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THERMOPLASTIC MATRIX COMPOSITE PROCESSING MODEL

(ABSTRACT)

The effects the processing parameters pressure, temperature, and
time have on the quality of continuous graphite fiber (AS4) reinforced
thermoplastic matrix (UDEanP1700) composites have been quantitatively
accessed by defining the extent to which intimate contact and bond
formation has occurred at successive ply interfaces. Two models are
presented predicting the extents to which the ply interfaces have
achieved intimate contact and cohesive strength. The models are based
on experimental observation of compression molded laminates and neat
resin conditions, respectively. Identified as the mechanism explain-
ing the phenoﬁenon by which the plies bond to themseives is the theory
of autohesion (or self diffusion). Theoretical predictions from the
"Reptation Theory" between autohesive strength and contact time are
used to explain the effects of the processing parameters on the ob-
served experimental strengths. Thé application of a time-temperature
relationship, in the WLF manner, for autohesive strength predictions
is evaluated. A viscoelastic compression molding model of a tow was
developed to explain the phenomenon by which the prepreg ply inter-
faces develop intimate contact. The intimate contact model contains
sub-models defining the degree of nonunifo?mity of tow heights across
the width of a prepreg, viscoelastic mechanics model simulating the
response of tows to a compressive load, and an empirical relationship

of the influence of fibers on the neat resin viscosity.
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1.0 Introduction

Increased damage tolerance and decreasedA cost are the main
drivefs behind the interest in development of thermoplastic matrix
composites over thermosetting matrix composites. However, currently,
no processing theory exists that would assure the quality of a
composite for a given set of the processing parameters pressure,
temperature, and time. To eliminate the trial and error approach
taken to date, this study attempts to; 1) understand the phenomena
occurring during processing; 2) identify the mechanisms explaining the
phenomena; and 3) relate the processing parameters with the mechanisms
to define the state of some properties that define a known quality.

The type of thermoplastic matrix composite under study was made
of a prepreg material composed of a thermoplastic resin (matrix
material) reinforced with a high percentage of continuous
unidirectional fibers. The methods commonly used to process the
prepreg material into a compositev uses either a matched metal die
press or an autoclave. In both methods the prepreg sheets are
orientated, shaped, and processed under an applied pressure and
elevated temperature condition for a given length of time, called the
processing cycle. The applied pressure is the driving force causing
the prepreg ply interfaces to coalesce. The elevated temperature
controls. the rate at which the ply interfaces bond together by
influencing the mobility of the molecular chains of the polymer. The
molecular chain mobility -influences the material properties of .

viscosity and self diffusion. The magnitude of the applied



temperatures and pressures significantly affect the performance of the
finished part.

| In the making of prepregs, a solvent must be introduced to the
thermoplastic matrix material to allow the resin to wet out the
fibers. In general, the Tlowest attainable thermoplastic
viscosity (> 104 poise), already exceeds the gel point of an epoxy
resin (i.e. gel point is where epoxy resin solidifies). The Tlower |
viscosity allows the fibers to be thoroughly wetted with resin and
evenly distributed. However, the solvent must be bled from the
prepreg prior to processing so that good mechanical properties can be
attained.

The motivation for using thermoplastic matrix composites in lieu
of thermosetting matrix composites is the potential for increasing the
toughness of composites in order to improve damage tolerance, and for
lowering the fabrication cost by reducing processing time and allowing
for high speed production. Other advantages are: its abilities to be
postformed and reformed making use of metal forming techniques;
reduced storage cost by eliminating refrigeration; reduced scrappage;
and it 1is easily weldable and repairable. The interested reader is
referred to the industrial reports listed as references 1-5.

The motivation for studying thermoplastic matrix combosites is
the desire to define a processing state (i.e. interfacial contact
area, degree of cure for thermosets, etc.) through the processing
parameters pressure, P, temperature, T, and time, t, from a scientific
approach and not the presently used empirical method. At the present

time no model exists that relates the interfacial bonding, and



interfacial deformation phenomena that occur during processing of
thermoplastic matrix composites. In an analogous fashion just as the
steam tables are to the thermodynamicist, so should the thermoplastic
matrix composite model be to the processing engineer (i.e. given any
two processing parameters (P, T, t) the 'third parameter is
automatically defined, as well as, all thé processing states.)

In studying the processing of UDEE) P1700 Polysulphone/AS4
graphite fiber thermoplastic matrix composites, one must address four
problem areas: 1) the solvent removal from the matrix ﬁateria], 2)
the strength of the fiber/matrix interface, 3) the bonding
(consolidation) of the ply interfaces to one another, and 4) the
formation of intimate contact (coalescence) at the laminate ply
interfaces. fhe last two problem areas are addressed in this study.

The third problem mentioned, the bonding of ply ‘interfaces to one
another, is addressed in Section 2.0. The phenomenon was fidentified
as autohesive bonding. The mechanism describing the autoheéive
phenonenon has been described by the "Reptation Theory" where
molecular chain movement across the ply interface was related to time,
depth of chain penetration, and resulting bond strength. An
experimental investigation of neat resin interfacial strength was
undertaken at temperature conditions above the glass transition
temperatufe of the resin (Tg = 194°C (381.2°F)). Several interesting
results occur as a result of perfo?ming strength tests at the elevated
temperatures differing from most other studies.

The fourth problem, the formation of intimate contact at the

laminate ply interfaces, 1is addressed in Section 3.0. A time



dependent model was formulated that simulates the viscoelastic
response of a fiber bundle impregnated with resin (i.e. tow) subjected
toi‘uniform compressive loading normal to the top and bottom
surfaces.  This model was used as the basis for describing the
flattening of nonuniform tow height distributions across the width of
a prepreg. The model combines the viscoelastic properties of the
fiber reinforced resin, the distribution of tow height nonuniformity,
and the processing parameters pressure, temperature, and time to
describe the degree of intimate contact. The model was verified
experimentally, where [0, 90, 0]T cross-ply laminates were processed
under several processing conditions and ultrasonically C-scanned for
presence of spacial gaps at the two-ply interfaces.

In Section 4.0 an overall thermoplastic processing model is
constructed by combining the autohesion model of Section 2.0 with the
Intimate Contact model of Section 3.0.

Lastly, Section 5.0 presents the conclusions and recommendations

for further study.



2.0 AUTOHESION-Au

2.1 Introduction-Au

In studying the processing of thermoplastic matrix composites it
has been observed that individual prepreg plies consolidate into a
laminate by bonding themse1vés to one another at the interfaces. The
bond strength for thermopiastic matrix composites has been shown to be
dependent upon the processing parameters pressure (P), temperature
(T), and contact time (tc). The degree at which bond formation has
occurred at the interface, as a function of the processing parameters,
is the subject of this section of the report. Thus, this study
addresses only the neat resin at the interface in which bond formation
occurs. It ié assumed that strong bond formations on the neat resin
will result in strong bond formations at the interface of a composite.

Before the bonding of the ply interfaées can be modelled, the
mechanism explaining the phenomenon must be identified. A special
type of bonding, called autohesion, has been identified as the
mechanism by which neat thermoplastic resins bond to themselves.

Autohesion, or self diffusion, is the type of adhesion used to
explain the phenomenon high polymers possess when two surfaces of the
same material are placed in contact with each other, resulting in the
formation of a strong bond at the interface [6]. The term self-
diffusion implies the time dependency of the bond formation process
and its eventual asymptotic convergence to some final state of bond
strength. A requirement for autohesion is tHat the mater{a1s placed

in contact be similar.



Autohesion is distinguishable from adhesion in that autohesive
bond strength is the result of diffused chain segments across the
interface. In the case of adhesion, bond strength is due to the
chemical bonding of two dissimilar materials present at the interface
(i.e. metal to high polymer.) Also, thermoplastic matrix composites
distinguish themselves from thermosetting matrix composites in the
manner by which the plies consolidate, even though the materials at
the interface in both cases are identical (i.e.
polysulfone/polysulfone and eﬁoxy/epoxy, respectively.) Thermoplastic
matrix composites rely strictly on the strong autohesive properties of
the neat resin to consolidate the pilies. Thermosetting matrix
composites rely on the polymerization of the neat resin to bond the
plies and not on its weaker autohesive strength properties.

It has largely been accepted in the field that the mechanism by
which autohesion occurs is attributed to two characteristics of high
polymers: 1) a random chain network consisting of entanglements, and
2) flexible macromolecules able to move within the bulk polymer [6].

Schematically outlined in Fig. 2.1 is the autohesion phenomenon
for an amorphous po]ymef above its glass transition temperature, Tg-
At the initial contact (Fig. 2.la) of the two surfaces, Tlocalized
deformation occurs so that macroscopic fitting of the surfaces takes
place. At some intermediate time (Fig. 2.1b) partial diffusion has
dccurred across the interface. This is due to free chain movement,
resulting from the increased molecular free volume at temperatures
above the T,. This is the stage at which the increased penetration

g
depth of the diffusing chain occurs, resulting in increased
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entanglements, causing increased bond strength. At long contact times
(Fig. 2.1c) the interfacial diffusion process has been completed and

the interface can no longer be distinguished from the bulk material

(71. |

Experimental evidence has shown that autohesion is largely a time
and temperature dependent problem. This is due to the diffusive and
viscoelastic nature of the material. Also, the pressure required to
achieve good contact at the interface of the neat resin is very much
less than the pressure needed to process a fiber reinforced
thermoplastic matrix composite. This is because macroscopic fitting
of the smooth neat resin surfaces in the study of autohesion requires
pressures much less than the pressures required to deform irregular
fiber reinforced resin surfaces.

Two major approaches for quantifying the autohesion phenomenon
have been cited in the literature: 1) mechanical strength testing of
the polymer's interface, and 2) radioactive doping of the polymer
chains and measurement of the rate at which the tracer progresses
through the polymer. The present study of the autohesive bqnd
formation made use of the mechanical strength approach.

The mechanical strength approach assumes a definite correlation
exists between the contact (entanglement) time to form the bond and
the disentangiement period required to cause failure. The
entanglément process is the time required for mo]écu1ar entangiements
to form through increased penetration of diffused chain lengths across
the interface. The disentanglement process is the time span during

which the interface is loaded until failure. The failure mechanism



can either be chain pull-out or chain fracture depending upon the
depth of penetration of molecular chains and the molecular free
volume. Strain rate effects must be accounted for when comparing the
absolute valdes of the autohesive strengths above the glass trahsition

temperature because of the viscoelastic nature of the material.
2.2 Literature Review-Au
2.2.1 Mechanism Explaining the Autohesion Phenomenon

Molecular Dynamics of Random-Coil Chains

The "reptation theory" df Pierre-Gilles de Gennes [8,9] has been
used to modeT the motions of individual linear random-coil chains in
amorphous solid state bulk materials. The major points of the theory
will be presented here. Wool gives a good summary of the reptation
theory [10].

The premise of the reptatibn model is that the chain-like
molecules can change shape and move, but cannot intersect each
other. Thus, the chain is confined to an imaginary tube within which
all motion takes place (Fig. 2.2a). The tube represents the
constraints imposed by adjacent macromolecules preventing transverse
motion. The chain moves in a snake-1ike motion within this tube but
cannot go outside the tube boundary except at the ends. The Tlocal
snake-1ike motion causes the molecular chain to slip out of the
original tube over a period of time. Simultaﬁeous1y, as the original

tube length decreases a new tube of equal length is being formed.
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Figure 2.2b schematically shows the transition from snake-1ike motion
to macroscopic motion. It is this snake-1ike motion back and forth in
the tube, coupled with the gradual loss of memory, that a]]qws for the
formation of new tube orientations and macromolecular motién. This
apparént loss of memory by the polymer 1is characteristic of- high
polymers due to the viscoelastic nature of the materia],‘ Considering
long time intervals, the details of the snake-like motion may be
ignored and a macroscopic viewpoint may be taken. This macroscopic
viewpoint entails the movement of the chain as a whole [8].‘ This
macromolecular motion acts initially at the chain's ends and works
towards the center of mass of the original chain where some memory has
stil1 been maintained [11].

With this physical model, de Gennes formulated relationships
between chain length, chain-tube mobility, chain length diffused, and
time. Of major importance in the study of autohesion 1is the
relationship shown in Eq 2.1 between the 'random walk' (i.e. mean
square path (< >)) of the chain Téngth diffused <12> and the depth of
the re§u1t1ng penetration of cﬁain lengths across a plane within the

bulk material <x2>.

2,1/2 _

<g°>

2, (2.1)

<X
~Equation 2.1 describes the random progress of the chain's uncertain
path to that resulting in a preferred direction on the average of many
chains.

The relationship between y and time (t) via a double random walk
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process as proposed by de Génnes becomes:

1/4

x ~ t (2.2)

Where the introduction of time is made through the application of

2, - 2Dt to the motion of the chain

Einstein's diffusion equation <g
within the tube, where D is the microscopic diffusion coefficient.
These relationships describing the polymer's chain motions in an
entangled melt are the basis of Wool's [12] and Jud's [13] work
addressing crack healing and welding of polymers.
Presented in the next section are the testing methods used by

Wool and Jud for quantifying autohesion along with their extensions of

the reptation model for autohesive strength predictions.

2.2.2 Experiment/Theory for Quantifying Autohesion

Several mechanical strength approaches for quantifying autohesion
are presented here. Compact tension tests (CT) of thick films were
used to study the welding time and crack healing times of 1like
polymers. Peel and double cantilever beam tests were also used to
study crack healing of 1like polymers. Wool et. al. [11] carrfed out
welding and crack healing studies. Studies were carried out on neat
resin, as well as continuous and short fiber reinforced resin
coupons; No remarks concerning the influences of the reinforcement on
autohesive strength were reported.

Jud ef. al. [13] studied the autohesive strength properties

through the use of the compact tension test. Razor edge cracks were
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introduced into the exposed edges. The sample was then fractured in a
tensile machine at room temperature. Smooth, clean fractured surfaces
resulted. The fractured specimens were put back tpgether under a
1ight compression to assure good contact. The temperature of the
sample was then raised above the Tg for the desired length of
contacting time and then cooled to room temperature. The sample was
then fractured again. The peak load at fracture defined the fracture
toughness K;. (or autohesive strength (Au) [11]) resulting from the
temperature and contact time conditions during autohesion. Jud [13]
used the above CT test in the studying of welding. Smooth virgin
surfaces were brought into contact at a given temperature (> glass
transition temperature) and contact time in order for autohesion to
occur. The §amp1e was then returned to room temperature, notched with
a razor's edge, and tested until fracture.

The theory presented by Jud relates a diffusion model similar to
the reptation theory of de Gennes, where the number of physical 1links
per unit area is proportional to.the average depth of penetration of
molecules. Jud assumes that the strength is proportional to the
number of 1links and that the Einstein diffusion equation holds
true <22> = 2Dt. Jud has shown good agreement between experiment and

theory.

Jud observed in both studies a Tlinear relationship between

1/4
C

specimens healed or welded at a higher temperature required less time

fracture toughness and the fourth root of time, (t./7) and that

to achieve the same toughness. Also, welded specimens with polished

surfaces required longer contact times 1in order to attain a given
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fracture toughness than those observed in the crack healing study,
where fractured surfaces were healed as is. This was attributed to
the different initial conditons of molecular chain_orientations at the
interface.

Wool et. al. [10,11,12] studied the autohesion phenomenon in a
similar fashion to Jud and observed similar relationships between
autohesive strength, contact time, and temperature. In addition to
the compact tension test Wool also added the double cantilever beam
and peel test. These tests were also conducted at room temperature
conditions in similar fashion to the CT test described above.

Wool extended de Gennes' reptation theory of macromolecular
motion within the bulk of the polymer to that of macromolecular motion
across a polymer-polymer surface (Fig. 2.3). Thus, Wool assumes that
the molecular chain entanglement density near and at the interface has
the same influence on chain motion as does the bulk's entanglement
density.

Wool asserts that the autohesive strength (Au) is proportional to
the square root of the average interpenetration length ¢ shown in Eq
2.3 and proportional to the average interpenetration depth, y, given

in Eq 2.4 and defined in the reptation theory by de Gennes.
Au ~ /o (2.3)
Au ~ y ' (2.4)

With this assumption, Wool used a strain energy approach to
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derive relationships between: 1) autohesive strength and contact time
(Eq 2.5), 2) autohesive strength and strain rate for a chain pull-out
failure mechanism (Eq 2.6), and 3) autohesive strength and strain rate

for a chain fracture failure mechanism (Eq 2.7).

1/4

Au ~ tc (2.5)
au ~ 2172 (2.6)
Ay ~ &0 (2.7)

These equations were also supported by experimental evidence [10-
14]. The strain energy approach assumes a uniaxial stress is applied
normal to the interface. A unit surfaée area contains a finite number
of molecular chains intersecting the interface with various depths of
penetration. The chain is assumed to be held within a tube by a
molecular friction coefficient, resisting longitudinal loading (i.e.
direction parallel to tube end.) The molecular friction coefficient
similates the chain's entanglement with other chains. The stofed
strain energy resulting from a longitudinal Tload can either cause
chain fracturé or chain pull-out, depending upon the magnitude of the
applied 1load, the strain rate, and the depth of the penetrating
chains.  Chain pull-out is favored for slow strain rates, high
temperatures, short contact times, and shallow depths of

penetration. As shown in Eq 2.5, Wool's study of polymer welding and

1/4

crack healing predicts a linear relationship between Au and tC

up to
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the green strength (i.e. cohesive strength) after which the stfength
becomes independent of processing time. The green ‘strength
corresponds to that state within the polymer in which the %nterface
has become indistinguishable from the surrouﬁding bulk polymers. Wool
assumes that the autohesive strength data approaches the green
strength of the material 1linearly with the fourth root of
time (ti”).

Wool [11] states that contact time-temperature relationships for
the diffusion coefficients (D) may behave according to the theory of
Williams, Landel, and Ferry (commonly referred to as WLF).
Experimentally determined temperature-dependent self-diffusion
coefficients become independent of strain rate provided the autohesive
failure data results from chain pull-out and are normalized to the
cohesive strength under identical temperature and strain rate
conditions. This observation was supported by the following
experimental work done by Hamed et. al. [15].

Hamed and Shieh [15] reported cohesive tear strength data versus
“peel rate at several constant temperatures above the Tg as shown in
Fig. 2.4. The results support Wool's theoretical predictioné of
strain rate effects on autohesive strength for failure mechanisms of
chain pull-out (Eq 2.6) and chain fracture (Eq 2.7). Three important
observations of Fig. 2.4 are pointed out here which will be used in
Section 2.4.1b. First, an increasing strain rate results in an
increasing percentage (0 to 100%) of chain fracture failure, and that
a decreasing strain rate results in an increaéing percentage of chain

pull-out fajlures. Second, at temperatures just above the T_,, chain

g
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failure due to fracture predominates over a large range of strain
rates. Three, the curves exhibit a time-temperature relationship in a
WLF manner for the disentanglement process.

The reason the labove observations occur is that the molecular
free vo]ume increases with temperature; thus, shorter disentanglement
times (i.e. faster strain rates) are required for chain fracture to
occur at higher temperatures. Also, the slower the strain rate, the
longer the time the chain entanglements have to untangle, and so the
greater the occurrence of chain puli-out.

With these f%ndings by Jud et al. and Wool et. al. a test program
for quantifying autohesion for P1700 neat resin was undertaken with
three goals: 1) to see if the 1linear relationship between Au
and ti/4 exists up to the cohesive strength of the material, 2) to
reduce amount of scatter in the mechanical strength data as observed
by Wool and Jud by conducting mechanical strength tests at the
temperatures at which the autohesion phenomenon occurs, and 3) to
determine if a contact time-temperéture relationship for the diffusion
coefficient exists in a WLF manner. The last goal would greatly
Areduce the number of tests by simulating the autohesion phenomenon at
Jow temperatures above Tg requiring long contact times with the higher

temperature test data requiring short contact times.
2.3 Experiment-Au

2.3.1 Description

Measuring the progress of the polymer's state of interfacial
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diffusion has been qualitatively and quantitatively obtained using
numerous approaches. Some of the strength approaches have been peel
strength, tensile strength, and shear_strength tests as reported in
Section 2.2.2. The following experiﬁenta] method for quantitative]y
assessing the effect of the processing parameters P, T, and t. on
autohesion is based on the premise that the distance of the diffused
polymer chain across the interface 1is proportional to interfacial
strength given in Egq 2.4. Processing s cohcerned with the time
required to achieve a certain degree of autohesion Dpys defined in Eq

2.8 as the ratio of the autohesive strength to cohesive strength.

A,(t.T)
DAU = W (2.8)

Strength measurements were made on polysulfone (Union Carbide's
upel® P1700) material. The measurements included the following: 1)
effects of contact pressure on autohesion, 2) effects of material
temperature on autohesion, and 3) the effects of contact time on
autohesion. Table 2.1 lists the testing temperature and contact times
during the autohesion phenomenon and the temperature conditions during
the strength test.

To determine the degree of autohesive strength an interfacial
tensile test approach at elevated processing temperatures above the Tg
was used.

The reasons for the high temperature testing apprqach are

threefold: 1) to reduce the inherent error caused by the temperature

transitions of going from room temperature to processing temperature
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Table 2.1 Autohesion Test Matrix

Autohesion Strength Test
Temperature °C/°F t. (sec) Temperature °C/°F
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and back down to room temperature for testing, 2) to devise a test
method so that a standard test apparatﬁs (Rheometrics System Four
rheometer) common to most processing facilities could be used for
evaluating autohesion properties, énd 3) to evaluate the possibilites
of expanding the data through time and temperature superposition.

As pointed out in Section 2.2.2 the failure mechanism is a
function of both strain rate (¢) and temperature. Thus, if high
temperature testing is used, it becomes imperative that the failure
mechanism be constant throughout the contacting time spectrum for each
set of temperature data. It is also necessary that failure be due
totally to chain pull-out throughout the temperature range for which
time-temperature superposition is used [11]. The reason for these
restrictions is that no additional influences caused by differences in
the type of failure mechanism are allowed to affect the relationship
between the failure load and the depth of penetrating chain lengths
(i.e. testing/disentangiement time and contacting/entanglement time,
respectively). The cause for a possible change in the failure
mechanism 1is that as the penetrating chain length increases with
increasing contacting time a higher probability of chain fracture
results unless the disentanglement time (i.e. ¢) is sufficiently slow
or temperature sufficiently high.

" For the above reasons and the indbi]fty of the test apparatus to
produce more than one strain rate, the useful temperature fange is
expected to have a lower bound above the Tg while the upper
temperature is bounded by material Timitations.

The evaulation of autohesion required the following capability:
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1) an oven temperature range of 200 - 260°C (392-500°F),
2) a constant cross-head rate, and

3) monitoring of compressive and tensile loads as a function of
time

The Rheometrics System Four rheometer (used for obtaining shear
viscosity data for non-Newtonian fluids) meets  the ; above
requirements. The oven, servo motors and test fixtures (parallel
plates) designed primarily for shearing flows are versatile enough to
be used for the autohesion ‘experiment. The instrument is very
accurate in monitoring temperature, compressive and tensiie normal
loads, and is capable of storing data as a function of time. However,
limitations of the test rig are having only one crosshead speed (2.2
mm/min. (.0215 in./min.)), and a maximum normal load capacity of 1000
grams.

A picture of the Rheometrics System Four is shown in Fig. 2.5
along with a close-up detailing the transducer and test fixture in’

Fig. 2.6.

2.3.2 Sample Preparation

Test samples were prepared in the following manner:

1) starting with UDEL® P1700 in bead form, beads were placed
between .0762 mm (0.003 inch) thick Kapton films in a mold cavity with
shims set at the desired specimen thickness, (Figure 2.7)

2) the mold was placed in a vacuum oven with enough dead load to
assure adequate flow of beads during melt,

3) heat mold to 220°C (428°F) (T

g 194°C (382°F)) while under a

vacuum (heating above the Tg was required to ensure flow, and use of
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vacuum was required to reduce contamination,)

Note: The final temperature was approached very slowly (~6 hrs.) to
allow moisture to diffuse out of the polysulfone beads before the
onset of flow. Use of a higher heating rate during specimen
preparation would cause the formation of bubbles.

4) cool sample down below T, and remove from oven,

g
5) keep sample stored in vacuum desiccator heated to 100°C
(212°F), and

6) remove Kapton film from samples just before testing.

2.3.3 Testing Program

The test program was divided into three sub-programs: 1) sizing
the area of fesin contact of the test specimen to the maximum load
1imits of the normal force transducer on the rheometer, 2) evaluating
the effects of preloading the contact area (i.e. contact pressure) to
assure intimate contact at the interface, and 3) evaluating the
effects of contact time on the autohesive strength of the neat resin
for various isothermal temperatures above the T |

go

Sizing the Specimen

The following procedure was used to determine the allowable area
of resin contact of the specimen so as not to exceed the 1imit of the
force transducer (1000 grams). The largest autohesive strength is
expected to occur at the 1longest contact time (tC = 1200 sec) and
1owést test temperature (210°C (400°F)) expécted to be tested. At

these conditions the autohesive strength is expected to have the
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maximum value because the depth of penetrating chains are at their
maximum in addition to the molecular free volume being at its minimum.

Specimens 12.7 mm (0.5 in.) in diameter were punched from a flat
sheet of P1700 thermoplastic resin. The protective Kapton films were
then removed from the specimens surfaces. Holes were punched in the
center of two 25.4 mm (1.0 in.) diameter Kapton films 2.54E-4 mm
(0.001 1inch) thick. The two identical Kapton films were placed
between two P1700 specimens as shown in Fig. 2.8. Assembling the test
specimens in this manner ensured that the load required for adhesive
failure between the P1700 resin and the metallic parallel plate
fixtures was greater than the Tload required to cause autohesive or

cohesive failure of the P1700 resin at temperatures above the T The

g
test specimen was placed between the paraliel plates of the rheometer
and heated to 260°C (500°F) in a nitrogen purged atmosphere for over
twenty minutes. The coupon was then placed under a compressive load
of 750 grams fo assure good adhesion between the metallic plate and
the P1700 resin. The specimen was slowly cooled to 210°C (410°F) and
pulled apart at the constant crosshead rate. The Kapton film hole
diameter (5.08 mm (.20 in.)) was adjusted to ensure that the maximum

load to cause failure would not exceed 1000 grams (the maximum load

cell capacity.)

Effect of Pressure on Autohesive Strength

The first processing parameter that must be measured is the
pressure (P_) required to achieve intimate contact for a particular

temperature and contact time. The lowest temperature (210°C (410°F))
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and time (10 sec) expected to be measured were used in determining the
saturation pressure. This would provide the largest P_ over the
entire test spectrum.. The contacting pressure was increased for
successive tests and fhe resulting autohesive strength was recorded.
The pressure corresponding to the maximum autohesive strength at a
given T and t. 1is the saturation pressure P_. This saturation

pressure was used for all the tests Tisted in Table 2.1.

Effects of Contact Time and Temperature on Autohesive Strength

Table 2.1 1ists the various temperatures and contact times tested
for autohesive strength. The tests were conducted such that the
entire contact time spectrum was run with one specimen for each
isothermal temperature condition. Figure 2.9 shows the applied load
as a function of time for a typical test run. The two piece specimen
was allowed to reach the isothermal test temperature, and then brought
into contact at the saturation contact pressure, Pm, for the duration
of the contacting time (tc). The specimen was then put Under tensile
loading at the constant crosshead rate of the test apparatus. The
maximum Joad was recorded and termed the autohesive load obtained for
that T and te. Because the specimen's resin contact area .was held
constant for all tests, the autohesive loads for different tests can
be compared directly to each other as if they were strength values.
The spetimen is then allowed to attain its initial conditions of chain
entanglement density and orientations at the surface before contact
was made again. This period of time is called the reentanglement time

(t,) shown in Fig. 2.9.
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The reentanglement time was determined by repeating the above
test at T = 210°C (410°F) and t. = 1200 sec, and increasing t,. until
the autohesive strengths were approximately equal on succesive runs.
The t. was found to.be one hour and twenty minutes (1 hr. 20 min.) and

was used for all other tests.

2.4 Results and Discussion-Au

The relationships between pressure, temperature, and contact
time, and autohesive strength (Au) are discussed here. Autohesion is
also a function of the elongational strain rate, sample geometry,
molecular weight of the polymer (M), memory capability of the polymer,
and the failure mechanism at the interface. Wool's and Jud's
theoretical predictions (Section 2.2.2) between autohesive strength
and contact time shown in Eq 2.5 are used to explain the effects of
the processing parameters on the observed experimental strengths.
Wool's assertion that the self-diffusion coefficient may be
temperature dependent in a WLF manner is then evaluated. Lastly, a
master curve defining the degree of autohesion as a function of
contact time and temperature is derived. This was done by extending
the data obtained at high temperatures, requiring short contact times
to simulate the degree of autohesion obtained at the long contact
times required for low temperature conditions. An explanation of the
effects that the processing parameters have on the experimental
results are discussed next. An application of the "free volume

theory" to contact time and temperatUre data is used as its basis.
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Autohesion strength data will be addressed in a relative sense.
Reca111ng Eq 2.8, the degree of autohesion was defined as the ratio of
autohesion strength at a given temperature and contact time to that of
fhe maximum autohesive strength (i.e. cohesive strength) at the same
temperature. This ratio compares the state at which interfacial
diffusion has progressed}re1ative to the state of cohesive strength
(i.e. Au at t_, where t_is the time required to achieve cohes%ve

strength ),

2.4.1 Original Data

This section presents a comparison between theory and
experimental results obtained for the various processing parameter
conditions listed 1in Table 2.1. First, the data used to
evaluate P_ is presented. Second, the experimental data addressing
effects of contact time on autohesive strength are compared to the
autohesive strength theory. Third, the temperature effects on
autohesive strength are discussed. |

Because the area of contact was kept constant for all the tests,
the aufohesive load at failure is reported in 1lieu of its ultimate
stress. Thus, the terms autohesive strength are used interchangeably

with autohesive load.

2.4.1a Effects of Contact Pressure on Autohesion
Figure 2.10 shows that autohesion increases in an asymptotic
fashion up to a saturation pressure where autohesion becomes a

maximum, Thus, autohesion is invariant with contact pressures above
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the saturation pressure. This fact has previously been noted by Wool
[11] and Voyutskii [6]. As previously mentioned, this behavior is due
to the area .of contact at the interface increasing with increasing
pressure until full intimate contact 1is achieved. Initially the
surface must rearrange and deform as full -intimate contact ‘is
approached. |

Because Pw is very small compared to the pressures normally used
in processing, its importance 1lies only in the autohesion testing
procedure where intimate contact must be assured for all tests.

The value for P_ given in Fig. 2.10 corresponds to the Tlowest
temperature and the shortest contact time in the test matrix. It can
therefore be expected that intimate contact on the neat resin is
achieved at all the temperature and contact time conditions tested as

explained in Section 2.3.

2.4.1b Effects of Contact Time on Autohesion

WOo1iand Jud have derived théoretica11y and shown experimentally
that autohesive strength increases in proportion with the fourth root
of contact time (ti/4). Thus, on a plot of autohesive strength versus
the fourth root of contact time, the experimental data should fall on
a straight 1line. Figures 2.11 and 2.12 show the experimentally
measured autohesive strength data in comparison with the theory of

Wool and Jud for the various temperature conditions listed in Table

1/4
c

determined by a linear regression curve fit. The cohesive strength

2.1. The constant of proportionality relating Au and t was

region was not always achieved at the lower temperatures because of
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insufficient durations of contact time. The acquisition of autohesive
strength data at high temperatures was limited by the human capability
to test for autohesion strength at short contact times. An explanation
of each one follows.

Figure 2.11 shows that at T

]

200°C (392°F) (Tg+5°C (10°F)) the

1/4
c

theory. It can also be seen that the theory 1is conservative in the

autohesive data deviates increasingly with t from the prediction by
prediction of autohesive strengthf The cause of this disagreement
between theory and experiment is that for the given strain rate (too
high) and temperature (too low) condition an increasing proportion of
chain failures due to fracture are occurring. Failure due to chain
fracture corresponds to a higher failure load, and so the net effect
is an 1increase 1in autochesive load for longer contact times. This
increased incidence of chain fracture is due to an increased chain
penetration depth at 1on§er contact times. The theory requires that
the fracture mechanism be constant throughout the test (i.e. the same
proportion between fractured chains and pulled out chains). Thus, the
200°C (392°F) temperature cannot be used to evaluate the degree of
autohesion and is placed as the lower limit for the test matrix. If
lower temperatures -are to be used for evaluating the degree of
autohesion then a slower stain rate must be used to produce the
desired failure by chain pull-out.

In Fig. 2.12 the T = 210°C (410°F) data shows good correlation
between theoretical response and experiment for the autohesive
region. However, the comparison between theory and experiment is

inconclusive in determining the transition from the autchesive region
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to the cohesive region. The slight deviation of the two data point§
at the largest contact times may be attributed to either experimental
error in the transition to cohesive failure or to error resulting from
the tegt conditions being so close to the conditions at which the
reentanglement time (tr) was determined, thus, causing different
initial conditions of the molecular structure and affecting the
diffusion mechanism and disentanglement period. The T = 220°C (428°F)
data shows good correlation between theoretical response and
experiment for the autohesive and cohesive strength regions. The last
data‘point is indicating the plateau of cohesive strength. The T =
230°C (446°F) data shows fair correlation between theoretical response
and experiment when comparing the theoretical response with the next
higher and 1owér temperature data results. The T = 240°C (464°F) data
shows good corrélation betweenAtheoretical response and experjhent for
both regions of failure. The apparent curvature of data in the knee
section separating the autohesive and cohesive regions, may be
attributed to error in the experiment. The T = 250°C (482°F) and
260°C (500°F) data show good correlation between theoretical response

and experiment for both regions of failure.

1/4
c

same processing temperature conditions of Fig. 2.12. The solid line

Figure 2.13 shows the degree of autohesion versus t for the
indicates the theoretical response (autohesion region fit by 1linear
regression) of the autohesive and cohesive regions of failure.

Figure 2.14 summarizes the effects between contact time and the
degree of autohesion where the theoretical responses (autohesion

region fit by 1linear regression) and the data from Fig. 2.13 are
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shown. It is observed that as temperature increases, a greater degree
of autohesion can be achieved for a given contact time.

Jud [13] observed that the experimentally determined macroscopic
diffusion coefficients (D), proportional to the slopes of the strength
versus fourth-root bf time curves for various temperatures, can be

represented by an Arrhenius law shown in Eq 2.9:
Ea '
D(T) = D, exp [- FT] (2.9)

where E, is the activation energy, k is the Boltzmann constant, T is
the absolute temperature, and D0 is a constant with the units of
meters square.per second (inz/sec).
Thus, from the Fig. 2.14 the degree of autohesion can be written
as:
D

=Dy, *+K(T) - tl/4 (2.10)

Au o

where DAuo is the initial degree of autohesion at t = 0 (zero in thjs
study) and K(T) is a temperature dependent parameter with dimensions
of Dpy- K(T) is defined as that product of a proportionality constant
times the self diffusion coefficient. The Arrhenius ‘law has been
rewritten as:

Es
K(T) = K, exp [- ET] ' (2.11)
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The parameters K, and E, (Eq 2.11) are determined by plotting the
natural log (Ln) of the slopes of the curves in Fig. 2.14 versus 1/T
as shown in Fig. 2.15. The slope determines the value of Ea while the
intercept determines the value of Ko+ The constants were found to be;
Ko = 1922 (dimensionless), and E; = 6.0902E-20 Joules (5.7772Ef23
BTU). The value of Ea is used strictly in an empirical manner.

With the use of Eq 2.11, the validity of Eq 2.10 can be compared
to the experimental results. Shown in Fig. 2.16 are the experimental
data while the solid lines are those curves obtained from Eq 2.11.

Fair agreement between the empirical formulation given by Eq 2.10
using the Arrhenius law (Eq 2.11) and the experimental data is
observed. The empirical formulation overpredicts the time required to
achieve a gi?en degree of autohesion at the higher temperatures.
However, the contact times observed at the higher temperature data are
very short and may be, in reality shifted to Tonger or shorter contact
times because of experimental procedure.

Thus, Eqs 2.10 and 2.11 describe completely the degree of

autohesion as a function of temperature and contact time up to the

cohesive state.

2.4.1c Effects of Temperature on Autohesion

Figure 2.17a is a plot of Au versus temperature at the saturation
contact pressure and several contact times. It has been observed that
on an absolute scale the autchesive strength at any one time is
greater at the 1lower temperature condition than at the higher

temperature condition. However, in the relative sense, it has been
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observed that the degree of autohesion at any time less than t_ s
greater at the higher temperature condition than at the Tlower
temperature condition. This occurs because of the increased molecular
mobility at higher temperatures allowing greater self diffusion for a
given length of time. One must remember that jUst as it is easier for
molecules to penetrate across the interface, the higher the
temperature, it is just as easy to pull them out. Thus, one must use
the definition of the degree of autohesion (Eq 2.8) to observe the
effects‘ of temperature on autohesion. Figure 2.17b is a plot

of D U versus T.

A
2.4.1d Interrelationship Between Contact Time and Temperature on
Autohésion

Wool [11] has suggested that the autohesion phenomenon may
exhibit a time-temperature relationship provided that the failure
mechanism is due to chain pull-out as stated in Section 2.2.2.
Observation of the data in Fig.' 2.12 has shown this to be true.
However, the 200°C (392°F) temperature data shown in Fig. 2.11 has
been shown to exhibit a combined failure mode of chain pull-out and
chain fracture. With this stated, a brief explanation of the WLF
theory is made, followed by its application as a contact time-
temperature relationship for the degree of autohesion.

It is widely accepted that temperature affects self diffusion
because of 1£s effects on the molecular free volume [6,7,11]. As T
increases so does the molecular mobi]ity.‘ The premise of the

molecular free volume as proposed by William, Landel and Ferry is that
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a given state a bolymer possesses at Tl and t; is ndt necessarily
unique. There are a range of corresponding temperatures and times
having an identical state of some physica1 property u (e.g. modulus,
viscosity, etc.). This concept is written mathematically in Eq 2.12,

and has been shown true for a wide choice of polymers.
u(tl,Tl) = u(tz,Tz) = ... (2.12)

Replotting Fig. 2.14 on a log-log scale, shown in Fig. 2.18a, it
has been observed that the slopes of the autohesive region are all
0.25 as predicted by the theory shown in Eg 2.5. Also from Fig.
2.18a, it was observed that for a given degree of autohesion (Au) at
Ty and t; the same degree of autohesion could be achieved at a shorter
contact time if the temperature is increased. The contrary is also
true. A longer contact time would be needed to achieve the same
degree of autohesion if processed at a lower temperature.

The following mathematical observation was made of Fig. 2.18a:

(2.13)

10919 tc - 1093 tcr = ar

ef

where; tc is any contact time, tC ¢ is the contact time at some

re
reference temperature (Tref)’ and ay is the shift factor and is a
funétion of temperature.

Equation 2.13 is the basis of the WLF theory and can be written

in the WLF form shown in Eq 2.14:
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t.=a,.t (2.14a)
¢ T Cref
wheres
-CI(T -T__.)
- ref
i Bl 2 L (2.146)

The constants C1 and C2 were determined by the shifts required to
superimpose all the temperature data to one master curve. The
constants ‘have significance concerning the molecular free volume;
however, no further interest other than those previously implied are
made here for this study. Figure 2.18b plots the shifts as a function
of temperature in such a way that the constants Cl and C2 were
evaluated to be 2.604 and 47.682, respectively, for the reference
temperature of 210°C (410°F).

With the WLF Eq 2.14, Eq 2.10 can be written as:
1/4

=K'.[a

DAu 0 T tc ref]

(2.15)
where; K; = (0.1953 sec'l/4 is the slope of the curve in Fig. 2.14 at
210°C (410°F). Figure 2.19 shows fair correlation over the entire
temperature test spectrum between the experimental data and the time-
temperature relationship evaluated in the WLF manner. The increasing
apparent error in the high temperature results may be attributed to
either, an error in estimating the actual time autohesion has occurred
during the very short time intervals, or error in the assumed cohesive

strengths of the low temperature tests. In both cases a shift in the
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data would result. It was uncertain whether the high
temperature/short contact times or low temperature/long contact times
tests producé the Tlargest errbr. Thus, the weil defined cohesive
regions of the higher temperature data can be used to help eva]uéte
the cohesive regions at Jlower temperatures requiring long contact
times. One equation now describes the degree of intimate contact for

any contact time and temperature.



3.0 Intimate Contact-IC

3.1 Introduction-IC

In the previous section, the mechanism by which a thermoplastic
matrix composite consolidates to form a laminate was attributed to
autohesive bond formation between plies. However, the autohesion
phenomenon can only occur after the two surfaces have coalesced (i.e.
are physically in intimate contact). Macromolecules cannot diffuse
across spacial gaps at the interface. The study in this section
identifies the mechanisms by which the interfaces of a thermoplastic
prepreg coalesce (not to be confused with consolidate) resulting in
intimate contact. The effect of the various processing parameters on
the degree of'intimate contact is discussed.

The presence of spacial gaps between prepreg plies prior to
processing is evident in both thermosetting and thermoplastic matrix
composites. Unlike thermosetting epoxy matrix composites, which rely
on low viscosity flow and wetting dbi11ty of the resin to coalesce the
ply interfaces, thermoplastic matrix composites must be physically
deformed to cause coalescence. The viscosity of epoxy decreases
substantially when heated, resulting in its ability to wet out the
interface even with the presence of fibers. However, the neat
thermoplastic matrix resin, when heated, still maintains a zero shear
rate viscosity greatér than the viscosity of the epoxy at its gel
point (i.e. when the epoxy begins to set). The amount of wetting
which occurs during the processing of a thermoplastic matrix composite

is therefore minimal.

- 53
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It has been visually observed that spacial gaps between the
laminate ply can be present before, during, and after the processing
cycle. The extent pf these spacial gaps will depend on the processing
parameters: pressure (P), temperature (T), and contact time (t). A
brief explanation follows as to the nature of the prepreg's geometric
non-uniformity of tow heights across the width of the prepreg sheet,
and how the effect of this nonuniformity can be minimized through the
judicious choice of the processing parameters.

A prepreg is made up of single tows laid side by side. The tows
have constant cross-sectional areas and fiber/matrix fractions.
However, the tow thickness varies across the width of the prepreg.
Thus, when the prepreg plies are stacked on top of each other, spacial
gaps are present.

It has been observed during processing that specific combinations
of pressure, temperature and contact time result in varying degrees of
intimate éontact at- the laminate ply interfaces. However, these
processing conditions are not unique. The same degree of contact can
be obtained for different processing parameter combinations. The
present study will attempt to quantify the relationships between the
processing parameters and the degree of contact at the ply interfaces.

Surface mechanicians have shown experimentally that increasing
areas of contact can be achieved by increasing the applied load across
the interface [16,17]. Local elastic and plastic deformations of
surface irregularities are attributed to the cause of increasing areas
of contact. Thus, one would also expect an increase in the processing

pressure to increase contact area. However, because of the
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viscoelastic nature of the matrix, some time dependency can also be
expected. Also, the temperature of the material during processing
will greatly influencé the rate at which the area of contact increases
because of its influence on the properties of the matrix.

If viscoelastic effects are present during the processing of the
composite then intuitively the following can be said:

1) surface contact area will increase with increasing pressure

(P) for a constant T and t,

2) surface area will increase with increasing temperature (T)

for a constant P and t., and

3) surface area will increase with increasing time (t.) for a

constant P and T.

Based upén these observations, an intimate contact- (IC) model is
presented which simulates the phenomenon by which the interfaces of
the stacked plies coalesce. The model incorporates the viscoelastic
properties of the material. However, certain engineering material
properties were not obtainable to.a1low absolute verification of the
model. Thus, the proposed mechanistic approach must be reduced to an
empirical one, until these properties can be obtained. Nevertheless,
thé empirical constants used to fit the data show the expected
viscoelastic responses of the physical material properties fhey have
replaced.

The following are presented below: 1) experimental prdcedure and
test matrix, 2) the data reduction scheme, 3) sub-model formu]agion,
4) IC model formulation, 5) theory and experiment correlation, 6)

parametric study of processing parameters and the prepreg's geometric
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non-uniformity, and 7) viscoelastic observations of the model and

empirical constants.
3.2 Experiment-IC

3.2.1 Description

| The purpose of studying intimate contact is to determine the
relationships between the contact area at the ply interfaces to the
processing parameters. Reported here are the experimental approach,
procedure, and data reduction scheme for accomplishing this task.

It is desired to determine a certain combination of P, T, and te
which will provide maximum ply interfacial contact. Thus, given any
two proceﬁsing parameters the third parameter can be defined for any
desired state of ply interface contact (usually 100%).

Towards this end, Tlaminates were fabricated using various
combinations of the processing conditions. Several means of defining
the area of contact at the ply interfaces are currently in use. They
are: 1) C-scan, 2) thermal diffusivity, 3) ultrasonics, and 4)
dielectric analysis. Only the first of these methods was used for the
current study. The latter three methods are current ongoing research
projects being pursued at NASA-Langley.

The C-scan approach has been well established, however, it is not
without difficulties. The true area of contact observed by the C-scan
is subject to the threshold chosen for the relative attenuation
values. The threshold chosen for this investigation was based on

experience gained in locating cracks after mechanical loading and
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spacial gaps after processing in graphite/epoxy laminates. It is
necessahy'to assume that damage detected by the C-scan represents a
lack of coaleséenée at the ply interfaces and not damage within the
plies. Because the laminates are not subject to any loading before
‘being C-scanned, this appears to be a. reasonable assumption. Figure
3.1 shows the use of the (C-scan technique’used to locate the areas of
spacial gaps in unidirectional graphite/epoxy laminates shown as black
areas. These areas were sectioned and photomicrographed to show

validity of the approach.

3.2.2 Sample Preparation

The test samples used in evaluating intiméte contact were
Taminates Wifh ply orientations of [0,90,0];. The crossply laminate
provides a worst case situation in that no nesting of tows occurs as
in the case of unidirectional laminae. The presence of two interfaces
creates a need for a statistical interpretation of the data. This
will be discussed in detail in Section 3.3.1.

The reinforcement material used in this study was AS-4 graphite
fiber, manufactured by Hercules Inc. The matrix material used was
polysuifone poliymer UDEUE P1700 (beadform) manufactured by Union
Carbide Corporation. The U.S. Polymeric division of Hitco was chosen
to prepreg the AS-4 graphite fiber with the P1700 resin. The
prepreging process required the use of a solvent to allow impregnation
and wetting of the resin onto the graphite fibers surfaces. The
solvent used was cyclohexanone. The prepreg received required the

removal of the solvent before the processing study was undertaken.
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The solvent was removed by vacuum stripping individual (i.e. not

stacked) prepreg sheets at a temperature above the glass transition

temperature of the resin for a 12 hour period of time. All materia}s

were kept dry in a heated vacuum (102°C/215°F) desiccator until

tested. The pertinent material properties are listed in Table 3.1.

The test samples were prepared in the following fashion:

1)

2)

3)
4)

5)

6)

Three 76.2 mm x 76.2 mm (3" x 3") square sheets of AS4/P17OC
prepreg (solvent free and dry) were cut from a roll of
prepreg. By matching the prepreg size with the mold cavity,
fiber washout was prevented. Thus, only local deformation
at the ply interfaces was allowed (i.e. global movement of
resin and fibers through the thickness of the prepreg was
inhibited.)

The prepregs [0,90,0]; were sandwiched between Tlayers of
Kapton film 0.0762 mm (0.003 inch) that had been treated
with a release agent (Fig. 3.2a).

The specimen was placed iﬁ the mold cavity.

The punch was then placed in the mold cavity and the
assembly plaéed between preheated press platens (at testing
condition temperature) (Fig. 3.2b). \

The temperature of the mold and prepreg were monitored
during the test. The mold and prepreg were held at the
desired temperature for a period of time sufficient to
ensure a uniform temperature. |
Pressure was then applied and the contact time was measured,

starting when the desired pressure was reached.
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Table 3.1 Material Properties

Property/Description

Value (ave.)

AS-4 graphite fiber

P1700 polysulfone
(bead) resin

solvent-cyclohexanone

prepreg

specific gravity
number of fibers per tow.
fiber sizing

specific gravity
glass transition
temperature-Tg
structure of polymer

boiling point

width

dry resin content by wt
volatile content by wt
areal fibear wt

1.74
12,000
G

1.24

194°C (381°F)
amorphous

68.7°C (155.6°F)

304.8 mm (12 in.)
32.3%

19.05%

148.8 gm/m?
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7) The pressure was released after the desired contact time had
been attained.
8) The mold was removed and allowed to cool slowly to between

23.9°C - 37.8°C (75-100°F) betlow the T, of the resin.

g
9) The sample was removed and C-scanned.

3.2.3 Testing Procedure

The C-scan data was obtained as a function of position over the
top surface of each test specimen. The magnitude of the signals
recorded were compared to the threshold (determined as showing spacial
gaps in graphite/epoxy) indicating the locations of contact and
spacial gaps at the interfaces over the entire width and length of the
specimen. Plots of black and white profiles were made of each
specimen reproducing the areas of contact as white and the areas of
spacial gaps as black. This procedure works very well in showing the
top areal view of contacting and. non-contacting areas; however, it
cannot be used to locate which of the two interfaces present in the
[0,90,0]T laminate are not in contact, if not both. Thus, the C—scan
provides only a qualitative measure of the true area of contact. A
statistical interpretation of the black area 1is needed since it
resu1ts»when either of the two interfaces, or both are in contact.

The test matrix for determining the effect of the processing
parameters on contact area is given in Table 3.2. The test matrix

provides a temperature range from just above the T, to a maximum

g
allowable temperature before noticeable degradation in the properties

of the prepreg are observed. The pressure range covers a range from
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Table 3.2 Intimate Contact Test Matrix

TEMPERATURE

240°C (465°F) - 288°C (550°F) 330°C (625°F)

t. = 20 min t = 15 min t. = 10 min
172KPa 10 5 5
(25 psi) 5 2 2
2 1/2 1
1 172
1/2
t. = 20 min t. = 15 min t. = 10 min
¢ 10 € s ¢ 5
344KPa 5 2 2
PRESSURE (50 psi) 2 1/2 1
1 1/2
172
, ‘ tC = § min tC = 15 min tc = 40 min
688 KPa 2 5 20
(100 psi) 1 2 2
1/2 1 1

1/2
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above vacuum bag pressures to a typical autoclave pressure.

3.3 Résults and Discussion-IC

This section presents experimental data showing the variation of
intimate contact area over the range of the processing parameters P,
T, and t. presented in Table 3.2. Also presented is a model of
intimate contact area of a [0,90,0]T laminate as a function of the
processing parameters. The IC model 1is comprised of three sub-
models: 1) formulation of the viscoelastic deformation of a single
tow; 2) a statistical distribution describing the prepreg geometric
nonuniformity; and 3) experimental data of the neat resin viscosity is
empirically extended to include the influence of the fiber on the

viscoelastic response of the resin.

3.3.1 Original Data and Data Reduction

Black and white C-scans were taken of each of the specimens
listed in Table 3.2. The specimens‘testedvhave two interfaces. One
on each side of the middle ply in the [0,90,0]T laminate. The white
areas of the C-scanned specimens are areas where intimate contact is
achieved throughout the specimen thickness (i.e. both interfaces);
however, the black areas do not define afeas of total 1ntekfacia1
spacial gaps. Three conditions of spacial gaps are possible that will
cause black areas to show up in the C-scan approach used. First, that
both interfaces are not coalesced. Second, the top interface is not
coalesced while the bottom is. Third, the bottom interface is not

coalesced and the top is.
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A statistical interpretation of the data will be required because
the C-scanned data was obtained from specimens with two interfaces in
serfes, and it is desired to obtain the outcome of the experiment as
if one interface had been used. Intuitively, the occurrence of
contact and no contact areas forming during processing will have an
equal probability at either of the two interfaces. Further, one would
also expect the two occurrences to be probabilistically independent
and not mutually exclusive as a first approximation.

With these assertions the probability (Pr) of a contact event

occurring at the top and bottom interfaces may be written as:
PrT(top) = PrB(bottom) (3.1)

The joint probability of achieving contacts directly on top of one

another of the two interface system may be written as:
Pr(Joint top and bottom) = Pry - Pry (3.2a)

The joint probability is identically defined as the ratio of the white

area to the total white and black areas of the C-scan data. The joint
probability may then be written as:
_WC

Pry = Wt +BC (3.2b)

where WC and BC denotes the white and black areas, respectively. _

Equation +3.3a may also be rewritten in terms of the fractions of the
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white (WC) and black (BC) areas to a unit area such that:

Prj = _WC (3.3a)
C+8
WC = W(_Z%—B—C (3.3b)
BC = rover (3.3¢)
Therefore,’the following relationship results:
BC + WC = 1.0 | (3.4a)

Since the C-scan data will allow the direct computation of the
joint probability, PrJ, the probability of contact occurrences of the
top and bottom ihterfaces independent of one another can be evaluated
by taking the square root of the joint probability. Thus, the degree

of intimate contact for ohe surface, Djc, may be written as:
Ic = /PrJ (3.4b)

Table 3.3 reports the statistical degree of intimate
contact DIC’ Plots of the data will not be presented here nor a
discussion wuntil after the model 1is presented. A thorough

investigation and interpretation will then be made.
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TEMPERATURE

240°C (465°F)

288°C (550°F)

330°C (625°F)

20 min
10

5

2

1
172
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(o]
i

20 min,
10

5
.2

1
172

(ad
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n

5 min
2

1

172

te

D¢ =

Dic

Dic

65.5%
55.8
§2.5
24.8
11.8
12.8

= 95.2%

83.4
68.6
43.0
32.6
24.8

= 89.0%

71.5
71.6
44,2

15 min Dyc = 73.9%

5 65.9
2 46.6
172 21.0

15 min  Dyc = 98.6%
5

93.5
2 65.2
172 53.2

15 min DIC = 99,4%

5 97.6
2 91.6
1 85.3

10 min D
s IC

2
1/2

10 min D¢ = 86.8%

5 99,2
2 87.3
1 93.3
1/2 78.8
1/2 78.4
40 min  Djc = 100%
20 99.8
2 99.8
1 9.2
1/2 86.3

L9
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3.3.2 Intimate Contact Sub-Models

An approximate model is presented for relating the processing
parameters to the degree of intimate contact DIC‘ This IC model
incorporates the use of 3 sub-models:

1) a statistical distribution describing the prepreg geometric

non-uniformity of tow heights;

2) a mechanics model similating the viscoelastic response of
the fiber reinforced resin to the compressive loading
typical of thermoplastic matrix composite processing; and

3) an assumed constitutive relationship for the viscosity of
the resin, as well as, an assumed relationship simulating
the fibers influence on the viscosity of the neat resin.
These sub-models have been merged in a final IC model
formulation.

The model has been constructed from physical reasoning of the
observations made while processing, as well as, from some intuitive
speculation.

No global flow (i.e. fiber washout or resin bleed) of the
laminate was observed for the processing conditions tested; therefore,
the coalescence must be occurring as a local deformation at the ply
interfaces. Because the laminates were thin, (3 ply) the prepreg
geometric non-uniformity showed up on the outer surfaces by scattering
the ambient 1light nonuniformly when underproéessed. Increased areas
of contact were observed to grow parallel to the fiber by C-scan and

surface reflection methods. This resulted in a checkerboard pattern
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in the case of cross-ply laminates. The formation of the checkerboard
pattern occurred in a random piecewise manner over the areal surface
of the laminate and not necessarily uniformly. For these reasons the
IC model should incorporate for its foundation a sub-model that
simulates the uniformly distributed compressive loading of a single
unidirectional tow, normal to the top and bottom surfaces. Thé local
deformation model must also be a function of the viscoelastic
properties of the resin and fiber. |

Intuitivé]y, one would expect prepregs of greater or lesser tow
uniformity to influence the quality of the laminate for a given set of
processing parameters (i.e. prepregs of greater nonuniformity are
expected to tqke longer to process to achieve quality laminates). For
this reason the model should also include a description of the
prepreg's tow geometry as input.

Figure 3.3 shows a flow chart of the model formulation. A

detailed description of each sub-model follows.

3.3.2a Mathematical Description of Prepreg's Geometric
Nonuniformity-Sub-Model
The importance of tow heights varying across the width of a
prepreg has already been pointed out. Presented here is the method
for obtaining the tow height distribution for the prepreg.
Figure 3.4 shows the assumed geometry of the prepreg tow cross-
section. The cross-sectional area A; of each tow is constant, while

the subscript i denotes the tow number and q is the number of tows.



INTIMATE CONTACT MODEL FLOW DIAGRAM

Prepreg Compression Molding

Rheological
Geometry - of a Single Tow

Sub—Model Sub—Model

Properties

h(P, t_)
G(2) (7. T, ¢)

Intimate Contact
Model

D,C(PTt)

Figure 3.3 Model Formulation Flow Diagram

Sub—Model

0L



Fiber Ends
Single Tow

Figure 3.4

Prepreg Sheet Width

= Number of Tows
i = Constant Areq, i=1-q
6, = 6, Tow Heights, i=1-q
6, = Maximum Tow Height

]

Schematic of Prepreg Geometry

LL



72

The heights in the model are also assumed to be constant along each
tow width although in reality this is not true.

The prepreg tow heights were measured with a micrometer to the
nearest thousandth of an inch. Each tow height was measured across a
twelve inch width prepreg sheet perpendicular to the . fibers.
Measurements were made once every foot over a five foot length of
prepreg. No appreciable difference in tow height variation was
observed along the length of a single tow. The tow heights, 8., were

then normalized to the largest tow height 8y according to Eq 3.5.
Zo= -0 (3.5)

A histogram of the tow height data is shown in Fig. 3.5. This
figure shows the percent tows within the interval of tow heights
shown. A two parameter Weibull function was fit to the histogram
shown as the solid T1ine in Fig. 3.5. The Weibull density
function, g(z), is defined in Eq 3.6 along with the values of the

constants used to fit the data

9@ = (&) B exp [-(2)] (3.6)
where: o = 2.25 shape parameter
g = 0.1108, scale parameter

The cumulative distribution (Eq 3.7) is defined as:

Z
G(z) =] g(s)ds » 1 - exp [- (£)°] (3.7)
0

w|N|
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The function G(z) defines the total number of tows having height
greater than or equal to R As will be pointed out later, G(2) is
the degree of intimate contact as a function of tow Eeight or z. The
viscoelastic response of a single tow subjected to compression loading
normal to the fiber direction will couple G(z) with time through the

time dependency of z(t).

3.3.2b Compression Molding of a Single Tow-Sub-Model

Presented here 1is the derivation of the viscoelastic flow
response of é single tow subjected to compression molding as a
function of the processing parameters, pressure, temperatdfe (>Tg) and
contact time. This sub-model is the foundation of the intimate
.contact model. It defines the rate at which the tow deforms (i.e.
fiber/resin squeezes) between two parallel and uniformly distributed
compressive loads through the. inherent temperature sensitive
viscoelastic material properties.

Figure 3.6 shows the coordinate system used for the sub—mode].
Based on experimental observations during compression molding of
laminate samples, the following postulates were assumed 1in the
derivation:

1) The combined fiber/resin deformation perpendicular to the
fiber direction (x-direction) dominates any local resin flow
taking place parallel to the fiber.

2) Negligible resin flow from the tow occurs in all directions,

maintaining the same fiber/matrix distribution within a
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ply. This is due to the high fiber volume
fraction ve = 68%, and the high viscosity of the resin.

These two observances are untypical for most thermosetting resin
composites in that the lowest viscosity of the P1700 resin exceeds the
gel point of an epoxy matrix composite.

The analysis that follows 1is based on the assumption that the
problem can be treated as a viscometric flow. In viscometric flows
time-dependent elastic effects are noﬁ considered. If the fluid
relaxation time is small with respect to the time required for the
fluid to deform around fibers, the fluid will accommodate quickly and
no elastic effects would be observed [18].

In an analogous study of neat polymer flows under squeeze
loading, (i.e. parallel plate plastometer) Grimm [19] has shown
experimentally that by restricting the test to slow squeezes, the
assumption of steady shear was found to be adequate, and that useful
viscosity measurements could be obtained.

The derivation presented here parallels the derivation presented
by Bird et. al. [20] in the study of the viscosity properties kof
polymers under squeeze loading between parallel plates. The
coordinate system for that study was cylindrical. Dienes and Klemm
[21] have derived the rheological equations for a Newtonian fluid
subject to the parallel plate plastometer loading. Kataoka et. al.
[22] derived rheological equations for a power-law fluid. Dealy [23]
gives a good history in the development of squeezing flow rheo]ogy}

From the previously described observances, assumptions shown in

Eq 3.8 are made regarding the velocity field and the pressure:
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X X

v, = vz(z)

vy =0

p = p(x) (3.8)

From the assumed velocity field the components of the rate-of-strain

tensor are:

Yex  Yxz O
av v av
(= |z Yzz O3 e =250 s Ypp = 2 Yyz =
Y X2 2z ' Txx ax * 'zz 3z * Txz T a3z
0 0 0 (3.9)

Also, assuming that the non-Newtonian effects result predominately
from the shearing components rather than the elongational effects, the
diagonal components in Eq 3.9 can be neglected. Therefore, the rate-

of-strain tensor reduces to the following:

0 1 0
BV,
Y=z |10 05 vt
0 0 0 (3.10)
b p
The equation of continuity is:
v v
= XL Z
ERALEE S (3.10)



78

The equations of motion are (neglecting inertia terms);

9T aT

x-direction —5§5 + aix + %& =0 (3.12)
at aT

z-direction _3§£ + _ng =0 (3.13)

The 1st dashed-underlined term in Eg 3.13 is dropped because the flow
is assumed to be locally and instantaneously under steady shear
between two fixed planes, (i.e. uniform x-dir.). The remaining dashed
underlined terms in Egs 3.12 and 3.13 are elongational stresses which
are assumed to have minor importance compared to the shear stressf

The constitutive equation assumed is the power-law fluid. It is
a 'generalized Newtonian fluid' (GNF) constitutive equation which
assumes: 1) the viscosity is strain rate dependent, 2) only shear
strain rate components exist, and 3) the shear strain rate is

independent of time. The power-law equation is written as:

(3.14)

where m (units of shear viscosity-poise) and n (dimensionless) are
constants used to describe the shear rate dependency of the polymer.
Kataoka [22] has shown this approximation to be acceptable if a test
does not span too wide a range of low shear rates. The value of n is
evaluated from the constant slope of the log-log plot of n versus vy.

An assumed velocity distribution given by Eq 3.15
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Vy = xf(z) (3.15)
will satisfy the equation of continuity. Integrating the equation of
continuity (Eq 3.11) over the boundary from O to h/2 (tow height) and

0 to x (1/2 tow width), and observing quarter symmetry it is shown:

h h
2 3V,
f f X dxdz + [ f ———-dxdz =0 (3.16a)
0
h
2 .
[ v.dz +xh =0 (3.16b)
0 X
where; h = v,at z = h/2.

Substituting the power-law Eq 3.14 in to the x-direction equation of

motion yields:

-n
a(-my,_)
- xz7  dp _
= e 0. (3.17)
BV,
Substituting 37 for yx from Eq 3. 10, integrating with respect to z,
av
and imposing the boundary conditions 3;5 =0at z=20and v, =0 at
= h/2 it is shown:
NG DR (el -
_[h/2] 1 dPyn _(_Z'n
Yx = n+l (- m dx] [ 1 (h/z) ] (3.18)
(*ﬁ“]
Substituting Eq 3.18 into Eq 3.16b it is shown:
1 i |
1 dPyn _ ~h x 2n+l
(- ﬁ'ai) - (2n+1) ( n ) (3.19)
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Substituting Eq 3.19 into Eq 3.18 it is shown:

1
v = -2h (2n+1 z (ﬂ%“
x=7h D 1+ g "X (3.20)

Integrating Eq 3.19 for pressure with the boundary condition p = p at

X, P =pgat x =X (X =1/2 tow width) it is shown:

(2n+1)“ mx™1
2n n+1

[1- &)™ (3.21)

Evaluating the force f applied to the tow shown in Fig. 3.6, and

integrating over the top and bottom surfaces of the tow it is shown:

X
f= ZIO [(p-p) +1,,] 9 (3.22)
z2=3

where T,, Was determined to be =zero at z = h/2 by previous
assumptions, as well as, mathematically by substitution of the
constitutive equation (Eq 3.14) into the equation of continuity (Eq

3.11). Thus T, at z = h/2 can be written as:

T a 0 (3.23)

2 = ?

Substituting Eqs 3.21 and 3.23 into Eq 3.22 and evaluating f it is

shown:

-\ N
£ = 2m (1 : 2n]n [ (g;hl 1)] X(n+2) (n i 2) (3.24)

(3
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Although the applied force is constant over time, X(t) is not.
However, noting that the cross-sectional area A; of the tow remains
constant with time Eq 3.25 can be substituted into Eg 3.24 to

eliminate X(t) as a function of time.

2h(t) - X(t) = A; A = constant for t > 0 (3.25)
Therefore,
f ] oMy (L2 ()T an+2) L (3.26)
n h(3n + 3) n+2 :

Equation 3.26 describes the compression of a tow as a function of the
strain rate dependent viscosity, the applied force, the tow height,
and time. Thus, all processing parameters are now related through the
~rheological flow phenomena and the viscoelastic properties of the

resin.

3.3.2c Rheological Material Properties |

This section presents the shear viscosity data of the neat P1700
resin data as a function of shear rate. The temperature effects on
viscosity are presented by the WLF Eq 3.27. Also presented is an
assumed relationship for viscosity, simulating the effects of fiber
reinforcement on the polymer observed by investigators in the field of
rheology [24}. A detailed explanation addressing the experiment, and

data reduction scheme is given in Appendix A.
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Figure 3.7 presents the steady (n(y)), and complex [n*(w)) vis-
cosity as a function of the rate-of-strain (y) or frequency (w). As a
first approximation, use of the Cox-Merz Law allows a direct
relationship between the complex viscosity and steady shear viscosity
with the frequency and the rate of shear strain, respectively. The
viscosity/temperature relationship for the P1700 resin is expressed by

the WLF equation given by Eq 3.27

CUT -T_ )
f
log (2—) = - re (3.27)
Nyref €2+ (T - Tref]
Cl = 5,714
C2 = 54,309

where; T is the temperature being observed, T is the reference

ref
temperature (220°C(428°F)), and Nref is the viscosity at the reference
temperature and n is the viscosity at temperature T.

Various researchers [24,25,26] have studied the influences of
particle and fiber reinforcements on the viscosity of the neat
resin. The shear rate dependence of the viscosity of the reinforced
polymer is additionally complicated because the non-Newtonian property
of the resin is superposed on the non-Newtonian effect due to the
reinforcement. Bartenev and Zakharenko [27] have observed that higher
concentrations of carbon black in polyisobutylene resulted in
approaching infinite shear viscosity at 1low shear stresses and

exhibiting a yield value. However, White et. al. [26] reported that

yield values are not present in all reinforced systems as Chapman
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and Lee [28] have observed with glass fiber and bead reinforced high
polymers. Matsumoto [29] reported that the concentration effects on
viscosity may be temperature sensitive. Kataoka et. al. [24] has
experimentally shown that the viscosity of fiber (length to dia. ratio
of carbon fiber = 600) and particle reinforced polymers increases and
acts more non-Newtonian (i.e. more strain-rate dependent) at lower
shear rates relative to the neat polymer. Also shown, was that higher
concentrations of reinforcement of the polymer ¢ resulted in higher
magnitudes of viscosity. Defining, n,. as the ratio of the fiber
reinforced resin viscosity to the neat resin viscosity, Kataoka et.
al. [24] have shown good superposition of viscosity versus shear rate
data at increasing concentrations of reinforcement (0 < ¢ < 0.65).

From the above cited works, the effects of fiber reinforcement on
the neat resin viscosity (Fig. 3.7) are assumed to take the following
form as a first approximation. For a power-law fluid defined in Eg
3.14 the curves in Fig. 3.7 shift to higher viscosities at lower shear
rates for the higher fiber concentration present 1in the study

(vf = 68%). This shift is shown as the temperature (T) and
concentration (¢) dependent variable C (reinforcement/viscosity
influence factor) in Eq 3.28 which 1is analogous to the reduced

viscosity defined earlier.

c(T,o) = n(T,¥,¢) (fjber filled resin) (3.28)
n(T,v,0) (neat resin)

This model will be taken as is. Its use in the intimate contact

model is only for illustrating viscoelastic tendencies for model
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justification. Obviously, future work in the area is needed to obtain
a better understanding of the influence of fiber reinforcement on the

resin viscosity.
3.3.3 Intimate Contact Model

3.3.3.a Problem Formulation

Presented here is a physical interpretation by which prepregs
coalesce at the interfaces during the processing of a thermoplastic
matrix composite laminate. Recalling the three sub-models that make
up the intimate contact model (refer to Fig. 3.3) construction can now
begin.

Figure 3;8 shows the geometry of the prepreg as applied to the:
intimate contact model, and implies the following: 1) all tows are
not in contact initially, but progressively increase with time, 2) the
‘tows act independently concerning the disruption of flow, however, not
indeﬁehdent]y concerning the inpUt of Tloading, and 3) only slow,
steady, and small deformations exist.

The first assertion seems justified from the non-uniformity of
coalesced interfacial surfaces observed from the C-scan data. The
first statement of the second assertion was assumed to allow for a
closed form solution as a first approximation. Its justification 1lies
in the already assumed existence of slow, steady, small deformations
as stated in the third assertion. The later statement of the second
assertiqn seems Jjustified on the grounds that only shear thinning

viscosity reponses were experimentally observed on the neat resin,
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(Fig. 3.7) (also expected of fiber reinforced viscosity [24,26,29])
and that, if the force per tow was kept constant with time then

dilatent viscosity responses would be the result.

3.3.3b Mathematical Model

Figure 3.8 shows the progressive nature of the distribution of
the applied force F (constant in time) to the individual force per
tow, f, as a function of time. It is assumed that F is distributed
evenly to those tows in contact only. Thus, the following definition
is.given in Eq 3.29 where the viscosity coefficient m (Eq 3.14) will
now be premultiplied by the c (the reinforcement/viscosity iﬁf]uence

factor given in Eq 3.28) to simulate the tow's viscosity:

i
o

8, < h(t) f

it M0

= flh(t),8,) 5 iF
=1 552 h(t) f

"

finite (3.29)

where;
f = is the load per tow,
s; = is the individual tow height,

- h(t)

is the spacing between the plates as a function of time,

q = is the total number of tows across the specimen width

Knowing that the cumulative distribution function G(z) discerns
between tows in contact and tows not in contact Eq 3.29 can be written

as:
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F=6 (G(Z(t))F (3.30)

where;
o - G(z(t)) + N1
= 1+ N1
_ NI
M=
NI = initial fraction of tows in contact (3% for all test)
G =Eq 3.7
z =Eq 3.5
f =Eq 3.26

Writing Eq 3.30 in full form we have:

1 - exp[-(£)*] + N1 | 1+2 )" 2) 1
T+ Sl cm : 2" ;(3g+3) A(2) (52)

(3.31)

Equation 3.31 is the intimate contact formulation relating the
processing parameters, and the viscosity to the degree of intimate
contact DIC via the squeeze flow phenomenon of a prepreg. The
pressure P enters into the solution through F, the temperature T
enters into the solution through its influence on the viscosity, the
viscosity n(y,T,¢) enters into the solution through the parameters

m, c(¢,T), and n, and the prepreg's geometry enters into the solution
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in the form of G'. G is the degree of intimate contact numerically

solved for as a function of time (Eq 3.32).
t
G (t) = DIC(t) (3.32)
3.3.4 Intimate Contact Model/Experimental Correlation

3.3.4a Discussion

This section presents a comparison of the intimate contact model
(Section 3.3.3) with the experimental data (Section 3.3.1). The
following discussions are addressed: 1) the method by which the model
was fitted to the data through the assumed viscosity relationships, 2)
the va1idityvof the observed viscoelastic responses of the viscosity
relationships with those responses expected by rheological theory, 3)
the influences of the processing parameters on the degree of intimate
contact, and 4) the ~ influences of the prepreg's geometric
honuniformity on the degree of int{mate contact.

Because of the Tack of experimental data for the shear viscosity
of the fiber reinforced P1700 resin, the values of ¢ and n were
determined by fitting the model's response to the intimate contact
test data over the range of the processing parameters. The viscosity
coefficient m, represents the viscosity of the neat resin, which is a
function of temperature. The values of ¢ and n cannot be uniquely
determined from one set of pressure andv temperature processing
conditions. However, certain expected trends should be observed for

~ the relative values of ¢ and n when comparing whole sets of
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experimental data at different temperature and pressure processing
conditions.

The variable c¢ 1is expected to be a function of temperature
[26]. The value of n is expected to be a function of the pressure
since increasing pressure results 1in expanding the range of shear
rates present during the testing period. Kataoka et. al. [24] has
shown that n may be a function of test time depending on the pressure
and material tested. This assertion seems Jjustified in that the
power-law constitutive equation, Eq 3.14, describes only the straight
portion of the viscosity data shown in Fig. 3.7, and does not allow
for zero shear rate viscosity or characteristic time (i.e. horizontal
portion of ‘curve and transition region respectively [19,22]).
Nevertheless, the power-law relationship will be used for the current
study.

Since the absolute values of c and n are not deterministic from
the intimate contact data for the present model (i.e. two unknown
constants for every set of processing P and T conditions) the power-
law exponent n was arbitrarily set to one (i.e. Newtonian n = 1) for
the Tlowest pressure studied (P = 172 KPa (25 psi)) for each
temperature condition.

The choice of n = 1 for the P = 172 KPa (25 psi) data allows the
higher processing pressures to be evaluated in a relative sense for
non-Newtonian shear thinning responses. The higher pressure data
should exhibit a more non-Newtonian response.

With the selection of n = 1 for each set of %ntimate contact data

having a specified temperature and an applied pressure of 172 KPa (25
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psi), the value of c was then obtained by fitting the model to the
data. This was repeated for each set of temperature data with P = 172
KPa (25 .psi). Also, because c is a function of T, the values were
kept conétant for each processing temperature while the value df n was
used to fit the data for the higher processing pressures.

Figure 3.9 plots the degree of intimate contact versus the
processing contact time ét the various pressure and temperature
conditions listed in Table 3.1. Shown on each plot are the power-law
exponent n and the reinforcement/viscosity influence factor c used to
fit the data, and the power-law viscosity coefficient m obtained from
the neat resin data. The statistical distribution definihg the
prepreg's geometric non-uniformity, g(z), was held constant for all
the tests. The effects of pressure (holding temperature constant) can
be observed by comparing the plots forming a vertical column. The
effects of temperature (holding pressure constant) can be observed by
comparing the plots forming a horizontal row. The better fit to data
is observed at higher pressures wHen a greater shear rate depéndent
viscosity is used. This is to be expected. Good correlation exists
between theory and experiment over the entire spectrum of contact time
for each set of pressure and temperature conditions. It is observed
that both pressure and temperature have a dramatic influence on the
time required to achieve 100% intimate contact.

The values of n and ¢ were determined by fitting the data, and
cann?&ﬁ be obtained using the present model and testing method.

However, the relationships between the power law exponent, n with P,
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and the reinforcement/viscosity influence factor, ¢ with T have
viscoelastic significance.

Concentrating on the values of n first, it is noted that within
the realm of experimental error n decreases with increasing pressure
for each set of temperature data, exhibiting increasing shear thinning
with P [24]. This is expected if too large a range of shear rates is
covered over the test period, as observed by Kataoka. Also, because n
is not constant among the three applied processing pressures tested,
the tests were not in the typical power-law region shown in Fig. 3.7,
but extended into the transition zone (i.e. knee portion of the curve
separating Newtonian responses from non-Newtonian). Thus, correct
viscoelastic responses are observed in the pattern of the values of n
with pressure; with higher pressures exhibiting greater non-Newtonian
response than the lower pressures. Remembering that the selection of
n = 1 at the lowest applied pressure was arbitrary, nothing can be

said as to where the response lies within the transition zone, as n is

bounded by n = 1 to 0.07 where n' 0.07 is the value for the neat
resin.

Addressed here are the observed values of ¢ for similating the
influence the fiber has on the neat resin viscosity. Figure 3.10a
plots the values of ¢ as a function of temperature. The effective
viscosity (c - m) is plotted against temperature in Figure 3.10b where
it is shown that although c increases with temperature the effective
viscosity does not, as would be expected. However, is the response of

c to temperature realistic? No reports in literature were found that

addressed the temperature effects over such a large range; however,
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Pisipati [30] has shown ¢ to increase at the lower shear rates (as
assumed here) but reverses at the high shear rates for a 20% glass
fiber-reinforced nylon. As stated in the previous sections, the
theory and experimental work are still in their developmental
stages. Interested readers are referred to the work'by Pisipati.

In summary, the values of ¢ and n seem arbitrary when correlated
to single sets of pressure and temperature data; however, when the
responses of ¢ with T, and n with P are observed over an entire
spectrum of applied pressures and temperatures, viscoelastic material
responses are observed. Further work is needed if the values of ¢ and

n are to be quantified, as well as their responses.

-3.3.4b Influences of the Prepreg Geometric Nonuniformity on DIC
Intuitively, the greater the nonuniformity of the prepreg (i.e.
the greater the difference between tow heights) the greater the
contact time required to achieve a given state of D;c. The following
' étudy was made addressing the effécts of tow nonuniformity on the
degree of intimate contact. This study was divided into two parts:
1) the effects of statistically skewed distributions (i.e. heavily
populated thin or thick tows) and 2) the effect of statistically
deviated tow uniformity (i.e. greater or lesser tow height
uniformity). The processing conditions used for this study were

chosen as P = 172 KPa (25 psi) and T = 240°C (465°F),

Statistically Skewed Tow Nonuniformity

Shown in Fig. 3.lla are three conditions of skewness of tow
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nonuniformity: 1) curve A is the tow distribution in the present
study which simulates a heavily populated thick tow distribution, 2)
curve B is the normal distribution of curve A by setting o« = 3.50, and
is used as the baseline in both the skewness and deviated tow
nonuniformity studies, and 3) curve C simulates a heavily populated
thin tow distribution.

Figure 3.1lb shows that a heavily populated thin tow prepreg
results in a faster initial growth of DIC followed by a slower growth
as 100% contact is approached. The opposite is true of prepregs being

heavily populated with thick tows.

Statistica]ly.Deviated Tow Nonuniformity

Shown in Fig. 3.12a are two conditions of deviated normal
distributions of tow nonuniformity: 1) curve D is the baseline curve
B used in Fig. 3.11 simulating a large deviation in tow uniformity,
and 2) curve E is a normally distributed prepreg simulating greater
tow uniformity.

Comparing curves D and E in Fig. 3.12b, it is found, as expected,
that the smaller the standard deviation (curve E) the shorter the

contact time required to achieve the same Dyc.

3.3.4c Observations of the Model
As a final word about the intimate contact results, reference is

made to Figs. 3.13a and 3.13b. Had plate separation been monitored as
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a function of time in lieu of C-scanned area as a function of time,
then the fd]]owing responses would have been realized according to the
model. Plate separation h versus t. ié shown in Fig. 3.13a while log
(dh/dt) versus log (h) is shown in Fig. 3.13b. The rate at which the
plates approach each other (Fig. 3.13b) has two physically distinct
regions.

The first region has the characteristics of a decreasing plate
separation rate. This similates the force per tow decreasing with
time (i.e. the area of contact increasing with time as the force is
kept constant). Whether or not this response is valid must still be
evaluated. The model cannot predict transient conditions, only steady
state conditions as assumed in the formulation. In other words, the
stress overshoot typical of viscoelastic materials cannot be predicted
as new tows come into contact and start their flow process.

The second region is the steady state region where 100% contact
has been achieved at the 1interfaces and a global squeeze flow
occurs. The slope of this portion of the curve is 1/6 for Newtonian
fluids. If other than 1/6 the material is non-Newtonian where the
slope of the power-law region can be evaluated. Because of the mold
cavity, no global squeeze was allowed nor would this region be

possible to evaluate using the C-scan technique.



4.0 Computer Model

A computer code was developed which can be used to calculate the
degree of autohesfon, DAu’ and the degree of intimate contact, DIC’ at
the interface of a thermoplastic matrix composite during processing.
Tﬁe model is limited to constant temperature (greater than the Tg of
the resin) and constant pressure conditions throughout the laminate.
With the pressure and temperature conditions specified, of major
interest are the states of autohesion and intimate contact as a
function of the processing time, tp (i.e. total elapsed time) and more
specifically the processing time required to achieve full intimate
contact and cohesive strength of the interface.

Intuitivé1y, coalescence at the dinterfaces of stacked plies is
expected to be quicker for unidirectional laminates, than for angle
ply and cross-ply laminates due to the nesting of tows. Thus, because
the intimate contact model was formulated using data obtained from
cross-ply laminates, the computer mode1 presented here is expected to
give conservative results for laminates other than cross-ply.

The computer code provides the wuser with the following

information about processing:

1) the degree of intimate contact (i.e. fraction of interfacial
area in contact) as a function of processing time,

2) the distribution of the degree of autohe51on over the
interfacial area in contact, and

3) the minimum degree of autohesion of a total interfacial area
in contact as a function of processing time.

Up to now, the autohesion and intimate contact models were

formulated independently. However, during the processing of

101
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thermoplastic matrix composites, the two time dependent phenomena
occur simultaneously.

The computer code coup1esAthe autohesion model with the intimate
contact model through the observation that autohesive bonding cannot
begin until intimate contact 1is achieved. As processing time
progresses the total area in contact increases (i.e. Dyc). Because
the total area in contact (i.e. DIC) is the cumulation of smaller
areas, dIC’ achieving contact previous to the processing time in
question, the set of dIC's at a given processing time will each have a
unique degree of autohesion. This is due to the differences in the
length of time that each d;c has been in contact. The model
distinguishes between the 1length of time (tIC) required for each
successive element of area to come into contact, and the Tlength of
time (tAu) each successive element has been in contact. ~Thus, the

following equation was used in the computer model formulation:
t = tIC + tAu (4.1).

where tp, tics and tyy are defined previously. ,

Solution of the autohesion model (Séction 2) and intimate contact
model (Section 3) requires that the input parameters be specified.
The input parameters are shown in Table 4.1, and are grouped in the
following catagories: I) Processing Cycle, II) Prepreg Properties,
and III) Resin Properties.

The 1input parameters describing the temperature and pressuré

conditions are specified by the user. The parameter denoted by a
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Table 4.1 Input Parameters

I} Processing Cycle

a) Constant temperature condition

b) Constant pressure condition
II) Prepreg Properties

c) Initial distribution of geometric nonuniformity of tow

heights* (see Eq 3.7)

d) Fiber volume fraction of composite ve = 68%

e) fiber reinforced resin viscosity parameters** (see Eq 3.28)

f) Cross-sectional area of a single tow

g) Glass transition temperature - Tg
III) Resin Properties

h) Resin dynamié viscosity nl(T,w)

(see Appendix A)

i)  Autohesion parameters (K(T), or K0

and ap(T))***
(see Eqs 2.11, 2.14, and 2.15)

* measured by user
**  empirically determined by fitting IC theory to experimental data

***  material property experimentally measured
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single astrisk (*) must be measured by the user. The method used to
obtain this parameter can be found in Section 3.3.2a. The parameter
denoted by a double asterisk (**) was determined by fitting the theory
to experimental data as described in Section 3.3.4. The material
property denoted by a triple asterisk (***) was determined
experimentally as described in Section 2.0. A1l other parameters are
either specified by the manufacturer or can be found 1in the open
literature.

With the input parameters specified, Egqs 2.10 (or 2.15) and 3.3l
are solved numerically.

Three cases were run on the computer to show the relationship
between the degree of intimate contact and the degree of autohesion
for various processing conditions. The computer model was used to
calculate the degree of intimate contact, the degree of autohesion,
and the total processing time of a fiber-reinforced thermoplastic
matrix composite under different processing conditions. The material

properties of AS4/P1700 prepreg were used as input data to the model.

Case I - P =172 KPa (25 psi), T = 240°C (465°F), tp = 0 ~ 3000 sec
Case II - P = 344 KPa (50 psi), T = 240°C (465°F), tp = 0 » 3000 sec
Case ITI - P = 172 KPa (25 psi), T = 227°C (440°F), tp = 0 - 3000 sec

The degree of intimate contact was calculated as a function of
the processing time for cases I, II, and III, independent of the
autohesion phenomenon. However, at each processing time a whole
distribution of Dp, values exist because of the progressive nature of
intimate contact with time. By plotting the degree of autohesion

versus the percent of contacted area (i.e. dIC’ density of contacted
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area) shown in Fig. 4.1, the distribution of autohesion over the area
in contact is obtained for all three cases. The solid curves
represent the distributions of autohesion (for 1% intervals of Dp,) at
different processing times up to but not including, a degree of
autohesion of 1.0. The table on the graph shows the values of the
percent of contacted area having a degree of autohesion equal to

1.0. For case I, at short processing times (i.e. t, = 10 sec) it is

p
shown that no areas in contact have occurred that have a DAu greater
than =0.63, and that at point "A" approximately 0.8% of the contacted
area has a D,, between .395 and .405. As expected, at longer
processing times greater percentages of contacted area coexist with
the higher degree of autohesion. This observation is obvious for
curves "a" and "b" but somewhat disquised for curves "c" through
3", This is because at the long processing times an increasing
percentage of the contacting area has a degree of autohesion equal to
one. These values are shown in the tables on Fig. 4.1l.

The effects of pressure andvtemperature on the distribution of
autohesion over the contacted area are shown in Fig. 4.1 by comparing
the top and center graphs and top and bottom graphs, respectively. By
comparing the results from Case I and Case II, the effect of a 50%
increase in pressure (holding temperature constant) can be observed.
It is shown that the distribution of autohesion is skewed upward for
thevhigher pressure condition indicating a more rapid growth in areas
coming into contact and a less uniform distribution of autohesion at
any one procéssing time. However, this observation on the skewness is

. somewhat insensitive at long processing times. Also, the increase in
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pressure results in greater percentages of contacting area having‘a
Dpy = 1 at long processing times.

The effect of temperature on the distribution of autohesion can
be observed by comparing Case I with Case III (holding pressure
constant) where Case III is 13°C (25°F) lower as shown in Fig. 4.1.
The 13°C (25°F) decrease in temperature results in suppressing the
distribution to lower degrees of autohesion, as well as, Tlower
percentages of contacted areas. This is a result of temperature
affecting both the viscosity and autohesive properties of'the resin
thereby influencing the growth of contacting area, and the growth of
autohesion.

Shown in Fig. 4.2 is a plot of the minimum degree of autohesion
versus the degree of intimate contact at several processing times.
Th{s curve was obtained by integrating the curves in Fig. 4.1 at each
processing time. The curves show the coexistence of D, and Djc at a
given processing time. This cumulative distribution will provide the
user with the minimum degree of adtohesion expected for a given area
in intimate contact (i.e. Dyc) at any processing time. These curves
show the cumulative distribution of contacted area to the total area

up to a given DAu' Thus, using t, = 100 seconds as an example point

p
"B" shows that =20% of the total .interfacial area is in intimate
contact, point "C" shows that ~10% of the interfacial area is in
intimate contact with a Dpy = 1.0, and point "D" shows that
approximately 17% of the interfacial area 1n‘contact has a value of

Dpy of 0.70 or greater. At very long processing times the Tines
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appear more vertical because of the compressing time scale with
increasing Dy (i.e. Dy does not increase linearly with time).

The effect of pressure is shown in Fig. 4.2 by comparing the top
and center graphs. It is shown that the higher pressure results in
higher degrees of intimate contact for any one processing time. No
pressure effects were expected nor observed on the autohesive values
as observed by the intercept§ of curves "a" and "b" with Dp, at the
initial contact area.

The effects of temperature are shown in Fig. 4.2 by comparing the
top and bottom graphs. It is shown that the lower temperature results
in smaller degrees of intimate contact at any given processing time.
This result is expected since the viscosity increases with a decrease
in temperature thus suppressing the rate of deformation and the growth
of intimate contact. Also observed, is the influence of temperature
on the degree of autohesion. At the Jower temperature and at any
processing time a greater percentage of the areas in contact have a
degree of autohesion less than 1.6. This is because a decrease in
temperature decreases the mo1ecu1ar mobility of the diffusing
molecular chains thus suppressing the degree of autohesion for any
unit of time.

Figure 4.3 summarizes cases 1 through III showing the effects of

temperature and pressure on DIC and DAu at t_. equal to 50 and 1000

p
seconds. More easily seen than in Fig. 4.2 is the increasing range of
Dic values as processing time is increased, The effect of pressure on
DIC and DAu can be observed by comparing cases [ and II. For the same

temperature, a 172 KPa (25 psi) pressure increase results in
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higher values of Dy with no observed effects on Dy, as expected.

In summary, the length of processing time required to achieve
full intimate contact and cohesive strength of the interfacial area is
subjected to the processing temperature and processing pressure
conditions selected. The time frames of the intimate contact model
and autohesion model are related to the processing time frame by Eq
4.1. Figure 4.4 shows the length of processing time required to
achieve DAu = 1.0, and DIC = 1 for a given temperature and pressure.
Because the temperatures tested for intimate contact are well above
the Tg of the resin the influence of autohesive time to the overall
processing time played a very minor role (refer to Eq 4.1). While the
increase in pressure may decrease the time required to achieve 100%
intimate contéct the effect on the final processing time may not be as
dramatic at temperatures lower than those tested. As pointed out in

Section 2.0, at temperatures just above the T, of the resin a degree

g
of autohesion equal to one could only be obtained only after long
autohesive contact times (=20 minutes). The nonlinearity of these
curves shows the importance of just minor changes of the processing

conditions with the final processing time.
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5.0 Conclusions

The following major tasks were completed during the course of

this investigation:

1)

Models were developed to simulate the processing of
continubus fiber (AS4 graphite) reinforced thermdp]astic
matrix (P1700 polysulfone) composites. The models
successfully describe the ply interfacial bonding phenomenon
(consolidation) and the ply interfacial deformation
(coalescence) phenomenon through mechanisms attributed to

autohesion and squeeze flow, respectively.

Autohesion Model/Experiment

a) The autohesion model predicts the experimentally
determined autohesion strength of the neat resin to be

proportional to the fourth root of contact time.

b) A testing method for obtaining autohesive strength data
at the same elevated temperature that the autohesibn
phenomenon occurred was successfully developed. The
test method reduces the overall teéting time required

for room temperature testing.

¢) Time-temperature superposition‘ of the experimentally
determined autohesive strength data was successfully

applied in an empirical Arrhenius format and also in a
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WLF method thereby coupling testing time to testing

temperature.

Intimate Contact Model/Experiment

a)

b)

Black and white C-scans were obtained of [0,90,01¢
laminates processed at several pressures, temperatures
and times. The C-scan settings were set to indicate
spacial gaps at the ply interfaces. The theory of
probabilistics was applied to the C-scan data to
distinguish between areas in contact and spacial gaps

at the top and bottom interfaces.

A model was developed to simulate the growth of

interfacial areas obtaining intimate contact.

- The model accounts for; 1) the extent of tow
height nonuniformity across the width of a
prepreg, and 2) the viscoelastic response of the
defofmation of a single tow subjected to a
uniformly distributed compressive 1load over the

top and bottom surfaces.

- The results of the model fits the experimental

data quite well ‘because of an assumed empirical
formulation to indicate the fiber's influence on

the neat resin viscosity. Further work is needed
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to eliminate the experimetally determined
constants for complete model verification.
However, the expected viscoelastic fesponse was
observed between the processing parameters and the

formation of intimate contact areas.

Experimentally measured dynamic viscosity data was
obtained for the P1700 polysulfone neat resin over the
temperature range from 220°C to 400°C in 20°C
intervals. The frequency range was 0.1 to 100.0

rad./sec.

- Steady shear viscosity results were obtained by
applying the Cox-Merz rule to the dynamic

viscosity data.

- A master curvé of the original viscosity data was
constructed in the WLF manner. The results are an
expanded frequency (or shear rate range) from

3.0E-06 to 100. rad/sec at 220°C.

A computer code was developed from the autohesion and

intimate contact models. This code can be used to generate

the following information for flat plate composites:

a)

the degree of intimate contact, DIC’ as a function of

processing time,
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b) the degree of autohesion, Dpys a@s @ function of the
length of time certain percentages of the interface
have been in contact and the processing time.

The following input parameters required in the Computer code

for the solution of the models were specified:

a) shear viscosity of the neat resin, n, was obtained
experimentally as a function of shear strain
rate, y, and temperature, T,

b) shear viscosity parameters of the fiber reinforced
resin, ¢ and n, were obtained experimentally as a
function of  temperature, T, and pressure, P,

" respectively,

c¢) the autohesion diffusion coefficient, Ko, was obtained
experimentally as a function of temperature,

d) the prepreg's geometric non-uniformity, g(z), was
measured and defined statistically.

The computer model quantitatively confirms the intuitive

speculation that decreased processing time can be realized

by either increasing temperature, or pressure, or both.

With the user defining any two of the three processing

parameters (P, T, and t) the computer model will define the

third parameter requifed to achieve a completely contacted

and bonded interface.

A parametric study was performed on the extent of tow height

nonuniformity to illustrate how the models and the
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associated computer code can be used to determine the
appropriate processing parameters for achieving a uniformly

processed composite in the shortest time.

Normally Distributed Tow Height Nonuniformity

Prepregs having greater or lesser extents of tow height
nonuniformity have been shown to greatly influence the final
processing time required to achieve full intimate contact

and full bond strength.

Skewed Distribution of Tow Height Nonuniformity

Prepregs having a greater number of tows that are thick
require Tlonger processing ‘times than prépregs having a
greater number of thin tows due to the changing load per tow

distribution of the constant applied processing pressure.

The following recommendations are made concerning the outcome of

"~ this study:

1)

2)

that autohesive strength be measured on actual laminates at
room temperature in order to observe any differences in the
development of the degree of autohesion and the contact time
with the neat resin test,

that the effects of strain rate and shear strain on the
cohesive strength be obtained at temperatures just above glass

transition temperature,
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It has been observed that if a steep thermal gradient
through the thickness in the three ply laminate ([0,90,0]y)
is imposed, greater or lesser extents of warpage (out of
plane curvature) of a symmetric lay-up can be obtained. It
is the extent of warpage that 1leads one to believe that
varying shear strains are taking place during this
transifory period (also resulting in varying thermal
stresses). This can be explained since the material is
still capable of motion during the transition period when
cooling from the processing temperature to the Tg of the

resin (unlike thermosets which solidify).

It is the varying extent of shear strain and its rate that
can place areas of reduced autchesive strength at the 0°/90°
ply interface as the fibers contract or expand to different
extent. It is believed that the varying amounts of shear
strain will also result in a varying loss of autohesion
strength and a different 1initial condition from which
autohesion formation is to restart. The autohesion process
occurs very slowly at temperatures just above the Tg of the
resin leading one to believe that a limiting factor may be
this cooling down period if the shortest processing time is

desired.

3) Lastly, that a faster and more accurate means of measuring the

degree of intimate contact, than the C-scan method used here,
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may be realized through the measurement of processing plate
separation as a function of time. Also, the use of dielectrics
may be very useful in monitoring the formation of intimate
contact by monitoring the change in signa1 with the increasing

area of contact.
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Appendix A

Rheological Properties of UDEL® P1700 Resin

A.1 Introduction

Experimentally obtained dynamic viscosity data was obtained fok
neat P1700 polysulfone resin using a parallel plate testing‘fixture
within the frequency range from 0.1 to 100.0 radians per second at
temperatures from 200°C to 400°C 1in 20°C intervals. The viscosity
data was tested to be 1linearly viscoelastic over the test spectrum.
Also, , the viscosity data was evaluated for time-temperature
superposition in the WLF manner. A1l temperature conditions fit quite
well with the WLF theory except for the temperature conditions above
the 360°C déta, where prolonged exposure to a nitrogen purged
atmosphere was found insufficient to prevent degradation of the
polymer.

Presented here are the experimental procedure (Section A;Z), the
original test data (Section A.3),.app1ication of the Cox-Merz rule to
obtain steady shear viscosity from the dynamic viscosity data (Section
A.4.1), and the construction of a master curve from the WLF theory

relating time and temperature with viscosity (Section A.4.2).

A.2 Experiment

The dynamic viscosity data were taken using the Rheometrics
System Four rheometer (Fig. 2.5) using a paraliel plate test fixture
(Fig.  2.6). The  dynamic  viscosity, n'(w), shear  storage

1 it
modulus, G (w), and shear 1loss modulus, G (w), were obtained from

123



124

amplitudes of oscillation of the driven top plate and the non-driven
bottom plate and the phase angle between the oscillations of the two
plates. The equations relating n',_G', and G" with the measured
quantities of torque, M, frequency, w; and phase angle, 8 for the

parallel plate plastomer are as follows:

nl = %— Poise (A.1a)
H] G| .
no= = Poise (A.1b)
* i B
w2+ (n)2 . (A.1c)
6 =K - [Real M/o] Dynes/cm? (A.2)
G" = K - [Imag M/s] Dynes/cm2 (A.3)

(2H/10) - 980.7

(R/10)
frequency

where; K =

€
[

’ *
n = is the out of phase component of n

n = is the complex viscosity

H = is the plate spacing (mm)

R = is the radius of the plates (mm) (12.5 mm)
8 = is the phase angle (radians)

M = is measured torque

A11 P1700 sample disks used in the test were prepared in a similar

fashion to the thick film preparation used for autohesion sample
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preparation described in Section 2.3.2. A1l viscosity measurements
were made in a nitrogen purged oven. At temperatures of 360°C and
greater, nonrepeatable data were observed with the same specimen.
This " was aftributed to the degradation of the polymer as greater
discoloration of the polymer was observed with prolonged times at
higher temperatures. Using several different specimens all other
temperatﬁre data showed good repeatabi1fty. No effects of plate
separation from 1.0 mm to 1.70 mm were observed in the viscosity
response.

Shown in Table A.l are the conditions of the dynamic viscosity
test and the conditions used to verify the test as being linear

viscoelastic.
A.3 Test Data Results and Discussion

A.3.1 Dynamic Testing

Shown in Fig. A.1l, A;2, and A.3 are the linear viscoelastic
complex viscosity, (n*), the shear storage modulus, G'(w), and the
shear loss modulus, G“(w) for the test conditions shown in Table A.1l,
respectively. Smooth and -continuous data curves are obtained at all
temperatures over the entire frequency range except at the very low
frequencies and high temperature data. This slight fluctuation is
attributed to the very low torque output signals produced at these
conditions. The greater fluctuations are present in the measuremént
of G because of the magnitude difference witﬁ G . As expected there

is a greater shear dependent response of viscosity with frequency
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Table A.1 Viscosity Test Matrix

Dynamic Test

’ ‘ Plate N2 Linear
Oven Temp. Frequency % Strain Spacing Purge Check
220°C 0.1-100. rad/sec 1.0% 1.145 mm Yes --
240°C 0.1-100. 1.0 1.145 Yes -
260°C 0.1-100. 5.0 1.145 Yes Yes
280°C 0.1-100. 10.0 1.145 Yes -
300°C 0.1-100. 15.0 1.145 Yes -
320°C 0.1-100. 10.0 1.700 Yes Yes
340°C 0.1-100. 20.0 1.700 Yes -
360°C 0.1-100. 20.0 1.700 Yes Yes
380°C 0.1-100. 20.0 1.700 Yes -
400°C - 0.1-100. 20.0 1.700 Yes -
Linear Check

Plate N

Oven Temp. Frequency % Strain Spacing Purge
260°C 0.5 rad/sec 1-20% 1.145 mm Yes
5.0 1-20 1.145 Yes

50, 1-20 1.145 Yes

320°C 0.5 1-20% 1.693 mm Yes
5.0 1-20 1.693 Yes

50. 1-20% 1.693 -Yes

360°C 0.5 rad/sec 1-40% 1.145 mm  Yes
5.0 1-40 1.145 Yes

50. 1-40 1.145 Yes
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(i.e. shear rate) at the lower temperatures and a greater extent of
the Newtonian domain over the frequency range tested at high

temperatures.

A.3.2 Linear Check

Checks for linear viscoelastic material response of the dynamic
viscosity data were made at temperatures of 260°C, 320°C and 360°C and
are shown in Figs. A.4, A.5, and A.6, respectively. These linear
| checks involved measuring thé viscosity response at a given frequency
(i.e. time) and varying the percent of strain. Theoretically, as
shear strain 1is increased for a given shear rate, a greater
entangiement density is realized resulting in increased material
resistance to deformations. This results in fracture on the molecular
level and a further decrease in resistance. The test was repeated for
three frequencies spanning the range of frequencies tested. The
linear portion of the viscosity versus percent strain response
separates the domains of the 1linear and nonlinear viscoelastic
material responses. The percent strain value indicating the
transition provided the 1imit of strain in the dynamic testing
procedure. Once again, some scatter is observed at the start up of
the test at the low shear strain.  Further limitations of the test,
not present in any theory for linear viscoelasticity, are the cabacity
of the torque load cell being exceeded at higher shear strains and
rates and the material being extruded from between the plates at large

strains and frequencies.
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A.4 Viscoelastic Theory

Presented here are the application of the Cox-Merz rule allowing
the approximation of steady shear viscosity from the dynamic viscosity
and the application of the WLF theory of time-temperature
superposition to the dynamic viscosity data. In both instances the
theory is well developed and will be used to evaluate its usefulness

to the P1700 material response.

A.4.1 Cox Merz Rule |

The empirical rule of Cox and Merz [20] has been used to
approximate the steady shear viscosity from dynamic viscosity data in
the absence of actual steady shear viscosity by the use of the complex
viscosity. It has been observed experimentally that both the steady
shear viscosity and dynamic viscosity converge to the same value as
the shear rate and frequency respectively go to zero. However, at the
high shear rates and frequencies. it is found that the steady shear
viscosity exceeds the value of that of the dynamic viscosity. This is
expected since a greater degree of chain entanglements will be
realized for continuous shear conditions in 1lieu of an oscillating
one.

The Cox-Merz rule 1is shown as Eq A.4 where the relationship
empirically predicts that the magnitude of the complex viscosity is
equal to the steady shear viscosity at equal values of frequency and

shear rate:

In" (@)} = /(0 )2+ (0 @2 = ()] (A.4)
Y=W
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Eq A.lc, the complex viscosity

=
po
¢}
-
5+
s
=
1]

Eq A.la, the dynamic viscosity

=
1l

=
1]

*
Eq A.1b, the out of phase component of n
This. rule has been shown .to be very useful in the accurate

prediction of steady shear viscosity with dynamic viscosity data.

A.4.2 WLF Theory - Master Curve

Using the WLF theory of time-temperature superposition the shear
rate dependent viscosity data at the higher temperatures can be used
to simulate the shear rate dependent viscosity at another shear rate
and Tower temperature. To illustrate this, Fig. A.7 has been plotted
with the oriéinal viscosity data shown in Fig. A.1 and the shifted

viscosity data, to the reference temperature (T = 220°) data.

ref
Remembering that the frequency is the reciprocal of time; the high

temperature data at short times simulate the response of Jlower
temperature and long time conditiohs. The magnitudes of the shifted

data to the data at some reference temperature (T = 220°C) has

ref
resulted in the following experimentally determined WLF constants for

the WLF equation (Eq A.5):

CL(T - T of)

L
o9 (G —) = T T- T )

Nref

(A.5)

where; T temperature in question

T 210°C

ref

n viscosity in question
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reference viscosity
5.714 experimetally determined constant

54.309 expgrimenta11y determined constant.
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