
Gel time (minutes) 3–8
Cure time (minutes) 5–18
Peak exotherm (max temperature

during the process)
415–470°F (213–243°C)



3. COMBINATION OF OTHER PROCESSES
WITH PULTRUSION

As part of the process of automation, other types of processes have
been combined with pultrusion to produce parts with enhanced proper-
ties. These include in-line filament winding or in-line braiding, together
with the pultrusion process.

3.1. In-Line Winding

In situations such as the case of pultruded rods used for the reinforce-
ment of concrete, it is necessary to provide roughness on the surface of
the putruded rods to enhance the mechanical interlock between the rein-
forcement rod and concrete. Filament wound strips can be placed on the
outer surface of the pultruded rods for this purpose. At the exit of the
pultrusion machine, spools of unidirectional tows loaded onto two coun-
ter-rotating disks can be circumferentially wound around the exited
pultruded rod.

3.2. In-Line Braiding

In in-line braiding, a vertical braider is positioned in front of the
pultrusion die. As the braider pays off the material, the material is drawn
forward through the braiding ring and laid down on the mandrel. The re-
sulting fiber angle is a function of the braider speed and pultrusion line
speed. Impregnation of the thin walled braids is accomplished via con-
tinuous resin transfer molding, called direct resin injection. The impreg-
nated braid is drawn into the pultrusion die and the resin is polymerized.
The cured tube is manufactured continuously.

4. FACTORS AFFECTING THE PULTRUDABILITY
OF A COMPOSITE COMPONENT

Two important characteristics affecting the pultrudability of a com-
posite product are: the pulling force required to move the product
steadily through the system and the pulling speed. The pulling force has
to be sufficient to overcome the resistance at the different stages of the
pultrusion process, and the pulling speed determines the productivity of
the process. These are discussed below.
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4.1. Pulling Forces in Pultrusion

Controlling the buildup of pulling loads and developing ways to deal
with their inevitable presence are major concerns for all pultruders. Pre-
form compaction and the effects of fiber packing in the die contribute the
most to pulling force generation during pultrusion. This is particularly
true in the processing of epoxies where fiber and filler must be kept high
to prevent sloughing or resin adhesion to die surfaces, and to maintain
good surface finish.

One way to analyze the parameters that contribute to the pulling force
is to examine the contribution of the resistance from each step of the pro-
cess. As can be seen from Figure 6.1, the resistance should be considered
from the four different steps: Force required to collimate the fiber tows
from the creel to the entrance to the die, force required to compact the fi-
ber tows into the cavity in the die, force required to overcome the viscos-
ity of the liquid resin, and force required to overcome the friction
between the wall of the die and the solid composite product. This can be
written as:

F F F F Ftotal col compaction viscous friction= + + + (6.1)

4.1.1. Force Due to Collimation

The collimation force Fcol depends on the loading of the fibers relative
to the size (diameter) of the die. There is a limit as to the difference be-
tween the diameter of the collimated fiber bundles to the diameter of the
die. Within limits, the larger the amount of fibers, the larger the Fcol. One
other aspect is the ease with which the fiber bundles are introduced into
the die. Figure 6.4 shows the arrangement of a tapered entrance into the
die. The taper configuration facilitates the introduction of the fibers into
the die and reduces the Fcol.

4.1.2. Force Due to Compaction

In Equation (6.1), the compaction force Fcomp is a force along the pull
(axial) direction of the process. However, compaction is occurring along
the radial direction of the die, which is normally the pull direction. Nor-
mally, the greater the number of fibers that are squeezed into the cavity of
the die, the larger will be the compaction. If too much fiber is put in, the
compaction will be too large and pulling may not be possible. However,
if too few fibers are put into the die, insufficient compaction will occur
and voids may appear. In addition, there is resin shrinkage, which can
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also affect the compaction pressure. One way to get an estimate of the
pressure in the material inside the die is to use Equation (3.13) in Chapter
3, repeated here as:
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where,

e1, σ1 = the strain and stress along the pull direction
eb, σb = the strain and stress in the radial direction

Fij = the compliance coefficients of the fiber bundles

The strain eb is governed by the geometry of the die. If Ro is the radius
of the die entrance with an initial volume fraction Vo, and Rf is the die ra-
dius at the position corresponding to the fiber volume fraction Vf , then
the strain eb is calculated to be:
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The axial strain depends on the degree of waviness of the fibers in the
fiber bundle. Refer to Figure 3.19 (Chapter 3), assuming that the length
of the stretched fiber can be calculated by:
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FIGURE 6.4 Tapered entrance facilitates the introduction of fibers into the die.



where,

l = the length of the stretched fiber over one cycle
L = the length of the unstretched fiber over one cycle
a = the amplitude of the waviness as shown in Figure 3.19

(Chapter 3)

The strain e1 can be calculated to be:

e
l L

L1 2
1

4
1=

−
= + −

β
(6.5)

where β = L/a. If β = 200, one has e1 = 0.00005.

Recall the expressions for Fij from Chapter 3 as:
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One can calculate the stresses with information on the strains.
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Example 6.1

A pultrusion machine having a radius Ro = 12.7 mm and Rf = 6.35 mm is used to
pultrude fiberglass/polyester rod. The desired volume fraction is 0.60. Determine the
contribution to pull force due to compaction. Assumeβ= 200 and E = 70 GPa, Vo = 0.4
and Va = 0.785.

From Equation (6.3), eb =
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The above example shows a simplified estimate for the compression
stress σb due to existence of the compressive strain eb. The compressive
strain in the example is a function of the reduction in geometry of the die
from the entrance to the point of interest. This, in turn, is related to the
change in volume fraction of the fibers at the different positions. There
are other parameters that also have an effect on the relation between the
fiber volume fraction and the compressive stress as discussed below.

4.1.3. Parameters Affecting the Compression Stress

Figure 6.5 shows the relation between fiber volume fraction and com-
pressive stress. It can be seen that even though the shape of the curve be-
tween compression stress and volume fraction is similar, Different types
of fiber forms show different curves but the shapes of the curves are simi-
lar, the actual values of the stresses depend on the type of fibers. Apart
from these, there are many parameters that affect the compressibility of
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The compliance coefficients can be calculated using Equations (6.6) as
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Equation (6.2) can be inverted to be written as:
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For this particular case:
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Note that due to the small value of e1, its contribution to σ1 is about 10% and it has lit-
tle contribution to σb. It can be seen that the contribution of compaction to the axial
load is quite significant. Note also that the above calculations are only approximate
due to the application of linear assumption to a situation of large deformation.



the fiber bundle, one of which is the fiber volume fraction, as discussed
previously. In addition, other parameters affect compressibility as well,
such as the type of fiber material, fiber architecture (mat or weave pat-
tern), combination of different types of fiber architecture (mat and roving
alternating in different sequences), rate of loading, loading and unload-
ing, repeated loading, and dry or lubricated fiber beds. The fact that the
compressibility depends on so many factors makes it difficult to obtain
good models that fit all systems. Experimental determination of each
different system is therefore essential.

Shrinkage of resin has an important effect on the pull force. Polyesters
and vinyl esters shrink about 8% while epoxies shrink about 5%. As
such, it would be easier to pultrude polyester of vinyl ester composites
than epoxy composites. The amount of fiber loading has an important ef-
fect on the pulling force, as shown in the above example.

4.2. Pull Rate

The pull rate depends on the time required for the resin to impregnate
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FIGURE 6.5 Compression stress as a function of fiber volume fraction (reproduced
from “Pultrusion of composites,” by J. P. Fanucci, S. Nolet, and S. McCarthy, in Ad-
vanced Composites Manufacturing by T. G. Gutowski, 1997, with permission from John
Wiley and Sons).



the fiber tows and also for the resin to cure once complete wetting has
taken place. The pultrusion die may consist of two sections along the di-
rection of pulling, the first section is required for wetting to take place
and the second section for curing to take place. The pull rate is related to
the lengths of these sections. The length of the first section may be esti-
mated using Darcy’s law and the permeability of the fiber tows. The
length of the second section depends on the reactivity of the resin and the
temperature profile along this length.

4.3. Permeability

The permeability of the fiber tows depends upon the type of materials,
the number of layers, and the volume fraction of the fibers. Figure 6.6
shows the effect of the number of layers of cloth on permeability.

5. SUMMARY

The state of development of pultrusion as a process for composite
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FIGURE 6.6 Effect of number of layers on permeability of 0/90 cloth (reproduced from
“Pultrusion of composites,” by J. P. Fanucci, S. Nolet, and S. McCarthy, in Advanced
Composites Manufacturing by T. G. Gutowski, 1997,with permission from John Wiley
and Sons).



manufacturing is still in the experimental stage. This is due to the integra-
tion of many steps into the process which makes it complex. The perme-
ability of the resin into the fiber bed varies greatly with the fiber bundles
and also varies with the degree of compression of the fiber bed. The rate
of reaction of the resin is rapid due to the fast production rate. Pultrusion
can produce parts with low cost using low-cost materials such as glass
and polyester.

6. REFERENCE

1. Meyer R. W., Handbook of Pultrusion Technology, Chapman and Hall, 1985.

245Reference


	Front Matter
	Table of Contents
	Part I. Fundamentals of Constituents for Composites Manufacturing
	Part II. Techniques for Composites Manufacturing
	4. Hand Laminating (or Wet Lay-up) and the Autoclave Processing of Composites
	4.1 Hand Laminating (or Wet Lay-up)
	4.2 Autoclave Processing
	4.2.1 Introduction
	4.2.2 Prepreg
	4.2.2.1 Prepreg Manufacturing and Handling
	4.2.2.2 Prepreg Cutting

	4.2.3 Tool Preparation
	4.2.3.1 Aluminum, Steel, and Invar Tool
	4.2.3.2 Electroformed Nickel
	4.2.3.3 Graphite/Epoxy Tooling
	4.2.3.4 Elastomeric (or Rubber) Tooling
	4.2.3.5 Bulk Graphite and Ceramic Tooling

	4.2.4 Release Agent
	4.2.5 Lay-up of the Prepregs on the Tool to Make the Part
	4.2.5.1 Determination of Number of Layers and Layer Orientation
	4.2.5.2 Laying Up
	4.2.5.2.1 Preparation of the Mold Surface
	4.2.5.2.2 Laying Up the Stack of Prepregs
	4.2.5.2.3 Placement of Bleeder Materials
	4.2.5.2.4 Placement of Breather Materials
	4.2.5.2.5 Placement of a Caul Plate
	4.2.5.2.6 Placement of Vacuum Bag


	4.2.6 Curing and Consolidation of the Part
	4.2.6.1 Resin Kinetics
	4.2.6.2 Heat Transfer and Energy Balance
	4.2.6.2.1 Thin Laminates
	4.2.6.2.2 Thick Laminates

	4.2.6.3 Viscosities
	4.2.6.4 Resin Flow and Consolidation
	4.2.6.4.1 Resin Flow
	4.2.6.4.2 Consolidation

	4.2.6.5 Void Suppression and/or Removal
	4.2.6.5.1 Void Formation

	4.2.6.6 Curing Cycle
	4.2.6.7 Autoclave
	4.2.6.7.1 Advantages of the Autoclave
	4.2.6.7.2 Disadvantages of the Autoclave


	4.2.7 Resin Shrinkage, Out-of-Dimensions and Residual Stresses
	4.2.7.1 Shrinkage and Modulus Development
	4.2.7.2 Determination of Changes in Dimensions of the Part and Residual Stresses

	4.2.8 Out-of-Autoclave (OOA) Manufacturing Processes

	References
	Homework

	5. Filament Winding and Fiber Placement
	5.1 Filament Winding
	5.1.1 Introduction
	5.1.2 The Winding Process
	5.1.2.1 Polar Winding
	5.1.2.2 Helical Winding
	5.1.2.3 Circuit and Pattern
	5.1.2.4 Layer
	5.1.2.5 Hoop Winding
	5.1.2.6 Longitudinal Winding
	5.1.2.7 Combination Winding
	5.1.2.8 Wet/Dry Winding

	5.1.3 End Closures
	5.1.4 Materials
	5.1.4.1 Reinforcements
	5.1.4.2 Resins

	5.1.5 Mandrels
	5.1.5.1 Extractable Mandrels
	5.1.5.2 Collapsible Mandrels
	5.1.5.3 Breakable Mandrels
	5.1.5.4 Dissolvable Mandrels

	5.1.6 Material Handling and Process Controls
	5.1.7 Netting Analysis for Pressure Vessels under Internal Pressure
	5.1.8 Fiber Motion

	5.2 Fiber Placement Process
	References
	Homework

	6. Pultrusion
	6.1 General
	6.2 Materials
	6.2.1 Fibers
	6.2.1.1 Unidirectional Rovings
	6.2.1.2 Woven and Nonwoven Broad Goods

	6.2.2 Resins

	6.3 Combination of other Processes with Pultrusion
	6.3.1 In-Line Winding
	6.3.2 In-Line Braiding

	6.4 Factors Affecting the Pultrudability of a Composite Component
	6.4.1 Pulling Forces in Pultrusion
	6.4.1.1 Force due to Collimation
	6.4.1.2 Force due to Compaction
	6.4.1.3 Parameters Affecting the Compression Stress

	6.4.2 Pull Rate
	6.4.3 Permeability

	Summary
	Reference

	7. Liquid Composite Molding
	7.1 Introduction
	7.2 Materials
	7.2.1 Fibers
	7.2.1.1 Flow Enhancement Fabrics
	7.2.1.2 Surface Veils
	7.2.1.3 Binder

	7.2.2 Preforms
	7.2.2.1 Preforming Methods
	7.2.2.1.1 Cut and Paste
	7.2.2.1.2 Spray-up
	7.2.2.1.3 Thermoforming
	7.2.2.1.4 Weft Knitting
	7.2.2.1.5 Braiding


	7.2.3 Matrix
	7.2.3.1 Polyester and Vinyl Ester
	7.2.3.1.1 Shrinkage Control Additives (Low Profile Additives or LPA)

	7.2.3.2 Epoxies


	7.3 Mold Filling
	7.3.1 Part I. Theoretical Considerations
	7.3.1.1 Coefficient of Permeability
	7.3.1.2 Effect of Off-Axis Fiber Orientations on Axial Permeability
	7.3.1.3 Injection Strategies
	7.3.1.3.1 Estimation for the Required Filling Time


	7.3.2 Part II. Problems and Issues Related to Mold Filling
	7.3.2.1 Different Types of Permeability of the Fiber Perform
	7.3.2.2 Race Tracking
	7.3.2.3 Fiber Washing
	7.3.2.4 Occurrence of Voids
	7.3.2.4.1 High Void Content at Outlet
	7.3.2.4.2 High Void Content and Vacuum

	7.3.2.5 Fiber Wetting
	7.3.2.5.1 Effect of Fluid Surface Tension

	7.3.2.6 Dry Spots

	7.3.3 Maximum Mold Filling Time

	7.4 In-Mold Cure
	7.4.1 Fundamentals
	7.4.2 Optimization of Cure
	7.4.3 Cure Problems
	7.4.3.1 Delaminations
	7.4.3.2 Surface Finish
	7.4.3.3 Porous Areas
	7.4.3.4 Incomplete Cure


	References
	Homework

	8. Long Fiber Thermoplastic Matrix Composites
	8.1 Introduction
	8.2 Materials
	8.3 Preliminary Material Combinations (PMCs)
	8.3.1 Tape
	8.3.2 Fibers with Clinging Powders
	8.3.2.1 Slurry and Foam

	8.3.3 Commingling/Bundling and Microbraiding
	8.3.4 Fabric/Film Sandwich
	8.3.5 Surface Polymerization

	8.4 Fabrication of the Final Product
	8.4.1 Compression Molding
	8.4.1.1 Heat Transfer-Melting
	8.4.1.1.1 Heat Transfer during Molding

	8.4.1.2 Bulk Consolidation
	8.4.1.2.1 Elasticity of Fiber Networks

	8.4.1.3 Resin Flow
	8.4.1.3.1 Resin Flow for Manufacturing Using Flexible Tows
	8.4.1.3.2 Resin Flow Analysis Model

	8.4.1.4 Autohesion
	8.4.1.5 Cooling
	8.4.1.6 Crystallization
	8.4.1.7 Solidification
	8.4.1.8 Variation of Degree of Crystallinity across the Thickness of the Part in the Case of Fast Cooling (Quenching)

	8.4.2 Fiber Placement Process

	References

	Index
	About the Author



