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(ABSTRACT)

A non-isothermal autohesion model was developed by combining a transient finite element heat
transfer model with the isothermal autohesion model. Heat transfer analyses and the interfacial
strength development analyses were conducted using the non-isothermal autohesion model on a
polysulfone (Udel P1700) compact tension specimen, a 64-ply graphite (Thomel T300),P1700
unidirectional composite, and a 192-ply graphite (Hercules AS4),P1700 unidirectional composite.
A 64-ply T300/P1700 unidirectional composite was processed in a matched metal mold. Temper-
ature data were taken and compared with the calculated values. Good agreement was observed

between the calculated and the measured temperature values.

A healing test which aimed at studying the interply bond development in AS4/P1700 unidirectional
composites was perforrned.  The double cantilevered beam (DCB) Mode 1 fracture toughness test
was selected. The DCB specimens were fractured and healed in a special fixture with different
combinations of temperature, pressure, and time. The healed DCB specimens were refractured and
the critical strain energy release rates (G,.) were measured. The pressure was found to be a key
factor in the healing process. Temperature and time dependencies of the interply bond development

were also observed.

The non-isothermal autohesion model predicted a higher strength achueved in a shorter time. This
was due to the extra time which was needed for the fracture interface to achieve untimate contact,

and the assumption of the initial intimate contact achievement of the non-isothermal autohesion

model.
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1. Introduction

Use of advanced composites has increased significantly in recent years. High speaific strength and
stiffness make composites idcal for many acrospace appiications. Fiber-reinforced organic matnx
composites which commonly use thermosetting resins, such as epoxies, have some inherent defi-
ciencies. These include the need for multistep processing, limited shelf-life, low toughness |, sensi-

tivity to moisture, and inability to reprocess or reform the matenal [{].

In recent years considerable attention has been focused on the use of tough, high-temperature,
solvent-resistant thermoplastic polymers as matrix matenials for fiber-reinforced composites. The
increased toughness of thermoplastic resins can subsequently improve the damage tolerance of
composites. However, the mechanisms describing consolidation and interply bonding dunng
processing of thermoplastic matrix composites are quite different than the mechanisms obscrved
Juring cure of thermosetting matrix composites. Extreme tow height nonuniformity and lack of
flow make thermoplastic prepregs more difficult to process than thermosetting prepregs.  Unlike
thermosetting resins, which rely on low viscosity and high flow of the resin to coalesce the ply
interfaces, thermoplastic matnx prepregs must be physically deformed to cause intimate contact and
coalescence of the ply interfaces. Table 1 shows a comparison between thermosetting and

thermoplastic matrix composites.
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Table i. Comparison of thermosetting and thermoplastic matrix composites|1,2|

Thennosc'tting Resin Thermoplastic Resin
Composites Composites
Neat Resin *minimum viscosily is low *minimum viscosity is high
(=10 poise) {=10* poise)
*flow of resin is high *flow of resin 1s very low
Prepregs *uruform *nonuniform
(or raw *requires refrigerated *ambient storage anywhere
matenals) storage
Processing *chemical reaction dunng cure *no reaction during consoli-
(irreversible) dation(reversible)
*low processing tempera- *high processing tempera-
ture (250-350°F) ture (600-700°T)
Laminates *cannot be reformed *multiple reforming possible
(or finished *absorbs moisture *virtually no moisture
parts) absorption

Techniques commonly used to manufacture composites from prepregs include compression
molding and vacuum-bagged autoclave molding. The prepreg is cut to the dimensions of the
structure and the fiber directions onented to obtain the required mechanmical properties of the fin-
ished product. The lay-up is then placed in a rigid mold (compression molding) or vacuum-bagged
{autoclave molding) and processed at an clevated temperature and pressure for a known penod of

time, called the processing cycle. A typical processing cycle for a thermoplastic composite 1s shown

in Figure [.

The composite is heated at a constant rate from room temperature to an ¢levated temperature
above the glass transition temperature (T,) of the thermoplastic matrix resin. At some potnt dunng
the processing cycle the consolidation pressure is applicd.  The composite is held for a specified
period of time under elevated temperature and pressure to allow for intimate contact, coalescence,
and complete autohesive bonding of the ply interfaces. At this point the consolidated composite

13 cooled under pressure to below the 7, of the matnx.

(. Introduction 2
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Figure 1. Typical processing cycle for a thermoplastic composite,
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Processing cycles for thermoplastic composites are often derived empirically by trial and error.
These methods do not necessarily lead to processing cycles that result in fully consolidated com-
posite structures with strong interply bonds. In order to improve the processing theory for con-
tinuous fiber-reinforced thermoplastic matrix composites, the processing parameters, temperature,

pressure, and time must be rclated to the overall state of consolidation in the composite.

In development of a processing model, the physical processes that occur during production of
thermoplastic composites must be understood fully. The mechanism controlling interply bond
formation (consolidation) dunng processing of a thermoplastic composite has been recognized as
autohesion or sclf-diffusion [3]. Theones describing autohesion in thermoplastic resins have been
developed. Test methods to measure autohesive bond development in neat resins as a function of
processing temperature and time are well characterized. Thus, the first objective of this investi-
gation was 1o develop a model for non-isothermal processing of thermoplastic composites by in-
corporating a transient heat transfer analysis into a model for isothermal autohesive bond
devclopment in amorphous thermoplastic resins, A second objective was to use the results of the
model in conjunction with cxperimental tests to investigate autohesion in fiber-reinforced amor-
phous thermoplastic prepregs.  In this study, a double cantilevered beam interlaminar fracture

toughness test is used to characterize autohesion in fiber-reinforced amorphous thermoplastic

prepregs.
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2. Literature Review

In previous studies of thermoplastic composite processing, it has been established that individual
prepreg plies consolidate by interply bonding [4]. The resulting bond strength is a function of the
processing parameters, temperature, pressure, and time to which the interface is subjected. The
mechanism governing the formation of interply bonds has been established as autohesion or scll-
diffusion [3]. The following is a brief summary of the results of previous investigations on
autohesion in thermoplastic polymers and fiber-reinforced thermoplastic composites as reported in

the literature.

2.1 Autohesion

Autohesive bonding is controlled by two mechanisms: (1) intimate contact between the interfacial
surfaces, and (2) diffusion of the macromolecules across the interface {3]. Figure 2 shows the phe-
nomenon of autohesion for an amorphous thermoplastic polymer. At time 2ero, the two surfaces

are pressed together. Providing the temperature is high enough (normally above the glass transition

2. Literature Review s
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Figure 2. Schematic of sutohesive bond strength development across an interface.
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temperature, 7,), the surfaces will deform viscoelastically, come into contact, and wet (Fig. 2a).
The polymer chains will begin to diffusc across the interface due to random thermal motions. After
time has passed, the chains will have partially diffused across the interface and entangled with mo-
lecular chains on the other side of the interface, thus giving the interface strength (Fig. 2b). Fol-
lowing a long period of time, the polymer chains will have penetrated and entangled into the
adjacent interface so that the interface is no longer distinguishable from the bulk polymer. At this

point, the interface is considered compietely healed (Fig. 2c).

Either wetting or diffusion can account for significant portions of the interfacial strength. Diffusion
is conditional upon the surfaces being in tntimate contact, as the molecules cannot move across
open space {5|. Theories describing polymer diffusion are based on De Gennes’ reptation theory
of molecular motion [6]. Wool [5,7], Wool and O'Connor |8-10], Prager and Tirrell {11), 2nd Jud
ct al. [12] have developed theones explaining strength development of a polymer-polymer interface
and crack healing in thermoplastic polymers. These studies resulted in basic mathematical re-

lationships between autohesive bond development, temperature , and contact time.

2.2 Autohesion Test Methods

Destructive mechanical tests commeonly are used to charactenize autohesion of high polymers. In
the mechanical tests, two polymer surfaces normally are pressed together at a given temperature for

a specified length of time. The fracture stress or fracture energy of the interface then is measured

using the appropnate test.

Tack measurement were used by Skewis [13], Bauer [14}, and Rhee and Andnes [15] to measure

interfacial tensile strength of two surfaces that have been pressed together under pressure for a
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specified time. The tack tests were performed at room temperature, well above 7, of the elastomers

studied.

Fracture toughness tests were performed by Wool and O'Connor [9,10], Jud et al. |12] and Howes
and Loos [2]. Wool and O'Connor studied healing of elastomers using double cantilevered beam
toughness tests, and healing of PMMA and polystyrene using Izod impact tests. The specimens
were healed above the 7, of the polymer in question. Jud et al. used a compact tension fracture
toughness test to measure autohesion in healed PMMA specimens. The specimens were healed in
a hot press at temperatures above the 7, of PMMA (approximately 100 °C ). Howes and Loos
used a compact tension fracture toughness test to measure autohesion n healed polysulfone speci-
mens. The specimens were healed in a force air convection oven at temperatures above the 7, of

polysulfone.

lamed [16] investigated tack formation in elastomers using a T-peel test. A T-peel test measures
the energy required per unit arca to separate the two surfaces. The polymer was dissolved in a
solvent and spread on a flexible base. Two strips of the polymer, basc matenal were pressed together

for a measured time and then the stnps were scparated 1n a tenston testing machine.

Interfacial tests were performed by Wool and O'Connor |10}, Boenig et al. |17}, Loos and Dara [4],
Bothe and Rehage{18|, and Howes and Loos [2]. Wool and O'Connor used notched tensile bars
of hydroxy-terminated polybutadiene (HH{TPB) that were fractured and healed to evaluate fracture
stress, fracture strain, and fracture energy as a function of healing time. Bocrug et al. used the
ASTM Test Methods for Rubber Properties in Tension (D:412-51T), type C tension test to
measure tack in urcthran elastomers. Dara and Loos used a parallel plate plastometer fitted with
a tensile compressive ioad cell to measure autchesion in polysulfone resin. The specimens were
bonded at clevated temperatures and tested mechanically at the bond temperature in a nitrogen-
purged atmosphere. Bothe and Rehage used a through-the-thickness tension test at room lemper-
ature to test autohesion in polybutadienc (BR), crosslinked acrylonitnle-butadiene copolymer

{NBR), ethylenepropylene copolymer (EPM), and polychlorobutadiene (CR). They studied the
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effects of contact pressure, contact time, polymer structure, and strain rate. Howes and Loos at-
tempted to use an interfacial tension test based on the ASTM Test for Tensile Properties of Ad-
hesive Bonds (D/897-78) to measure autohesion in polysulfone resin. The data obtained had very
high scatter which made it difficult to correlate autohesive strength with bonding temperature and
contact time. The poor results were attributed to surface irregulanties, rusahgnment of the grips

and fixtures during mechanical testing, and thermal effects.

A close examination of the literature reveals that autohesive bonding of the ply interfaces during
formation of a thermoplastic composite laminate has not been studicd extensively. Howes and
Loos [2] used a double cantilevered beam interlaminar fracture toughness test to study autohesive
bond development in AS4 graphite fiber, Udel P1700 polysulfone composites. Fractured DCB
specimens were healed at temperatures above the 7, of polysulfone. Cntical strain energy release
rates (G,.) of the healed specimens were measured. The data did not show a strong time or tem-
perature dependance as observed in the neat resin test.  Clearly, further studics on interply

autohesive bond formation during processing in amorphous thermoplastic composites are needed.
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3. Non-isothermal Autohesion Model for Amorphous

Thermoplastic Resin

As discussed in Section 2.2, the compact tension fracture toughness test is commonly used to
measure autchesive bond in thermoplastic polymers [2,12]. Precracked CT specumnens are pressed
together above the saturation pressure to ensure complete interfacial contact and wetting of the
fractured surfaces. The specimen is then heated to the desired temperature (above 7,) and healed
for the specified period of time. Duec to the thermal resistance and capacitance of the CT specimen
and a finite surface heat transfer coefficient, the time required for the fracture surface to reach the
desired bonding temperature can be a significant portion of the total bonding time. Furthermore,
when the specimen reaches 7,, bonding begins. Hence, a significant portion of the bonding process
occurs during transient heating of the specimen. If the temperature distnbution of the fracture

surface is nonuniform, then each point of the surface will bond at different rates.

In order to accurately model autohesion in thermoplastic resins and composites the temperature
distnibution of the surface being bonded must be known during processing. This information can
then be combined with isothermal data to model autohesion bond development during non-

isothermal processing.

3. Non-isothermal Autohesion Model for Amorphous Thermoplastic Resin 10



A model describing non-isothermal autohesive bonding for the CT specimen is presented in thus
chapter. Results of the model arc compared with test data obtained from polysulfone (Udel P1700)

CT specimens.

3.1 Compact Tension Specimen Heat Transfer Analysis

Consider the compact tension specimen shown in Figure 3. A precracked polysulfone CT speci-
men is placed in a metallic fixture |2] and healed at clevated temperatures. [n the analysis, it 1s as-
sumned that the thermal capacitance and resistance of the metallic fixture can be neglected. The
outer surfaces of the CT specimen are heated by forced convection beat transfer and heat is con-

ducted into the specimen.

The temperature distribution in the CT specimen can be determined from the unsteady heat con-
duction equation which includes forced convection heat transfer at the outer boundanies. If the
temperature variation in the z-direction is small, then a two-dimensional heat transfer analysis can
be used to calculate the temperature distribution in the x-y plane. The two dimensional transient

Fourier equation can be wntten as follows [19]:

aT 3 ., oT ik‘g—T) 3.0)

PO o = e Ko )t 5y |

where p is the density, C, is the specific heat, k is the thermal conductivity, T is temperature and

¢ is time.
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Figure 3. Dimensions of CT specimen based on the ASTM Standard Test Vethod for Plane-Strain
Fracture Toughness of Metailic Materials (E 399-81).
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Noting the thermal as well as geometric symmetry of the problem, we select the coordinate system

shown in Figure 4 and analyze the shaded region.

The initial and boundary conditions may be written in the form

Initial condition:

Tix,y.0) =T, Q.2

Boundary conditions:
._”(_g:’_-_‘)_ -0 : - kﬂ%i’i)_ = W{T(b,y. ) - T/] (3.3)
”‘+f'”_=o , _.k-qz-{-'-;-;—{l—!-)-=h[T(x, Lo -T; (3.49)

where T, is the initial temperature, & is the convective heat transfer cocflicient, and 7, 1s the ambient

temperature. Here, T, is equivalent to the oven sct point temperature.

Solution of Equation 3.1 for arbitrary time varying boundary conditions must be obtained by nu-
merical methods. A two-dimensional finite element program FEM2D |20] was employed. The
program uses a semidiscrete approximation to solve the transient heat conduction equation. A ©
8 - family of approximation was used to approximate the first-order time derivative. A value for

8 of 0.5 was used cormresponding to the Crank- Nicolson difference scheme [21].

The finite element heat transfer analysis was used to calculate the temperature distnbution in a
Udel P1700 polysulfone CT specimen duning healing. The density, specific heat capacity, and
thermal conductivity of polysulfone are 1.24x10* Kg/m®, 1.13x10® J{Kg’C, and 0.26 W{m"C re-
spectively [2]. Dimensions of the CT specimen are shown in Figure 4 with / equal to 15.24 mm

and b equal to 6.35 mm. A 14x14 mesh of four-node linear quadrilateral elements and the

3. Non-isothermal Autohesion Model for Amorphous Thermoplastic Resin 13
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Figure 4. Coordinate system used in the heat transfer analysis of the CT specimen .
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boundary conditions are shown in Figure 5. Time increments of 0.1 second were taken for the first

10 seconds of the analysis and 10 seconds thercafter.

Results of the analysis were compared with data reported by Howes and Loos [2]. Howes and
Loos measured the temperature at the crack plane duning healing of a polysulfone CT specimen in
a forced-air convection oven. Figure 6 shows a comparison between the calculated and measured
temperature at the center of the crack (position x=0, y =0, Figure 5) for oven set point temper-
atures of 200, 213.5 and 245 degrees Celsius. The heat transfer analysis gave very good correlation
with the measured results. A heat transfer coeflicient of 53.7 W{m**C was used in the calculations.
The heat transfer coefficient was obtained by using the FEM analysis to calculate temperature
versus time for different values of the heat transfer coeflicient untd the calculated temperature

matched data.

Results of the FEM heat transfer analysis show that during bonding the temperature distnbution
through the thickness of the specimen is nonuniform. The temperature distnbution of the
polysulfone CT specimen across the crack surface being bonded is shown in Figure 7. The proc-
essing temperature was 245°C.  For these conditions, there is approximately a 20 scconds time duf-
ference between when the outer surface of the crack (x/b = 1) reaches 7, and begins to heal and the
center of the crack (x/b=0) reaches 7, . The temperature distribution along the vertical centerline
(y-axis) of the polysulfone CT specimen is shown in TFigure 8 for a bonding temperature of
245°C.

3.2 Isothermal Autohesion Model

Autohesive bond development in amorphous thermoplastic resins can be charactenzed by meas-

uring the fracture toughness of precracked compact tension specimens that were healed at a given
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Figure 5. Finite element mesh and the boundary conditions used in the heat transfer analysis of the CT
specimen.
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temperature and contact time. Following this procedure, Howes and Loos [2) measured autohesive
bond development in Udel P1700 polysulfone resin.  If wetting is instantaneous and the instanta-
neous wetting load at initial time is negligible, a nondimensional healing function R can be defined

as follows [5,9,10,12]

R=£’-‘-'-(-’-)-- cne'? (3.5)

G!Coo

where G,{t) is the critica) strain energy release rate of a CT specimen healed for an amount of time
t, G, is the critical strain energy release rate of a CT specimen healed for infinite time, ({7} 15 a
temperature dependent parameter proportional to the polymer self-diffusion coeflicient, and ¢ 1s

healing time.

Wool and O'Connor [9] stated that the sell-diffusion coefficient should follow a WLF temperature
dependence providing that the mode of failure remains the same between samples healed at dif-
ferent temperatures between T, and 7,+ 100°C. Using a reference temperature of 196°C (469°A),

the WLF rclationship for Ude] P1700 polysulfone can be wntten as follows [2):

— 1.604T - 369

log ar = 1136+ (T = %69) (3.6)

where
— -
_1.94x10777 (3.6b)

GT = (_.( !\j

Here, T is in absolute temperature. A companson between the calculated and measured healing

function for Udel P1700 polysulfone is shown in Figure 9. Symbols represent the expenimental data
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Figure 9. Healing function, R versus square root of time. Symbols represent data from reference 2.
Solid lines represents the isathcrmal healing model solution.
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measured by Howes and Loos |2]. Solid lines were calculated using Equation 3.6. As can be seen

from the figure, there is good agreement between the calculated and measured healing function.

3.3 Non-isothermal Autohesion Model

A model for autohesive bond development during non-isothermal processing was developed by
combining the results of the isothermal autohesion model (Equations 3.5 and 3.6) with the heat

transfer analysis discussed in Secﬁ?n 1L

A numerical scheme (stepwise) was developed in which the equations for autohesive bonding (3.5
and 3.6) were solved incrementally for small time steps. A flowchart of the solution process is
shown in Figure 10. At the beginning of bonding, the specimen is at initial temperature and the
initial value of the healing function R at every point along the crack surface (y =0, 0<x<b, Figure
5) is zero. Time is incremented by a small time step A and the new temperature distnbution along
the crack is calculated using the FEM analysis. After the temperature of the points on the crack
surface reach T,, autohesive bond development begins. At each point on the crack surface, the
former and new temperature are averaged over the time step, and C(7) is calculated using this
temperature. The incremental healing, 4 R, corresponding to 4¢ at the averaged temperature is
calculated and added to the previous value of R. Time is incremented and the calculations continue
until the time reaches a set flag or the healing function reaches a value of unity (R = 1) at every

point on the crack surface.

Figures 11 through 16 show a comparison between the results of the non-isothermal autohesion
model calculated at the center of the CT specimen (x =0, y=0, Figure 5} and data. The model
accurately predicts the onset of autohesive bond formation and the time required for complete

autohesive bonding for temperatures close to the T, (i.e. 196, 200, 205, and 213.5 °C) of the resin.
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At elevated temperatures, the model did not match the data as well due to the fact that most of the
bonding occurred non-isothermally and values for C(T) were extrapolated from lower temperature

data.
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4. Double Cantilevered Beam Test and Autohesive

Bonding of Thermoplastic Matrix Composites

The theories and destructive mechanical tests characterizing autohesive bond development across
the interface of thermoplastic resins are well developed. However, few studies were focused on the
interply strength development during formation of a fiber-reinforced thermoplastic laminate.
Howes and Loos [2] used double cantievered beam fracture test to characterize the interply strength
development in AS4/P1700 composite. The data did not show a strong time and temperature de-
pendence as observed in neat resins. The DCB fracture test has been widely applied to measure the
interlaminar fracture toughness of fiber-reinforced composites.  This chapter discusses the validity
of the DCB test in characterizing the interply autohesive bond development in amorphous

thermoplastic composites.
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4.1 Literature Review

Fracture mechanics tests give an intrinsic property which can be used to charactenize the matenal.
The fracture mechanics parameters such as stress intensity factor (X), and strain energy release rate
(G) are geometry independent. The double cantilevered beamn (DCB) test has been extensively used

to measure the interlaminar fracture toughness of composites [2,22-31].

The matenals that have been investigated include both thermoset and thermoplastic matrix com-
posites. Cross-head speeds ranging from 0.508 mm,/mun to 25.4 mm/mun (0.20 in/mun te 1 in;min)
were used. Su [22] observed that the Modc | critical strain energy release rate (G,-) was independent
of cross-head speed. Several investigators {23,24] increased cross-head speed with increasing crack
length to shorten the time needed to grow the crack at longer crack lengths. DCB specimens have
been fabricated using various geometrics and lay-ups.  Su [22] concluded that the Gy of

unidirectional composites was independent of the lamunate thickness.

Keary et al. |25] justified using data from multiple crack jumps on a single specimen, provided the
accumulated permanent deflection was accounted for in the data reduction. They also compared
the three data reduction approaches: (1) J-integral, (2) complance calibration, and (3) an analytical
equation based on linear beam bending. They found that fracture toughness measurements vary
with the method of data reducuon. Other mvestigators [24,26] observed good agreement between
the three methods. The different results were believed to be due to different extents of matenal

nonlineanty |23].

According to the obscrvations of Keary et al. [25), the last two data reduction methods overest-
mate the fracture toughness. The J-integral approach is expected to be the most general and ac-
curate of the three calculations becausc it does not assume any matenial and specimen behaviors.
However, this approach is more cumbersome to use because the areas between two load versus

deflection curves from consecutive crack jumps have 10 be measured. Fortunately, use of the last
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two data reduction schemes is justified if the nonlinear behavior of the specimen is negligible, or if

one approach is used throughout the whole investigation.

The contribution of fiber-bndging and fiber-breakage to the measured energy release rate were
observed by several investigators j2, 23,26,27,28,29]. These two effects are due to nesting of fibers
belonging to two adjacent plics. The nesting of fibers is maximized for a 0/0 interface and muni-
mized for a 0/90 interface [23]. Also, whether fiber nesting will occur depends on the manufacturing
processcs [26]. If the composite is manufactured so that the fibers are generally confined to uniform
layers, the fracture produces a relatively flat surface and fiber-nesting does not exist. lence, fiber-
bridging and fiber-breakage will not be observed and G,.'s of different crack lengths are quite uni-
form throughout the specimen. On the other hand, if the fiber layers are not well-defined, fibers
from various layers tends to intermingle and fiber nesting occurs. Thus it is necessary to pull fibers
from onc layer out of the adjacent layer in order to propagate the crack [26]. Crack propagation
can occur in two ways [26]. First, the crack tip may bend around the fibers as it advances, thus
losing its plananty. This complicates the crack-tip stress ficld and leads to an increase in the fracture
surface arca that is not accounted for in the calculations. Second, some of the fibers may extend
at an angle across the crack opening behind the crack tip. As the crack surfaces separate, these fi-
bers must be either pulled out of the fiber layers or broken resulting in fiber-bndging and fiber-

breakage. Thus, the initial interlaminar crack will quickly become an intralaminar crack.

Fiber-bridging and fiber-breakage result in a rough fracture surface with higher values for the ap-
parent interlaminar fracture toughness. Usually, the value of strain energy releasc rate increases as
the crack advances lrom the crack initiator, due to build up of the iber-brndmng zone. The strain
encrgy release rate reaches a steady-state value with crack growth throughout the remainder of the
spectmen after the fiber-bridging zone is fully developed [28].  The extra energy nvolved in the
build up of the fiber-bridging zone is in addition to the energy absorbed in fractunng the polymer,
which is assumed to be the dominant process. Therefore, the lower the matrix toughness, the

greater the contributions of the fiber-bridging and fiber-breakage in increasing the apparent

toughness.

4. Double Cantilevered Beam Test and Autohesive Bonding of Thermoplastic Matrix Composites 33



It is interesting to note that among the wnvestigators who observed fiber-bridging and fiber-
breakage, Hunston et al. [26] reported the plateau values of the G, Wilkins ¢t al. (23] and Howes
and Loos {2] reported the average values, and Hinkley et al. (28] and Martin [29] reported the values

of G, measured at the first crack jump.

Martin [29] observed the existence of a resin pocket directly behind the crack initiator inserted at
the mid-plane of the DCB specimens. Usually, the thicker the crack itiator the larger the resin
pocket. He investigated the influcnce of the thickness of the crack initiator on the value of the
critical strain enecrgy release rate of the first crack jump and the delamination fatigue threshold.
He found that the insert thicknesses up to 0.0762 mm (3 mil) were acceptable for the glass/epoxy
composites. Inserts thicker than 0.0762 mm (3 mil) were not acceptable for determining G, and

the Mode I threshold strain energy release rate, G,

In the present investigation, the compliance method, that is an analytical equation based on lincar
beam bending [25], is used to determine the critical strain energy release rate from DCB tests. The
assumption of lincar clastic response results in the following equation for the Mode I strain energy

release rate (G))

P dcC
Gf= 2b dd (4”

where P is the load, b is the width of the specimen, a is the crack length and C is the compliance

{ie. C= AlP).

For a lincar clastic, isotropic cantilever beam, the load-deflection relation is

5= (4.2)
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where a is the length of the beam, £ is the Young's modulus and 7 is the moment of inertia of the
beam, as shown in Figure 17. For a pair of identical cantilever beams joined at their fixed ends,

the total deflection will be twice 4, that is

k|
A =24 = 23” g (4.3)

The compliance relation is

2

=i =Ad (4.9)

=4
="

where A, = 2/3E/ can be obtained from a curve of compliance versus @®. Differentiating Equation

4.4 with respect to crack length (a), we obtain

L2 2 34,d° (4.5)

Substituting Equation 4.5 into Equation 4.1 gives

34, Plat
Hence, the expression for critical Mode | strain energy release rate (G0 ) is
34, Pl
c=""35 (4.7}

where P, is the critical load that causes the crack to grow corresponding to a certain crack length

a.
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Figure 17. Load-deflection relation for an linear elastic, isotropic cantilevered beam.
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4.2 Sample Preparation

CUnidirectional composite laminates were fabricated from AS4/P1700 graphite-polysulfone prepreg.
The prepreg was donated by NASA Langley Research Center. The laminates were 12-ply thick
and were compression molded in a 152.4 mm (6 in) square steel mold. A 25.4 mm (1 in) wide by
0.0762 mm (0.003 in) thick Kapton sheet was placed at midplane along one edge of the laminate

as a crack tmtiator. The composite fabrication procedures are outlined as follows:

4.2.1 Solvent Removal

1. Cut prepreg that had been warmed up to room temperature into 304.8 mm x 304.8 mm (12
in x 12 in) shects.

2. Stack cach sheet of prepreg between two picces of porous teflon coated release cloth and two
pieces of bleeder. The maximum number of prepregs per stack was ten.

3. Placed the stack on the tool plate of the autoclave, and sealed the stack beneath a plastic vac-
uum bag. The bagging assembly 1s shown in Figurc |8

4. Apply full vacuumn and heat the assembly from room temperature to 199°C (390°F) at the rate
of 0.56°C/ min (1°F/ min). After the temperature reaches 199°C, tumed off heat source and
cool down to below T, of polysulfone { 196°C or 381°F ). Release vacuum and cool overnught
in autoclave.

5. Remove and weigh cach sheet of prepreg. Store prepreg in sealed polyethylene bags.

An average of 12.4% weight was lost from each piece of prepreg. The prepreg close to the end

of the spool had a slightly hugher solvent content.
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Figure !8. Solvent removal bagging assembly on the tool plate of the autoclave.
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4.2.2 Laminate Consolidation

1. Cut the free solvent prepreg into 152.4 mm x 152.4 mm (6 in x 6 in) squares.

2. Stack 6 plies of prepreg in a steel mold that had been treated with Freekote 33 ® release agent.
Placed a 254 mm x 152.4 mm (] in x 6 in) picce of Kapton film along one end of the mold.
Stack 6 more plies of prepreg over the Kapton.

3. Place a thermocouple along one edge of the prepreg plics for monitoning temperature.

4. Put the plunger on top of the prepreg careflully to prevent shippage. The assemnbly 1s shown
in Figure 19.

S. Preheat the hot press to 288°C (550°F) . Place the mold in the platens of the press and apply
a slight contact pressure of 48 kPa (7 psi).

6. When temperature reaches 288°C (550°F) in the mold, apply full consolidation pressure of 2068
kPa (300 psi) for 30 minutes.

7. Cool the mold below T, of polysulfone and relcased pressure. The processing cycle is shown

in Figure L.

4.2.3 NDT Evaluation of the panels

The C-scan technique was used to nondestructively evaluate the integrity of the laminates. If there
were any observed “intolerable” defects, the pancl was reprocessed.  Lighty percent of the pancls
were acceptable after being processed once. A typical C-scan result of a good pancl is shown in
Figure 20. Panels which were unacceptable after processing the first time were acceptable after
being processed a second time. Figure 21 is a typical C-scan result of one of the ™bad” pancls before
being reprocessed. Figure 22 is the C-scan result of a onginally “bad” panel (Iig. 21) after being

reprocessed.
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Figure 21. C-scan result of & “bad” §52.4 mm X 152.4 mm panel.
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4.2.4 DCB Specimens

Six DCB specimens were cut from each panel using a water cooled diamond edged saw. The av-
erage width of the specimens was 24.2 mm {0.953 in). Aluminum tabs were bonded to the top and
bottom surfaces at the edge of the specimen using an adhesive. The tabs were to used for load in-
troduction. The tabs were aligned by balancing the beam vertically on a flat surface. A schematic
diagram of the test specimen is shown in Figure 23. The sides of the DCB specimens were painted

with a water based white correction fluid to help visually measure the crack length.

4.3 Testing Procedures

The characterization of Mode-I fracture toughness was carned out in an INSTRON screw dnven
mechanical testing machine. The DCB specimens were fractured at a crosshead speed of 2.54
mm/min (0.1 in/min). A curve of load versus crosshead displacement was recorded for each crack
jump. A crack was allowed to propagate 6 mm to 9 mm before the displacement was halted. Then,
one minute was allowed for the crack to self-arrest. Both audible and visual clues made crack
advancement apparent. The new crack tip was marked on both edges of the spcaimen and the
machine was returmned to zero load before reloading. This procedure was repeated for 4 to 6 times
for each specimen until the specimen no longer behaved geometrically linear. At this point, the
crack was allowed to propagate to within approximately 25.4 mm (1 in) from the end of the spec-
imen at the same crosshead speed. However, no additional data was taken. A typical output from

the chart recorder is shown in Figure 24.

{n order to avoid nonlinear (large) deflections, the crosshead displacernent was controlled by the

inequabty as shown below:
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L<0da 4.8)

This condition falls within the linear (small) deflection beam bending range predicted by analysis
[30]. Keary et al. {25] and Hinkley et al. [28] also used this inequality in thewr work. Therefore,
calculation of G, were justified from the viewpoint of a lincar spectmen test analysis. Any non-

linear P versus A response was expected to involve other factors (c.g. nonlinear matenal).

4.4 Healing Procedures

The fractured DCB specimens were placed in a special alignment fixture and healed for a prede-
termined time at an clevated temperature and pressure in a Tetrahedron hot press. The healing
assembly is shown in Figure 25. In order to apply pressure evenly on the specimen, the fixture was
carefully placed at the center of the platens. An initial contact pressure of 137 kPa (20 psi) was used
and the heating cycle was the same as shown in Figure 1. After processing the specimens were

cooled at a rate of 1.4°C (or 2.5°F ) per minute. The test matnx is shown in Table 2.

All the healed specimens were C-scanned before being subjected to DCB tests. The DCB tests
and Mode [ crtical strain energy release rate calculations were performed using the procedures de-

scribed in Section 4.3.
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Figure 25. Healing assembly of the DCB specimen.
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Table 2. Test matrix of DCB healing experiments.

Data Set Temperature (*C) Pressure Time
kPa/psi (min})

1 245 690,100 30

2 245 13797200 30

3 245 2068/300 30

4 245 690/100 60

5 245 6895/1000 60

6 288 2068/300 30

7 343 2068/300 30

4.5 Results

4.5.1 Double Cantilevered Beam Test

Fiber-bridging and breakage were observed in both the virgin and the healed DCB specimens.
The platcau G, was 30% to 170% higher than the G of the first load application for the virgin
specimens and 2% to 80% higher than the G, of the first load application for the healed specimens.
It is not surprising that the contributions of fiber-bridging and breakage 1o G, is much smaller for
the healed specimens. The thickness of the Kapton insert was below the 0.0762 mm (3 mil) limit
suggested by Martin [29]. The more conservative G, measurement of the first crack jump was re-

ported because it most likely represents the G, value of fractunng the matnix.

The average G, value of the first crack jump was 567.36 Jim? for the undamaged specimens. The
standard deviation from the mean was 49.6] Jim?. This G, is sunilar to the G, measurements

reported by Howes and Loos [2] for 12-ply graphite/polysulfone composites using a smaller 12.7

mm x 76.2 mm (0.5 in x 3 in) specimen. The measured G, was higher than pure epoxy matrix
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composites but was lower than many thermoplastic and some toughened epoxy matnix composites
(22,24,25,26,28,29,31]. Attention should be given to the method used {average, initial, or plateau)

in reporting G, measurements in the literature.

Following the same non-dimensional scheme used for the CT specimens, the healing function is
defined as

(4.9)

where G,_ is the initial critical strain energy release rate for the undamaged specimens. Two
specimens were tested in data set S and three specimens were tested for the each of the remaining
data sets (see Table 2). Average values for R and the standard deviation from the mean were cal-
culated. The results of the DCB tests on the healed composite specimens are shown in Figures
26-28. The symbols represents the mean of 3 measurements at each condition, and the error bars
represent +1 standard deviation from the mean. The effects of pressure on the healing process is
shown in Figure 26. In Figure 26(a), the healing function increases from 0.71 at 690 kPa (100 pst)
to a platcau of about 0.9 at 2068 kPa (300 ps1). Although only two data points were obtained at
6895 kPa (1000 psi) in Figure 26(b), we can still see the trend of increasing R with increasing healing

pressure. A 10 fold pressure increase resulted in only 12.5% increase in the healing function.

Figure 27 shows that the healing process is time dependent. It is not surprising since autchesive

bond development is a time dependent process.

For the last healing parameter in Table 2, the viscosity of polysulfone at such a high temperature
was very low (approximately two orders of magnitude lower than the valuc at 245°C [4]). Tre-

mendous amounts of fiber and resin were squeezed out at the free edge where the Kapton sheet
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Figure 26. Healing function versus pressure for AS4/P 700 unidirectional composites bonded at 245°C

for (a)30 minutes and {b)60 minutes.
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Figure 27. Healing function versus time for ASJ/P 1700 unidirectional composites bonded at 245°C and
690 kPa (100 psi).
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Figure 28. Healing function versus tempesature for AS4/P1700 unidirectional composites bonded at
2068 kPa (300 psi) and 30 minutes.
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was inserted. The healed specimens were tested, but the measured G, was much greater than the

G, of the undamaged spectmen.

The large amount of fiber/resin that was squeezed out duning healing made the data point at
343°C in Figure 28 unrcliable. The healing function R at 245°C has obtained %0% of ongnal
fracture encrgy. Judging {rom the fact that the healing function at 288°C is less than that at
245°C, it is believed that R has already reached a plateau.

4.5.2 Ultrasonic C-Scan

The healed specimens were C-scanned before being subjected to the DCB test. The C-scan tech-
nique qualitatively evaluated the degree to which the fractured surface had healed. It was found that
the results of DCB tests comelated with the C-scan measurements. Figure 29 shows the C-scan
results of typical specimens for the seven sets of healing parameters. The white arcas correspond
to poor-qualitative bonding. Figures (a)-(c) and Figures (d)-(¢) show that higher pressures improve
the degree of intimate contact and the amount of interply bonding. Figures (a) and (d) cleasly show
the role of time in the healing process. Figures (£)-(g) show that full intimate contact of the frac-

tured surfaces has been obtained resulting in complete autohesive bonding of the surfaces.

4.5.3 Microscopy of the Cross-Sections of the Undamaged and Healed

Specimens

The cross-sections of one undamaged specimen and sclected healed specimens were polished and
exarnined under an optical microscope. Figure 30(a) shows the cross-section of an undamaged
specimen. We can see that fiber layers arc not well defined and fiber nesting is obvious. Thus, it

is not surprising to find that both intralaminar and interlaminar cracks exist at the cross-sections
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(a) 245C/100psi/30min
(b) ~ 245C/200psi/30min
(c) 245C/300psi/30min

(d) 245C/100psi/60min

(e) 245C/1000psi/60min
288C/300psi/30min

(2) 343C/300psi/30min

Figure 29. Ultrasonic C-scan results of typical AS4/P1700 unidirectional DCB specimens bonded at
different set of parameters. Kapton inserts are at the left ends of the specimens.
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of the healed specimens examined, i.c. Figure 30(b). The nonuniform tow height of prepreg is also

quite obvious from Figures 30(a) and (b).

In examining the cross-scctions of the healed specimens, we found that the fracture surfaces are
not flat and there was excess resin flow occurring at the fracture surface during healing, as shown
in Figure 30(b). Due to fiber-breakage, the broken fibers sometimes did not realign along the on-
ginal fiber direction. Thus, some oval shaped fiber cross-sections were observed at the healed
interface, as seen in Figure 31(a) and (b). An interesting phenomenon was observed when exam-
ining the cross-section of the specimen healed at 245°C, 6895k Pa(1000psi), 60mun (Figure 31(a)).
There arc several fibers in the central region of the picture that have been debonded from the ma-
trix. The fiber/matrix interfaces to the right and the left of the debonded fibers are either good or
just about to debond. It is probably because that the crack front 1s zigzagged and not a smooth
curve. Some fractured fibers are also observed in Figure 31(a). Due to the cxstence of oval shaped
fibers and cxcess resin flow, there is another debonded interface next to the main fracture interface,
as shown in Figure 31(b). This is believed to be due to the large cross-head displacement at larger

crack lengths.

4.5.4 Scanning Electron Microscopy

The fracture surface of a undamaged specimen and the healed specimens were cxamined under the
scanning clectron microscope. Figure 32 shows the fracture surface of an undamaged specimen.
A resin pocket right behind the Kapton insert was observed. This was the only resin nch area along
the fracture surface observed by SEM. Extensive resin deformation was observed at the resin
pocket. Scattered fiber-breakage was also observed. A closer look at the fracture surface away [rom
the Kapton insert shows interfacial failure and extensive matnx Jdeformation where cohesive failure
occurred (Figure 32(b)). It is believed that the mixed falure mode was the cause of the hugh value

of the standard deviation of the ;- measurement of the undamaged specimens.
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(a)

(b)

Figure 30. Cross-sections of (a)undamaged specimen at 100X, (b)specimen healed
245°C/690kPa(100psi)/60min at 50X.
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(a)

Figure 31. Cross-sections of specimens healed at (a)245°C/6895kPa(1000psi)/60min at 1000X,

(b)288°C/2068kPa(300psi)/30min at 250X.
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Some interesting phenomena were observed when examining the fracture surfaces of the healed
specimens. Thicker resin rich areas due to excess resin flow existed across the entire fracture surface.
This phenomenon was also supported by the optical microscopic results. Figures 33(a) and (b) are
the fracture surfaces of specimens hecaled at  288°C/2068kPa(300psi)/30min  and
245°C/ 2068k Pa{300psi)/ 30min, respectively. In Figure 33(b) the Kapton insert is at the right edge
of the figure. It is likely that the “missing” resin-rich area behind the Kapton insert was on the
opposite fracture surface, stmilar to Figure 33(a). Extensive matrix deformation was observed in
the specimen shown in Figure 34(a). But the fiber surfaces are very clean symilar to what was ob-
served in the undamaged specimen. Figures 34(b) and 15 show that loose strings of polymer have
peeled off across the fracture surface with extensive matrix deformations. Polymer tendnls were

obscrved quite often on the fracture surface of the healed specimens.

Microscopic examination of the cross-sections and fracture surfaces show that the fracture mech-
anisms are quite complex for the healed DCB specimens. This is probably why there was consid-
erable scatter in the healing data. The poor fiber-matnix interfacial strength causes the low G,

values of the undamaged and healed specimens.
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(b)

Figure 32. Fracture surface of undamaged specimen.
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Figure 33. Fracture surface of specimens  healed at
(b)245°C/2068kPa(300psi)/ 30min.
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Figure 34. Fracture surface of specimens healed at (a)288°C/2068kPa(300psi)/30min,
(b)245°C/690kPa(100psi)/60min.
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Figure 35. Fracture surface of specimens healed at 343°C/2068kPa(300psi)/30min.
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S. Non-Isothermal Autohesion Model for Amorphous

Thermoplastic Composites

In processing of thermoplastic matnix composites, it has been observed that individual prepreg plies
consolidate into a laminate by bonding themsclves to onc another at the interfaces. The interply
bond strength for thermoplastic matrix composites has been shown to be dependent upon the
processing parameters, pressure, temperature, and contact time. I, during processing, the temper-
ature distribution in the composite is nonuniform, the ply interfaces will bond (or heal) at different
rates. Thus, for a specified processing cycle, it is important to know precisely the temperature and
degree of autohesive bonding at every point in the composite laminate in order to estumate the re-

quired process time.

In this chapter, a model for non-isothermal processing of amorphous thermoplastic composites is
presented.  The model is an extension of the non-isothermal autohesion model developed for an
amorphous thermoplastic resin in Chapter 3. Results of the model are compared with temperature

data obiained from a 64-ply unidirectional composite.
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5.1 Heat Transfer Analysis of Thermoplastic Composite

Material

Consider a thermoplastic composite laminate consolidated from unidirectional prepreg.  The
composite i3 fabricated by cutting the prepreg to the desired dimensions and then stacking the
prepreg sheets in the cavity (bottom portion) of a metal mold (similar to what is shown in Figure
19). The plunger (top portion) of the mold is placed on 1op of the prepreg and the entire assembly
is placed between the platens of the hot press. When the platens are heated, heat i1s conducted
through the mold and into the composite. The vertical surfaces around the mold are exposed to
the ambient. Heat is lost from these surfaces by free convection. A typical processing cycle was

shown in Figure 1.

As discussed in Chapter 1, at some point during processing, a consolidation pressure is applied to
allow for coalescence and intimate contact of the ply interfaces. In this tnutial analysis, it is assumed
that the ply interfaces achicve complete intimate contact instantancously. Hence, the effects of

consolidation pressure are neglected.

The problem to be analyzed is the composite and mold assembly shown in Figure 36. The tem-
perature distribution in the composite laminate during processing can be determined from the un-
steady heat conduction cquation. For a unidirectional composite the transient heat conduction

cquation can be writien as follows:

OT _ 2, T & o , 2, aT
PCCPC a!_ax(kx ax)+ay(ky éy}+62(}(’ 82) {51)
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Upper Platen I

Lower Platen

W

Figure 36. Coordinate system used in the heat transfer analysis of the matched metal mold consolidation
assembly.
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where k,, k,, and &, are the thermal conductivities in the three cartesian coordinate directions as
shown in Figure 37, and the subscnipt ¢ denotes the properties of the composite. If the prepreg is

assumed to be transverscly isotropic in the y-z plane, then & will be equal to &, .

For a unidirectional composite, the thermal conductivity in the fiber direction, %,, is much greater
than the thermal conductivities normal to the fiber (i.c. k. ,}. Hence, the temperature distnbution
along the fiber dircction (x-direction) is very uniforrn and the problem can be simplified to deter-
mining the temperature distribution in the y-z cross-section shown in Figure 37. Equation 5.1 can

be simplified and becomes:

aTr 2 or

For the mold, the matenal is assumed 10 be isotropic and the two dimensional transient heat

conduction equation can be writlen as

oT _ 3., oT T
Pmcpm-y'_ ( m 0 ) ( m 3, ) (53)

where p,, C,., and k_ arc the density, the specific heat, and the thermal conductivity of the mold

respectively.

Due to the thermal as well as geometric symmetry of the problem, we analyze only one hall of the
composite-mold assembly (Figure 36). The initial and boundary conditions may be wntten in the

form

Initial condition:
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Tw.2,00=T, (5.4)

Boundary conditions:

aT(0, z, &)
T= 0 (5.5)
W
—km%ﬂ=h[]’(u’. 20=T) (5.6)
T{y, 0! ‘) = TLP(!) (57)
T‘y. i, )= pr(f) (53)

where T, is the initial temperature, 4 is the convective heat transfer coefficient, W is the half-width
of the composite-mold assembly, /{ is the height of the composite-mold assembly, and 7, , and
Ty s are the temperatures of the lower and upper platens, respectively. T, , and T, are functions

of time. The fluid temperature (7)) is equal to ambient temperature.

Solution of Equations 5.2 and 5.3 with the initial and boundary conditions given in Equations
5.4-5.8 was solved by the finite element technique using the two-dimensional finite clement program
FEM2D [23]. The program use a sermidiscrete approximation to solve the transient heat con-
duction equation. A “8° family of approximation was used to approximate the first-order time de-

rivative.
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5.1 Micromechanics Equations for Thermal Properties of

Composites

Fiber-reinforced composite materials are anisotropic and heterogeneous. The properties of the
composites are influenced by, but not the same as, those of the constituents [32]. Springer and Tsai
(33] and Chamis [32] related the properties of the constituents (fiber/matnx) to those of the com-
posite. A micromechanics point of view was used. Unidirectional composites were investigated
because they are fundamental to the analysis and design of fiber-reinforced composite structures.

The assumptions behind the micromechanics equations are [33,34]:

]. The composites are macroscopically homogeneous, lincarly clastic, macroscopically
orthotropic and initially stress-free.

2. Both the matrix and the fibers are homogeneous and lincarly elastic. The matnx is mechan-
ically and thermally isotropic. The fiber is mechanically isotropic but thermally anisotropic.

3. The filaments are regularly spaced and perfectly aligned.

4. The thermal contact resistance between the filament and the matnx is negligible,

5. The bonds between the fibers and matnx are perfect.

The equations suggested by Chamis (32] were used due to the completeness and the casc of use.
Those which are relevant to the heat transfer analysis are listed below based on the coordinate

system shown in Figure 37.

Pe=Vpr+ VmPm (5.9)
Cpc = ;IE' (v Cor + VmpmCpom) (5.10)
Ky = ky = Vkn + VK (5.11)
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ky = k= kg = ky = (1~ vy Pk + (5.12)

k
L=y -2

where the vanables are defined as follows

* vy : volume fraction of constituents.

k : heat conductivity of constituents or composite.

* p : density of constituents or composite.

e G, : specific heat of constituents or composite.
subscripts
¢ [ denote fiber.

e m: depote matnx.

e ¢ denote composite.

¢ x:denote x direction in the cartesian coordinates in Figure 37.
¢y :denote y direction in the cartesian coordinates in Figure 37.
s - denote z direction in the cartesian coordinates in Figure 37.
¢ ] :denote 1 direction in the cartesian coordinates in Figure 37.
e 2 :denote 2 direction in the cartesian coordinates in Figure 7.

¢ 3 :denote 3 direction in the cartesian coordinates in Figure 37.
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5.3 Experimental Procedures

Experiments was performed to verify the results of the heat transfer analysis descnbed in Section
5.1. Preparation and consolidation of the composite laminate were similar to the procedures dis-

cussed in Section 4.2.2.

A 64-ply composite laminate was constructed from 305 mm (12 in) wide, 0.163 mm (0.0064 in)
thick unidirectional graphite fiber (Thome! T300), polysulfone matnx (Udel P1700) prepreg tape.
The prepreg was manufactured by Amoco Performance Products and had a fiber volume fraction
of 60%. Prepreg was manufactured using a solventless technique. The prepreg was cut into 152
mm (6 in) squarc shects and the sheets were stacked on top of each other to form a 64-ply
unidirectional lay-up. The lay-up was placed into the cavity of the mold assembly and plunger was
installed over the top of the lay-up. The surfaces of the mold assembly in contact with the prepreg

were treated with Freckote 33 mold release agent.

In order to measure the temperature distnibution in the composite-mold assembly during process-
ing, seven thermocouples were embedded inside the laminate and six thermocouples were placed
around the mold. Figure 38 and 39 show the dimensions of the processing assembly and the lo-
cations of the thermocouples. The composite was processed in a Tetrahedron Pneumapress hot
press. The press was preheated to 300°C (572°F) and the composite-mold assembly was placed into
the press and the platens closed. During heat-up, an initial contact pressure of 24 kPa (3.5 psi )
was applicd. When the temperature of the composite reached 288 °C (550°F), a consolidation
pressure of 2068 kPa (300 psi) was applied for 30 minutes. During processing, the outputs of the
thirteen thermocouples were continuously recorded by a HP 3479A Data Acquisition, Control Unat.
After consolidation for 30 minutes, the platen heaters were turned off and the composite was al-
lowed to cool under pressure. When the temperature of the composite dropped below the 7, of

polysulfone, the pressure was released and the assembly was removed from the press.
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Figure 39. Top-view of the 64-ply T300/P 1700 unidirectional composite processing assembly and the
locations of the thermocouples.
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The composite was reprocessed a second time using the above processing cycle. The laminate
quality was good after the sccond processing. There was a small amount of fiber and resin squeczed
out after processing. The C-scan result is shown in Figure 40. The average thickness of the lami-

nate was 8.66 mm (0.341 in).

The main difference between the two processing runs was that spatial gaps existed between each
layer of prepreg in RUN #1. Intimate contact was not achieved completely during RUN #1. The
intimate contact assumption is valid for Run #2. Thercfore, some differences between the calcu-

lated and the measured temperatures in RUN #1 are expected.

5.4 Comparison Between Heat Transfer Analysis and

Experimental Data

In this section the results of the FEM heat transfer analysis are presented and compared with the

temperature distribution measured during processing of a 64-ply graphite; polysulfone composite.

The thermophysical properties of the composite were calculated using the micromechanics ex-
pressions presented in Section 5.3. The constituent and composite propertics are tabulated in Table

kX

As shown in Table 3, &, and &, are much smaller than 4,. This justifies the assumption of uniform

temperature along the fiber direction.

Dimensions of the composite-mold assembly cross-section analyzed are shown in Figure 38. The

thickness of the composite (w) was taken to be 10.44 mm (0.411 in) for RUN #1 and 8.66 mm
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Table 3. Material propertics used in analyzing heat transfer in a unidirectional 64-ply TIHYP1700

composite.
T300 Graphite Polysulfone Steel Composite
Fiber (Amoco) {Amoco) {36]
p(Kglm®) 1,772 1,240 7.801 1,559
C(KJIKg*C) 1.13(at 175°C) 1.13 0.473 1.13
k,(WimC) 8.65 0.26 2.22 5.29
k(Wim*C) 4 0.26 222 0.79
k(Wim'C) 4 0.26 2.22 0.79
v %) X X X 60

(0.341 in) for Run #2. The finite element mesh and boundary conditions are shown in Figure 41.

Four-node, isoparametnic, rectangular elements were used in the analysis.

The upper temperature boundary conditions (7 , (1)) and lower temperature boundary conditions

(T (1) for the two tests were measured during processing and are shown in Figure 42.

In the computations, the boundary temperatures were changed every 10 seconds for the first 20
minutes and cvery minute afterwards. Linear interpolation was used to determined the boundary

temperatures between successive data points.

In the finite element program, the time paramecter & was taken to be 0.878 [33]. Time increments

of 2.5 seconds for the first 20 minutes and 20 seconds afterwards were used.

A subroutine was developed to calculate the heat transfer coeflicient (A) at each time step. The
subroutine is based on the experimental equations suggested by Churchill and Chu [36] for the case

of free convection past a vertical surface. The equations are listed as follows:

N, = 0.68 + 0.67Ra}/*[1 + (122 167407 0<Ra,<10° (5.13)
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Figure 42. LUpper and lower boundary conditions of the 64-ply T300/F1700 unidirectional composite
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N, = {0.825 + 0.387Rq]"[1 + (—52=*16173/7)2 10°<Ra, (5.14)

0.492
Pr

®  Ra, : Rayleigh number based on the vertical plane length L .

e  Pr: Prandtl number (”TC') of the surrounding fluid. Where u i3 the coefficient of dynamic
viscosity, C, is the specific heat, and & is the conductivity.

s N, : Nusselt number (-_hjf_’ ). Where A is the heat transfer cocfficient, L is the length of the

convection surface,

The Rayleigh number Ra, in the above equations is defined as follows:

L3gpaTPr

1
¥

Ra, = (5.15)

e g :acceleration of gravity (9.81m/ sec?).

1
K
AT : difference between fluid temperature and the averaged surface temperature.

¢ f: cocfficient of thermal expansion ( for idcal gascs).

s v : coeflicient of Kinetic viscosity of surrounding fluid.

All the properties, except §, are evaluated at the mean between the temperature of the surrounding

fluid and the average surface temperature. § ts evaluated at the room temperature.

[n the subroutine, the Rayleigh number (Equation 5.15) was calculated first from the temperature
difference (A T) between the ambient (room temperature) and the average surface temperature.
Then, either Equations 5.13 or 5.14 was used to calculate the Nusselt number based on the mag-
nitude of the Rayleigh number. The heat transfer coefficient ( A ) is calculated from the Nussclt

number. The new value of A will be used in the next time step.

Comparisons between the measured temperature distnibution and the temperature distnbution

calculated using the FEM heat transfer analysis for the é4-ply graphite:polysulfone composite are
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shown in Figures 43 and 4. From Run #1 (Figure 43) the measured temperature is lower than
the calculated temperatures during the first 50 minutes of processing. This difference is probably
due to low initial press pressure at the beginning of the processing cycle. The low contact pressure
was not sufficient to achieve complete intimate contact of the ply interfaces and the thermocouples
did not have good thermal contact with the surface of the plics. When full consolidation pressure

was applied, the measured and calculated temperatures agreed well.

When the composite was reprocessed in RUN #2 (Figure 44), the laminate was fully consolidated
during the entire processing cycle. The agreement between the measured and calculated temper-

atures was excellent during the early part of the processing.

Shown in Figures 45 and 46 are fiber direction (x-direction) temperature distnbutions measured
during processing. As assumed in the analysis, the high thermal conductivity in the fiber dircction

results in a uniform composite temperature distnbution i this direction.

The convective heat loss from the edge of the mold was determined using the heat transfer cocefli-
cients calculated from Equations 5.13 and 5.14. The validity of this analysis was checked by com-
paring the measured and the calculated temperature at the boundary of the mold. As can be scen
from Figurc 47, there is reasonably good agreement between the results of the FEM modcl and the

data.

The non-isothermal autchesion model described in Section 3.3 was used to calculate interply bond
strength development during processing of the 63-ply graphite, polysulfone composite. The finite
element model presented in Sections 5.1 and 5.2 was used to calculate the composite temperature
distribution. Results of the analysis are shown in Figure 48. Assumung intimate and complete
contact of the ply interfaces, interply bond formation begins after about 20 minutes into the proc-
essing cycle. The model predicts that all ply interfaces will be completely bonded (R = 1) n about

31 minutes.
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In Figure 28 of Chapter 4, the healing function from the DCB test was measured to be R = 0.86
after processing at 288°C and 2068 kPa (300 psi) for 30 minutes. However, the non-isothermal
autohesion model predicted that a 64-ply composite will be fully consolidated (R = 1) in about 11
muinutes. This difference is probably due to the complex interfacial conditions that are not included
in the model formulation at the present time, at the fracture interfaces of the DCB specimens in the
healing test. The extra resin flow cost extra time to achicve intimate contact for the DCB speci-
mens. Without considering the pressure effects in the non-isothermal autohesion model, the
interply bond development was achicved in a shorter time. Furthermore, the strength of the healed
interface which had been fractured would be theoretically lower than that of an undamaged interface

no matter what the healing parameters the fractured interface was exposed to.

The non-isothermal autohesion model was also used to predict the time required to completely
bond the ply interfaces of a 192-ply unidirectional graphite. polysulfone composite in the processing
assembly shown in Figure 49. Again, it was assumed all interfaces were in intimate contact when
bonding first begins. Therefore, the effects of consolidation pressure were not considered. Tem-
peratures of the upper and lower platens (7, Figure 49) were assumed to be constants. 7, was

taken to be 288°C.

The results of the model prediction of the interply bond development in a 192-ply unidirectional
graphite/polysulfone composite are shown in Figures 50 to 53. Figure 50 shows the temperature
vanations at the center of the composite {(y=0, z=0, Figure 49) and at the composite-mold
boundary (y = 15.24 cm, z=0, Figure 49). Because the platen temperature (7,) was assumed to
be constant, the temperatures in the composite are expected to nse very fast to the stcady state.
Figures 51 and 52 show the temperature distiibutions at six different times along the y and z axes.
The temperature distribution in the y axis are umforn except in the region close to the
composite-mold boundary. Figure 53 shows the predictions of interply bond development at the
center of the composite (y =0, z=0, Figure 49) and at the composite-mold boundary (¥ = 15.24 ¢m,
z=0, Figure 49 ). Due to the nonuniform temperature distribution, autohesive bonding occurs at

different rates throughout the laminate. For example, in the midplane of the composite, the plies
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will be completely bonded at the composite-mold boundary in about 2 minutes while complete

bonding of the plies takes about 6 minutes at the center.
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6. Summary of Results

A non-isothermal autohesion model was developed by combining a transient finite clement heat
transfer model with the isothermal autohesion modcl. The results of the non-isothermal autohesion
model were compared with the data obtained from healed P1700 polysulfone compact tension
specimens by Howes and Loos [2]. The transient finite element heat transfer model estimated the
temperature vanations in the CT specimen very well. The non-isothermal autohesion model ac-
curately predicted the onsets of autohesive bond formation and the times required for complete
autohesive bonding for temperatures close to 7, of the resin (196°C). At higher temperatures, the
model did not match the data as well, because most of the bonding occurred non-isothermally and

the temperature dependence of the healing function was extrapolated from lower temperature data.

A healing test for studying interply bond development in AS4/P1700 umdirectional compaosites
was examined. The double cantilevercd beam test was selected. Fiber-brndging and fiber-breakage
were observed in both the virgin and healed DCB specimens.  The contributions of the fiber-
bridging and breakage 10 the ;. were much smaller for the healed specimens. The results showed
the dependency of interply bond formation on the processing parameters (i.e., time, temperature
and pressure). A plateau value of the healing function R was reached as cach of the processing
parameters was increased. As observed in the healing function (R) versus pressure graphs, the

pressure is a key factor in the healing process. Higher pressure accelerated deformation of resin
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which achieved the intimate contact at the fractured interface. The DCB test results were supported
by ultrasonic C-scan tests performned on the selected healed specimens. The C-scan results showed
that the degree of intimate contact and the amount of interply bonding were improved as one of

the processing parameters (i.e. temperature, pressure and time) increased.

Optical and scanning electron microscopics were used to cxamine the cross-sections and the frac-
ture surfaces of the selected virgin and healed specimens. Resin pockets existed behind the Kapton
inserts in the virgin specimens. Resin flow occurred across the fracture surface during healing to
achieve intimate contact. The fracture surfaces were not flat.  Oval-shaped fibers existed at the
healed interfaces because of the loose fibers due to fiber-breakage. The fracture mechanism was
quite complex due to the existence of fiber-bnidging, fiber-breakage, and poor fiber/matrix interfacial
bonding. The complex fracturc mechanism resulted in the low fracture toughness and the high
standard deviation of experimental data. A minor debonded interface next to the main fracture
interface was found in some healed specimens, duc to the large cross-head displacement at larger

crack lengths.

Because of the complex fracture mechanism and the complex conditions at the fracture interface
before healing, it is not certain if the double cantilevered beam fracture toughness test is suitable to
characterize the interply bond development in amorphous thermoplastic composites. The proce-
dures of the specimen preparation and test procedures might be modified to simplify the fracture

mechanism in the DCB test. Then, a more positive conclusion might be achieved.

The non-isothermal autohesion model was modified to estimate the interply bond development in

a 64-ply TID0O/P1700 and a 192-ply AS4/P 1700 unidirectional composites.

A 64-ply TA00/P1700 unidirectional composite was processed twice using the same processing
cycle, The matched metal mold consolidation technique was used. In RUN #1, a difference be-
tween the measured temperature data and the calculated values was found due to the low initial

contact pressure at the beginning of the processing cycle. The low contact pressure was not sufli-
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cient to achieve complete intimate contact of the ply interfaces, and the thermocouples did not have
good contact with the surface of the plies. After the full consolidation pressure was applicd, the
measured and the calculated temperatures matched well. In RUN #2, good agreement between the
measured and the calculated temperatures was observed due to the full consolidation durning the

entire processing cycle.

The use of the Equations 5.13 and 5.14 to calculale the heat transfer coefficient at the convective
boundaries was justified by the good fit between the expertmental data and the calculated values,
In addition, the temperature distnbution along the fiber direction was shown to be uniform. This

justificd the use of the two-dimensional heat transfer analysis for unidirectional composites.

The interply bond formaiion in the 64-ply T300/P1700 unudirectional composite was predicted by
the non-isothermal autohesion model. Assuming tnitial and completc intimate contact of the ply
interfaces, interply bond strength development was completed after 31 minutes into the processing
cycle, or 1] minutes after bonding began. [n comparison with the data of the DCB tests (R = 0.86
for 288°/2068kPa (300psi)/30min), the model estimated a higher interfacial strength developing in
a shorter time. This is probably due to the extra time required for the fracture interface 1o achieve
intimate contact. Without considering pressure cffects, the non-isothermal autohesion model will

predict that interply bond development is achieved in a shorter me.

For the 192-ply AS4,P1700 unidirectional composite, the temperature was predicted to mise very
quickly due to the constant platen temperatures and the negligence of the pressure effects. There-

fore, the interply bond formation was estimated to be achieved in a very short time.

In order to more accurately predict the interply bond development in a thermoplastic composite
in processing, the cffects of pressure must be studicd. [n addition, the non-isothermal autohesion
model can be modified to consider the thermophysical heterogeneity caused by more general lami-
nate lay-ups, to take into account the heat emutted duning the crystallization in a sermui-crystal matrix

composite, and to calculate the residual stress after processing.
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