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(ADSTRACT)

A non-isothermal autohesion model was developed by cornbining a transient finite element heat

transfer model with the isothermal autohesiou model. Heat transfer analyses and the interfacial

strength development analyses were conducted using the non-isothermal autohesion model on a

polysulfone (Udel Pl'700) compact tensioo specimen, a 64«ply gnphitc (Thomel T300)/Pl700

unidirectional composite, and a l92-ply gxaphite (llcrcules AS4)/l"l700 unidircctional composite.

A 64-ply T300/Pl700 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 mcasured temperature values.

A healing test which aimed at studying the intcrply bond development in AS4'Pl700 unidirectional

composites was performed. The double cantilcvered beam (DCD) Mode l fracture tougmcss test

was selected. The DCD specimens were fractured and healed in a special lixture with different

combinations of temperature. pressure, and time. The healed DCD specimens were refractured and

the critical strain energy release rates (0,,,) were measured. The pressure was found to be a key

factor in the healing process. Temperature and time dependencies ofthe interply bond development

were also observed.

The non-isothermal autohesuon model predicted a higher strength acluevcd in a shorter time. This

was due to the extra time which was needed for the fracture interface to achieve intimate contact,

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

model.
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l. Introduction

Use of advanced composites hat increased siytificantly in recent years. High speciüc strength and

stiffness make composites ideal for many aerospace applications. Fiber-reinforced organic matnx

composites which commonly use thermosctting resins, such as epoxies, have some inherent defi-

cicncies, These include the need for multistep processing, limited shelf·life, low toughness , sensi-

tivity to moisture, and inability to reprocess or reform the material [l|.

ln recent years considerable attention has been focused on the use of tough, highdemperature,

solvent-resistant thermoplastic polymers as matrix matenals for liber·retnforced composites. The

increased toughness of Ihermoplastic rcsins can subsequently improve the damage tolerance of

composites. However, the meehanisms describing consolidation and interply bonding during

processing of thermoplastic matrix composites are quite different than the mechanrsms obscrved

during cure of thermosetting matrix composites. Extreme tow height nonumfomtity and lack of

flow make therrnoplastic prepregs more difficult to process than thermosctting prepregs. Urilike

therrnosetting rcsins, which rely on low viscosity and high fiow of the resin to coalesce the ply

interfaces, thermoplastic matrix preprcgs must be physically deformed to cause mtrmate contact and

coalescenoe of the ply interfaces. Table l shows a comparison between themiosetting and

thet-moplastic matrix compositcs.
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Table t. Comparison ofthermosetting and therrnoplastic matrix c¤nrposir¢s.|t,Z|

Thermosetting Resin Thermoplastic Resin

Composite: Composite:

Neat Resin °minimum viseosity is low °minimum viscosity is high

(:10 poise) (:10‘ poise)

°l1otv of resin is high °llow of resin is very low

Prepregs °uniform 'nonuniform

(or raw °requires refrigerated 'ambient storage anywhere

materials) storage

Processing °chemical reaction during cure °n¤ reaction during eonsoli-

(irreversible) dation(ret*ersible)

°1ow processing tempera- °high processing tempera-

ture (250-JSO‘F) ture (600-700"F)

Laminates °car1not be reformed 'multiple refomiing possible

(or finished 'absorbs moisture °t·irtual1y no motsture

parts) absorption

Techniques commonly used to manufacture composites from prepregs include compression

molding and vaeuum·bagged autoclave molding. The prcpreg is cut to the dlmensions of the

structure and the über directions oriented to obtain the required mcchanical properties of the fm-

ished product. The lay-up is then placcd in a rigd mold (compression molding) or vacuum-bagged

(autoclave molding) and processed at an elevated temperature and pressure for a known penod of

time, called the processing cycle. A typical processing cycle {or a thermoplastic composite is shown

in Figure 1.

The composite is heated at a constant rate from room temperature to an elevated temperature

above the glas: transition temperature (7}) ofthe thermoplastic matrix resin. At some point during

the processing cycle the consolidation pressure is applied. 'I‘he composite is held for a speciücd

period of time under elevated temperature and pressure to allow for intimatc contact, coalescence,

and complete autohesive bonding of the ply interface:. At this point the consolidated composite

is cooled under pressure to below the 7; of the matrix.

t. Introduction 1
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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 consolidatcd com-

posite stmctures with strong interply bonds. ln order to improve the processing theory for con-

tinuous fibenreinforoed thermoplastic matrix composites, the processing parameters, temperature,

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

ln development of a processing model, the physical processes that occur during production of

therrnoplastic composites must be understood fully. The mechanism controlling interply bond

formation (consolidation) during processing cf a thermoplastic composite has been recognized as

autohesion or self·dilYusion [3]. Theories describing autohesion in themioplastic 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 to develop a model for non-isothermal processing of thermoplastie composites by in-

corporating a transicnt heat transfer analysis into a model for isothermal autohesive bond

development in amorphous thermoplastic resins. A second ob]ective was to use the results of the

model in conjunction with experimental tests to investigate autohesion in über-rciriforced amor·

phous thermoplastic prepregs. ln this study, a double cantilevered beam interlaminar fracture

toughness test is used to characterize autohesion in liberreinforced amorphous thermoplastic

prepregs.

t. tmmdunien 4



2. Literature Review

ln previous studies of thermoplastic composite processing, it has been established that individual

prepreg plies cousolidate 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

meehanism goveming the formation of interply bonds has been established as autohesion or sell-

diifusion [3]. The following is a brief summary of the results of previous investigations on

autohesion in thermoplnstic polymers and liber-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) dilIusion of the macromolecules across the interface [J]. Figure 2 shows the phe-

nomenon of autohesiou for an amorphous thermoplastic polymer. At time zero, the two surfaces

are pressed together. Providing the temperature is higi enough (norrnally above the glass transition

z. Literature Ruin 5
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temperature, 7}), the surfaces will deforrn viscoelastically, come into contact. and wet (Fig, h).

The polymer chains will begin to diffuse 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-

locular chains on the other side of the interface, thus jving the interface strength (Fig. 2b). Fol-

lowing a long period of time, the polymer chains will have penetrated and entanglcd into the

adjacent interface so that the interface is no longer distinguishable from the bulk polymer. At this

point, the interface is considered completely healed (Fig. Ze).

Either wetting or diffusion can account for siytilicant portions of the interfacial strength. Diffusion

is conditional upon the surfaces being in intimate 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'C¤nnor [B-l0[. Prager and Tirrcll ll ll, and Jud

et al. [IZ] have developed theories explaining strength development ofa polymer-polymer interface

and crack healing in thermoplastic polymers. These studies tesulted in basic mathematical re-

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

2.2 Autohesion Test Methods

Destnictive mechanical tests commonly are used to characterize autohesion of high polymers. ln

the meehanieal tests, two polymer surfaces normally are pressed together at a given temperature for

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

using the appropriate test.

Tack measurernent were used by Skewis [IJ]. Bauer [I4]. and Rhee and Andries [I5] to measure

interfacial tensile strength of two surfaces that have been pressed together under pressure for a

Z. Liteuture Review 7



specified time. The tack tests were performed at room temperature, well above
Z of the elastomers

studied.

Fraeture toughness tests were performed by Wool and O’Connor [9,l0|, Jud et al. |l2| and Howe:

and Loos [2]. Wool and O'Connor studied healing of elastomers using double cantilevered beam

touytness tests, and healing of PMMA and polystyrene using Izod impact tests. The speeimens

were healed above the 7. of the polymer in question. lud et al. used a compact tension fracture

toughness test to measure autohesion in healed PMMA spccimens. The specimcns were healed in

a hot press at temperature: above the 7. of PMMA (approximatcly lU0 °C ). llowes and Loos

used a compact tension fracture touytness test to measure autohesion in healed polysulfone speci-

mens. The speeimens were healed in a force ai: convection oven at temperatures above the T. of

polysulfone.

llamed |l6] investigated tack fomtation in elastomers using a T-pcel test. .·\ T—peel test measures

the energy required per unit area to separate the two surface:. The polymer was dissolved in a

solvent and spread on :t lleiuble base. Two strips of the pol)mer, base material were pressed together

for a measured tinte and then the strips were scparated in a tension testing machine.

lnterfacial tests were performed by \Vool and 0'Connor | l0|, Boenig et al. |l7[, Loos and Dara [-I],

Bothe and Rehage[l8|, and Howe: and Loos [2]. \Vool and 0'Connor used notched tensile bars

of hydroxy·terminated polybutadiene (HTPB) that were fraetured and healed to evaluate fracture

stress, fracture strain, and fracture energy aa a function of healing time. Boenig et al. used the

ASTM Test Methods for Rubber Properties in Tension (D 412-SIT'), type C tension test to

measure taclt in urethrari elastomers. Dara and Loos used a parallel plate plastometer litted with

a tcnsile compressive ioad cell to measure autohesion in polysulfone resin, The specimens were

bonded at elevated temperature: and tested mechanically at the bond temperature in a nitrogen-

purged atmosphere. Bothe and Rehage used a through-the·thick.ness tension test at room temper-

ature to test autohesion in polybutadicne (BR), crosslinlced acrylonrtnle-butadienc copolymer

(NBR). ethylenepropylene copolymer (EPM), and polychlorobutadiene (CR). They studied the

1. Literature Review 8



effects of contact pressure, contact time, polymer structure, and strain rate. Howes and Loos at·

tempted to use an interfacial tertsion 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 diflicult to oorrelate autohesive strength with bonding temperature and

contact time, The poor results were attributed to surface irregularities, misalignment ol the grips

and lixtures during mechartical testing, and thermal effects.

A close examination of the literature reveals that autohesive bonding of the ply intcrfaces dut·ing

forrrtation of a thermoplastic composite laminate has not been studied extensively. Howes and

Loos [2] used a double cantilevered bcam interlamirtar fracture toughness test to study autohesive

bond development in AS4 gaphite liber, Udel Pl70O polysulfone composites. Fractured DCB

speeimerts were healed at temperatures above the T. of polysulfone, Critical strain energ release

rates (Gm) of the healed spedmens were measured. The data did not show a strong time or tem-

perature dependanoe as observed in the neat resin test. Clearly, further studies on interply

autohesive bond formation during processing in amorphous thermoplastic compositcs are needed.

1. Litemure Review 9



3. Non-isothermal Autohesion Model for Amorphous

Thermoplastic Resin

As discussed in Section 2.2, the compact tension fracture toughncss lest is commonly used to

measure autohesive bond in thermoplastic polymers [2,12]. Precrackcd CT specimens 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 T') and healed

for the specified period of time. Due to the thermal resistance and capacitance of the CT specimen

and a fmite surface heat transfer ooeflicient, the time required for the fracture surface to reach the

desired bonding temperature can be a siyuficant portion of the total bonding time. Furthcrmorc.

when the specirnen reaches bonding begins. llcnce, a sigriificant portion of the bonding process

occurs during trarisient heating of the specimen. lf the temperature distribution of the fracture

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

ln order to accurately model autohesion in thermoplastic resiris and composites the temperature

distribution of the surface being bondcd must be luiown during processing. This inforrnauon can

then be combined with isothermal data to model autohesion bond development during non-

isothermal processing.

J. Nun-awunumgl Autohcsian Model rm Anrnrpheus Thermoplnstie Resin l0



A model describing non·is¤othermal autohesive bonding for the CT specimen is presented in this

chapter. Results of the model are compared with test data obtairted from polysulfone (ljdel P1700)

CT speclmens.

3.] Compact Tension Specimen Heat Transfer Analysis

Consider the compact tension specimen shown in Figure J. A precracked polysulfone CT speci-

men is plaeed in a metallic lixture [2] and healed at elevated temperature:. In the analysis, it is as-

sumed that the thermal capacitartce and resistance of the metallic Iixture cart be neglected. The

outer surfaces of the CT specimen are heated by foreed convection heat transfer and heat is con-

ducted into the specimen.

The temperature distribution in the CT specimen can be detcrmirted from the urtstcady heat con-

duction equation which includes foreed eonvection heat transfer at the outer bounrlaries. lf the

temperature variation in the z·direction is small, then a two-dimensional heat transfer analysis can

be used to calculate the temperature distribution irt the it-y plane. 'Hie two dimensional transient

Fourier equation can be written as follows [19]:

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

r is time.

J. Nun-isothermnl Atrtohuion Model for Amorpltotu Thermoplastie Resin I I
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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

lnitial condition:

T(x,y, 0) = T, (3.2)

Boundary conditions:

öT(0,y, 1) _ öT(b,y, 1)

dx -
0 ,

—
k

ax
= h[T(b,y. 1)

—
T/] (3.3)

öT(x. 0, 1) öT(x, I. 1)

ay -
0 ,

-
It

ay -
h[T(x, I, 1) —T[] (3.4)

where 71 is the initial temperature, h is the convective heat transfer coeflicient. and T}is the ambicnt

temperature, llere, T} is equivalcnt to the oven set point temperature.

Solution of Equation 3.1 for arbitrary time varying boundary conditions must be obtained by nu-

met·ica1 methods. A two-dimensional finite element program FEMZD [20] was employed. The

program uses a semidiscrete approximation to solve the transient heat conduction equation. A '

0 ' family of approximation was used to npproximate the first-order time derivativc. A value for

8 of 0.5 was used corresponding to the Cranlt·Nico1son dilference scheme [21].

The finite element heat transfer analysis was used to calculate the temperature distnbuxion in 2

ljdel Pl700 polysulfone CT specimcn during hcalirtg. The densily, specific heat capacity. and

thermal conductivity of polysulfone are I.24><l0‘ Kg/m‘. 1.lJxl0‘ J/Kg’C, and 0.26 W/m°C re-

speetively [2]. Dimensions of the CT specimcn are shown in Figure 4 with lequal to l5.24 mm

and b equal to 6.35 mm. A l4x14 mesh of four·node linear quadrilateral elements and the
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boundary conditions are shown in Figure S. Time increments of 0.l second were taken for the first

10 seconds of the analysis and l0 seconds thereafter.

Results of the analysis were compared with data reported by Howes and Loos [2]. Howcs and

boos measured the temperature at the crack plane during healing of a polysulfone CT specimen in

a forced·air convoction oven. Figure 6 shows a comparison between the calculated and measured

temperature at the center of the crack (position x=0, y= 0, Figure S) for oven set point temper-

atures of 200, 2l3.5 and 245 deyees Celsius. The heat transfer analysis gave very good correlation

with the measured results. A heat transfer coefficient of 53.7 W/m"C was used in the calculations.

The heat transfer coelfident was obtained by using the FEM analysis to calculate temperature

versus time for different values of the heat transfer coeflicient until the calculated temperature

matehed data.

Results of the FEM heat transfer analysis show that during bonding the temperature distribution

through the thickrress of the specimen is nonuniform. The temperature distribution of the

polysulfonc CT spccimen across the crack surface being bonded is shovm in Figure 7. The proc-

essing temperature was 245'C. For these conditions, there is apprortimately a 20 seconds time dif-

ference between when the outer surface of the crack (rt/b= l) reaches 7} and begins to heal and the

center of the crack (x1b= 0) reaches 7} . The temperature distribution along the vertical centerline

(y·axis) of the polysulfone CT specimen is shown in Figure 8 for a bonding temperature of

24S°C,

3.2 lsot/rermal Aurolresion Nlodcl

Autohcsive bond development in amorphous thermoplastic resins can be characterized by meas-

uring rhe fr-acture toughness of precrackcd compact lension speeimens thar were healed ar a given

J. Non-isothennal Aut¤lt¤i¤n Model far Amorphous Thennoplasrie Resin ls
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temperature and contact time. Following this procedure, llowes and Loos [2] measured autohesive

bond development in Udel l"l700 polysulfone resin. lf wetting is instantaneous and the instanra-

neous wclting load at initial time is negligible, a nondimcnsional healing function R can be defined

as follows [5,9,l0,l2]

G 1

where G,C(!) is the critical strain energy release rate ofa CT specimcn healed for an amount of time

1,
G,c_

is the critical strain energy release rate ofa CT specimen healed for infinite time, C(7‘; is a

temperature dependent parameter proportional to the polymer self-dilfusion coemcient, and 1 is

healing time.

Wool and O'C¤nnor [9] stated that the self-diffusion coefhcicnt should follow a WLF temperature

dependence providing that the mode of failure remains the same between samples healed at dif-

ferent temperatures between 7] and 7]+ l00°C. ljsing a reference temperature of l96°C (469"K),

the WLF relationship for Udel Pl7l)0 polysulfone can be wnttcn as follows [2]:

—
1 60-NT

-
-169x

'°¤
“r= <*·°“>

where

_ 1.9-1¤ l0_5T
111- - C1 In

(lob)

Here, Tis in absolute temperature. A comparison between the calculated and measured hcaling

function for ljdel Pl700 polysulfonc is shovm in Figure 9. Symbols represent the experimental dara
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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 isothemtal autohesion model (Equations 3.5 and 3.6) with the heat

transfer analysis discussed in Section 3.1.

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 flowchan 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, U$¤t$b, Figure

5) is zero. Time is incrementecl by a small time step A t and the new temperature distribution along

the crack is calculated using the FEM analysis. After the temperature of the points on the crack

surface reach T., autohesive bond development beyns. At each potnl 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, AR, corresponding to Ar at the averaged temperature is

calculated and added to the previous value of R. Time is incremented and the calculations continue

until the tinte reaches a set flag or the heal.irtg function reaches a value of unity (R = 1) at every

point on the crack surface.

Figures ll 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 fomtation and the time required for complete

autohesive bonding for tempcratures close to the 7; (i.e. 196, 200, 205, artd 213.5 'C) of the resin.

3. Non-iwtherntal Aumhesion \tode1 tor Amorphaus Thermoplutie Resin 11



At elevatcd temperature:. the model did not match the data as well due to the fact that most of th:

bonding occurred non·isothcx·ma11y and values for C(Tp were extrapolated from lower temperature

data,

J. Non-isothermnl Auwhesion Model fm Amarphous Thennopluric Resin 13
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4. Double Cantilevered Beam Test and Autohesive

Bonding of Thermoplastic Matrix Composites

The theorie: and destnictive meehanical tests eharacterizing autohesive bond development across

the interface of therrnoplastic resins are well developed. llowever, few studies were focuscd on the

interply strength development during formation of a übcvreinforced thermoplastic laminate.

llowes and Loos [Z] used double cantilevered beam fracture test to characterize the interply strength

development in AS4/Pl'700 composite. The data did not show a strong time and temperature de-

pendence as obscrved in neat resins. The DCB fracture test has been widely applied to measure the

interlaminar fracture toughness ol liber-reinforced compositcs. This chapter discusses the validity

of the DCB test in characterizing the interply autohesive bond development in amorphous

thcmtoplastic composites.

A. Double Cuuilevered aum Test and Autohesive Bonding nr Tluenmiylutie Matrix Composites st



4.1 Literature Review

Fraeture mechanics tests jvc an intrinsie property which can be used to characterize the material.

The fracture mechanics parametcrs such as stress intensity factor (K), and strain energy release rate

(G) arc gcometry independent. The double cantilevered beam (DCB) test has been extensively used

to measure the interlaminar fracture toughness of composites [2,22-3l|.

The materials that have been investigated include both thermoset and thermoplastic matrix com-

posites. Cross-head speeds ranjng from 0.508 mmßmin to 25.4 mm/min (0.20 in/min to l in/min)

were used. Su |22] observed that the Mode l critical strain energy release rate (G,C) was independent

of cross—head speed. Several invcstigators [23,24] increascd cross-head speed wrth increasing crack

length to shorten the time needed to gew the crack at longer crack lengths. DCD specimens have

been fabricated using various geometries and lay-ups. Su [22] concluded that the GK of

unidirectional composites was independent of the laminatc thrckness.

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 comparcd

the three data reduction approaches: (1) ./-integal, (2) compliance calibration, and (3) an analyaical

equation based on linear beam bending. They found that fracture toughness measurements vary

with the method of data reduclion. Other investigators [24,26l observed good agreement between

the three methods. The different results were believed to bc due to different extents of material

nonlinearity |25].

According to the observations of Keary ct al. [25]. the last two data reducrion methods overesti-

mate the fracture toughness. The J-integral approach is expected to be thc most general and ac-

curate of the three calculations because it does not assume any material and specimen behavrors.

llowever, this approach is more cumbersome to use because the areas between two load versus

deflection curves from consecutive crack jumps have to be measured. Fortunately, use of the last

4. Double Cantilevered Beam Test und Atrtohesive Burtdirrg ol' Thermoplastic Matrix Composite: 32



two data reduction schemes is justiüed if the nonlinear behavior of the specimen is negligible, or if

one approach is used throughout the whole investigation.

The contribution of über-bridgjng and über-breakage to the measured energy release rate were

observed by several investiptors I2, 23,%,27,28,29}. These two effects are due to nesting of übers

belonging to two adjacent plies. The nesting of übers is maximized for a 0/0 interface

andmizedfor a 0/90 interface [2J|. Also, whether über nesting will oceur depends on the manufactur-ing

processes |26}. lf the composite is manufaetured so that the übers are generally conüned to uniform

layers, the fracture produces a relatively flat surface and über·nesting does not exist. llence. über-

bridgng and über-breakage will not be observed and G,C‘s of different crack lengths are qurtc uni-

form throughout the specimen. On the other hand, if the über layers are not well-defmed, übers

from various layers tends to intermingle artd über nesting oecurs. Thus it is necessary to pull übers

from one layer out of the adjacent layer in order to propagate the crack [26]. Crack propagation

can occur irt two ways [26]. First, the crack tip may bend around the übers as it advanccs, thus

losing its planarity. This compbcates the crack·tip stress ücld and leads to an increase m the fracture

surface area that is not accountcd for in the calculations. Second, some of the übers may extend

at an angle across the ciack opening behind the crack tip. As the crack surfaces separate, these ü-

bcrs must be either pulled out of the über layers or broken resulting irt über—bndging and über-

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

Fiberbridgirtg and über-breakage result in a rough fracture surface with higher values for the ap-

parent interlaminar fracture toughness. llsually, the value of strain energy release rate increases as

the crack advances from the crack initiator, due to build up of the übcr·bridging zone. The strain

energy release rate reaches a steady-state value wirh crack growth throughout the rcmaintler ol the

specimen after the über-bridgng zone is fully developed [28]. The extra energy involved in the

build up of the über-bridgng zone is in addition to the energy absorbcd in fractunng the polymer,

which is assumed to be the dominant process. Therefore, the lower the matrix toughness, the

greater the contributions of the übeobridging and über-breakage in increasing the apparent

toughness.
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lt is interesting to note that among the investigators who observed fiber-bridgng and fiber-

breakage, Hunston et al. [26] reported the plateau values of the G,G, Wilkins et al, [23] and Howes

and Loos [2] reported the average values, and Hinkley et al. [28] and Manin [29] reported the values

of 6,,- measured at the first crack jump.

Martin [29] observed the existenoe of a resin pocket directly behind the crack initiator insened at

the mid-plane of the DCB specimeris. Usualtly, the thickcr the crack initiator the larger the resin

pocket. He investigated the influence of the thickness of the crack initiator on the value of the

critical strain energ release rate of the first crack jump and the delamination fatigue threshold.

He found that the insert thieknesses up to 0.0762 mm (3 mil) were acceptable for the glass/epoxy

eomposites. lnserts thicker than 0,0762 mm (3 mil) were not aceeptable for determining 6,, and

the Mode l threshold strain enery release rate, 6,,,.

ln the present investigation, the compliance method, that is an analytical equation based on linear

beam bending [25], is used to determine the critical strain energy release rate from DCB tests. 'lhe

assumption of linear elastic response results in the following equation for the Mode l strain energy

release rate (G,)

G „AAQ ,,_ , ,
I

2b da

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

(i.e. C= A/P),

For a linear elastic, isotropic cantilever beam, the load·deflection relation is

1-.1*
=
—

.2Ö
3El H l
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where a is the length of the beam, E is the Young': modulus and I is the moment of inertia of the

beam, as shown in Figure 17. For a pair ofidentical cantilever beams joined at their fixed ends,

the total deflection will be twice 6, that is

71
-

26 (4.1)
JEI

The compliance relation is

(44)
:· 16:

‘ ‘

where A, = 2/JEI can be obtaincd from a curve ofcempliance versus a*. Dilferentrating liquation

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

(4.6)

Substituting Equation 4.5 into Equation 4.1 gves

14,:%*
G, = (4.6)

llence, the expression for critical Mode l strain energy release rate (Gm ) is

J.·f,I'3uZ

G16 =T- <« 7)

where I', is the critical load that cause: the crack to gew corresponding te a certain crack length

G.
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4.2 Sample Preparation

Unidirectional composite laminates were fabrieated from AS4/P 1700 y·aphite·polysulI¤ne prepreg.

Th: prepreg was donated by NASA Langley Research Center. 'Ihe Iaminates were 12-ply Lhick

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 initiator. The composite fabricaliori procedurcs are outlined as followsz

4.2.1 Solvent Removal

1. Cut prepreg that had been warmed up to room temperature into 304.8 mm x 304,B mm (12

in x 12 in) sheets.

2. Stack each sheet of prepreg between two pieces 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 autoelave, and sealed the stack beneath a plaslic vac-

uum bag. The baggmg asscmbly is shoum in Figure 18,

4. Apply full vacuum and heat the assembly from room temperatur: to I99°C (390'B at the rate

of 0.56‘Cl min (1'F/ min). After the temperature reaches l99"C, tumed oll' heat source and

cool down to below T, of polysu1fonc( I96’C or 3B1°f ). Release vacuum and cool ovemight

in autoclave.

5. Remove and wcigh each sheet of prepreg. Store prepreg in sealed polyethylene bags.

Ari average of 12.4% weight was lost from each piece of preprcg, The prepreg close to the end

of the spool had a slighily higher solvent content.

4. Double Cantilevered Beam Tesa and Autohesive Boridirrg ol Thermaplastie Matrix Composite; 37



1 1 1 1 1 umur

—• •—

—„ ._.

*• •—

•—

Runnev
Sealonl

I I

Tool Plalu

I I

L-
•

Vacuum Pump

[—{ mmm mm

about hludn

pomus lullon

war x ßrwfog

•—
Mut

Figure lx. Solveru rernoul haggirrg umrrhly on rhe wol plare uf me euuxlne.

4„DwhkCu¤]«¤¤IBu¤T¤•MAmoh¤i¤Bo¤lingofT§¢r¤mpIn¤kMurixCuup¤•i\¤ JB



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 25.4 mm x 152.4 mm (1 in x 6 in) piece 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 plies for monitoring temperature.

4. Put the plunger on top of the prepreg earefully to prevent slippage. The assembly is shown

in Figure 19.

5. Preheat the hot press to 238'C (5507) . Place the mold in the platens of the press and apply .

a sliglit contact pressure of 48 kPa (7 psi).

6. \Vhen temperature reaches 238'C (5507) in the mold, apply full consolidation pressure of 2063

kPa (300 psi) for 30 minutes.

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

in Figure 1.

4,2.3 NDT Evaluation of the panels

Die C·scan technique was used to nondestructively evaluate the integrity of the larninatcs. lf there

were any observed 'tntolerable' defects, the panel was rcprocessed. lßighty percent of the pancls

were acceptable after being processed once. A typieal C·scan result of a good panel 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 ofone of the ’bad' panels before

being reprocessed. Figure 22 is the C—scan result of a onginally "bad' panel (Fig. Z1) after being

reprocessed.
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4.2.4 DCB Specimens

Six DCB specilrterts were cut from each panel using a water cooled diamond edged saw. 'Hte av-

erage width of the specirnens was 24.2 mm (0.953 in). Aluminum tabs were bonded to the top and

bottom surfaoes at the ed; 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

diagarn 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 Procedure.;

The characterization of Mode-l fracture toughncss was carried out in an ISSTRON screw drivcn

mechanical testing machine. The DCB specirrtens were fractured at a crosshead spced of 2.54

mm/min (0.l in/min). A curve of load versus crosshead displacement was recordcd 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 clucs made crack

advancement apparent. The new crack tip was marked on both edges of the specimen and the

machine was retumed to zero load before reloading. This procedure was repeated for 4 to 6 times

for each specimen until tlte specimen no longer behaved gcometrically linear. At this point, the

crack was allowed to propagate to within approxirrtatcly 25.4 mm (I in) from the end of the spec-

imen at the same crosshead speed. However, no additional data was taken. A typtcal output from

the chart recorder is shown in Figure 24.

ln order to avoid nottlinear (large) dellections, the crosshcad displacement was controllcd by the

inequality as shown below:
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A<0.4a (4.8)

This oondition falls within the linear (small) deflection beam bending range predicted by analysis

[50}. Keary et al. [25} and llinkley et al. [28} also used this inequality in their work. Therelore,

calculation of GK were justiüed from the viewpoint of a linear specimen test analysis. Any non-

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

4.4 Healing Procedures

The fractured DCB specimcns were placed in a special alignment üxture and healed for a prede-

temiined time at an elevated temperature and pressure in a Tetrahedron hot press. The healing

assembly is shown in Figure 25. ln order to apply pressure evenly on the specimen. the üxture was

carefully placed at the unter of the platens. An initial contact pressure of IJ7 kPa (20 psi) was used

and the heating cycle was the same as shown in Figure l. After processing the specrmens were

cooled at a rate of l.4'C (or 2.$'F) per minute. The test matmi is shown m Table 2.

All the healed speeimens were C-scanned before being subjected to DCB tests. The DCB tests

and Mode l critical strain energy release rate calculations were perforrned using the procedures de-

scribed in Section 4.3.
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Table 2. Tux mms; or uctt Mut"; upuammis.

Temperature ('C) Pressure Time

kPa1psi (min)

6¤¤1¤<¤> w

245 13191200 30

3 245 2068/300 30

245 690/100 21
6 245 629611000

222 20621300 30

7 343 2068/300 30

4.5 Results

4.5.1 Double Cantilevered Beam Test

Fibenbridging and breakage were observed in both the virgn and the hcaled DCB specimens.

The plateau 6,6 was 30% to l70% higher than the 6,6 ol the first load application for the virgin

specimens and 2% to 80% higher than the 6,6of the first load application for the healed spccimens.

lt is not surprising that the contributions of liber-bridging and breakage to 6,6 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 6,6 measurement of the first crack jump was re-

ported because it most likely reprcscnts the 6,6 value of lracturing the matrix.

The average 6,6 value of the first crack jump was 567.36 J/ml for the undamagcd spccimcns. The

standard deviation from the mean was 49.6l J/rn:. This 6,6 is similar to the 6,6 measurements

reported by Howe: and Loos [2] for l2-ply grapltite/polysulfone composite: using a smaller 12.7

mm x 76.2 mm (0.5 in x 3 in) spcdmen. The measured 0,6 wa.: higher than pure epoxy matrix

4. tmbie cumtmna am- Test uut xuiatmsn Bomting 6rn««1«p1¤«1¤ mms cnmposam 49



composites but was lower than many thermoplastic and some toughened epoxy matrix composites

[22,24,25,%,28,29,31]. Attention should be jven to the method used (average, initial, or plateau)

in reporting GK measurements in the literature.

Following the same nomdimensional scheine used for the Cf spedmens, the healing function is

defined as

G
R ,L (49)

GIC¤¤

where

G,c_

is the initial critical strain energy release rate for the undamaged specirnens. 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

2628. The symbols represents the mean of 3 measurements at each condition, and the error bars

rcpresent il standard deviation from the mean. The effects of pressure on the healing process is

shown in Figure 26. ln Figure 26(a), the healing function increase: from 0.71 at 690 kPa (100 psi)

to a plateau of about 0.9 at 2068 kPa (300 psi). Although only two data points were obtained at

6895 1tPa (1000 psi) in Figure 26(b), we can still see the trend of increasing R with increasing healing

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

Figure 27 shows that the healing process is time dependent, lt is not surprising since autohesive

bond development is a time dependent process.

For the last healing parameter in Table 2, the viseosity of polysulfone at such a high temperature

was very low (approximately two orders of mayiitude lower than the value at 245'C [4]). Tre-

mendous amüunts of über and resin were squeezed out at the free edge where the Kapton sheet
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was inserted. The healed specimens were tested, but the mcasured Gm was much greater than the

Gm of the undamaged specimen.

The large amount of über/resin that was squeezed out during healing made the data point at

3·‘l3°C in Figure 28 unreliable. The healirtg function R at 245'C has obtained 90% of original

fracture energy. Judyng from the fact that the healing function at 288'C is less than that at

Z4S‘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 degee lo which the fractured surface had healed. lt was found that

the results of DCB tests oorrelated with the C-scan measurements. Figure 29 shows the C-scan

results of typical specimens for the seven sets of healing parameters. The white areas correspond

to poor—qual.itative bonding. Figures (a)-(c) and Figures (d)·(e) show that higher pressures improve

the degee of intimate contact and the amount of interply bonding. Figures (a) and (d) clearly show

the role of time in the healing process. Figures (e)·(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 undamagpd specimen and selected healed specimens were polished and

examined under an optical microscope. Figure 30(a) shows the cross-section of an undamaged

spccimen. \Ve can see that über layers are not well defined and über nesting is obvious. Thus, it

is not surprising to ünd that both intralaminar and interlaminar cracks exist at the cross-sections
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of the healed spccimens examined, i.e. Figure 30(b). The nonuniform tow height of prepreg is also

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

ln examining the cross-sections of the healed specimens. we found that the fracture surfaces are

not flat and there wa.: exces: resin flow occurring at the fracture surface during hcaling, as shown

in Figure 30(b). Due to überbrealtage, the broken übers sometimes did not realign along the ot·i-

gnal über direction. Thus, some oval shaped über cross·secttons were observed at the healed

interface, as seen irt Figure Jl(a) and (b). An interestmg phcnomenon was observed when exam—

ining the cross-section of the specimen healed at 245”C,6R‘JSkl’a(l00fJpst),60min (Figure 3l(a)).

There are several übers in the central regon of the picture that have been debonded from the ma-

trix. The über/matrix interface: to the right and the left of the debonded übers are etther good or

just about tc debond. lt is probably because that the crack front is zigzaggetl and not a smooth

curve. Some fracturetl übers are also observed in Figure 3l(a). l)ue to the existence ofoval shaped

übers and excess resin flow, there is another debonded interface next to the main fracture interface,

as shown in Figure 3l(b). This is believed to be due to the large cross·head displacement at larger

crack length:.

4.5.4 Scanning Electron Microscopy

The fracture surface ofa undamaged speeimen and the healed spccimens were cxarruned under the

scanning electron microscope. Figure 32 shows the fracture surface of an undamaged specirnen.

A resin pocket right behind the Kapton insert was observed.
'I

his was the only resin nch area along

the fracture surface observed by SIE)!. Extenstve resin deformation was observed at the resin

pocket. Scattered über~breakage was also observed. A closer look at the fracture surface away from

the Kapton insert shows irtterfactal failure and extensive matnx deformation where cohesivc failure

occurred (Figure 3Z(b)). lt ts believetl that the mixed failure mode was the cause of the high value

of the standard deviation of the 0,, measurement of the undamaged specimens,
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Some interesting phenomena were observed when examining the fracture surfaces of the healcd

specimens. Thicker resin rich areas due to excess resin flow existed across the entire fraeture surface.

This phenomenon was also supported by the optical microscopic results. Figures 33(a) and (b) are

the fracture surfaces of specimeus hcaled at 28B'C/206BkPa(300psi)/30rnin and

24S‘C/2068kPa(300psi)/30min, respectively. ln Figure 33(b) the Kapton insert is at the right edge

of the ügure. lt is likely that the 'missirig' resin-rich area behind the Kapton insert was on the

opposite fracture surface, similar to Figure 33(at). Extensive matrix deformation was observed in

the specimen shown in Figure 34(a). But the über surfaces are very clean similar to what was ob-

served in the undamaged specimen. Figures 34(b) and 35 show that loose strings of polymer have

peeled off across the fracture surface with extensive matrix deformations, Polymer tendrils were

observed quite oüen on the fracture surface of the healed spedrnens.

Microscopic examioation 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 i.n the healing data. The poor über-matrix interfacial strength causcs the low Gm

values of the undamaged and healed spedmens,
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5. Non-Isothermal Autohesion Model for Amorphous

Thermoplastic Composites

ln processing of thermoplastic matrix composites, it has been observed that individual prepreg plies

consolidate into a larninate by bonding themselves to one mother at the interfaces. The interply

bond strength for thermoplastic matrix composites has been shown to be dependent upon the

processing paramcters, pressure, temperature, and contact time. lf. during processing, the temper-

ature distribution in the composite is nonuniform, the ply interfaces will bond (or heal) at different

rates. 'lhus, for a specified processing cycle, it is important to know predsely the temperature and

degree of autohesive bonding at every point in the composite laminate in order to estimatc the re-

quired process time.

In this chapter, a model for nomisothermal processing of amorphous thermoplastic eomposites is

presented. The model is an extension of the non—isothermal autohesion model developed for an

amorphous thermoplastic resin in Chapter J. Results of the model are compared with temperature

data obtained from a 64-ply unidireetional composite.
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5. I Heat Transfer Analysis of Thermoplastic Composite

Material

Consider a thermoplastic composite laminate consolidated from unidirectional prepreg. The

composite is fabricated by cutting the prepteg to the desired dimension: and then stacking the

prepreg sheet: in the cavity (bottom portion) of a metal mold (similar to what is shown m Figure

I9). The plunger (top portion) of the mold is placed on top of the preprcg and the entire assembly

is placed between the platens of the hot press. When the platens are heatetl, heat is conducted

through the mold and into the composite. The vertical surface: around the mold are exposed to

the ambient. Heat is lost from these surfaces by free corivection. A typical processing cycle was

shown in Figure l.

As discussed in Chapter l, at some point during processing, a consolidation pressure is applied to

allow for coalescence and intimate contact ofthe ply interface:. In this initial analysis. it is assumed

that the ply interfaees achieve complete intimate contact instantaneously. Hcncc. the elTects of

consolidation pressure are neglected.

The problem to be analyzed is the composite and mold assembly shown in Figure J6. The tem-

perature distribution in the composite laminate during processing can be deterrnined from the un-

steady heat conduction equation. For a unidirectional composite the transient heat conduction

equation ean be written as follows:

Ä
-L

Ä L Ä L Ä
"<CP< 6i

‘
öx(k‘ ax

l+ 6y0‘7 öy

’+

6:0* 6:)
(Sl)
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where

k_,

kr, and lt, are the themial conductivities in the three cartesian coordinate directions as

shown in Figure 37, and the subscipt c denotes the properties of the composite. lf the prepreg is

assumed to be transversely isotropic in the y-z plane, then lt, will be equal to k, .

For a unidirectional composite, the thermal conductivity in the liber direction, lt_, is much greater

than the thermal conductivities normal to the liber (i.e. lt,). Hence, the temperature distribution

along the liber direction (x-direction) is very unifomi and the problem can be simpliiied to deter-

minirtg the temperature distribution in the y·z cross-section shown in Figure 37. Equation 5.l can

be simplilied and becomes:

ö öT

For the mold, the material is assumed to be isotropic and the two dimcnsional transient heat

conduction equation can be written as

»·„C,,„.%=%<k„%§>+%</<„.%> tw

where

p_, C_,

and lr. are the density, the specilic heat, and the thermal conductivity of the mold

respectively.

Due to the thermal as well as gcometrie symmetry of the problem, we analyze only onc hall of the

composite·mold assembly (Figure 36). The initial and boundary conditions may be wntten in the

form

lnitial condition:
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T(y, z, 0) = 7] (5.4)

Boundary conditions:

öT(0, z, 1)
0 5 5Ü), (

-
)

öT(W, z, 1)
-k„T-=h[T(lV, z, 1)- 7}] ($.6)

T(y,0, 1) = T,_PV(1) (5.7)

T(y, Il. 1) = TU (5.8)

where 7} is the initial temperature, lt is the convective heat transfer coeflicicnt, W is the half-width

of the composlte-moll! assembly, ll is the height of the compositc-mold asscmbly, and
T,__,, and

TU, are the temperalures of the lower and upper platens, respcctlvely. TL, and TU, are functions

of time. Tl1e fluid temperature (T/) is equal to ambient temperature.

Solution of Equations 5.2 and 5:3 with the initial and boundary conditions gven in Equations

5.4-5.8 was solvcd by the finite element technique using the tucrdimensional Iinite clcmcnt program

FEMZD [23]. The program use a semidiscrete approximalion to solve the lransient heat con-

duclion equation. A '0' family of approximation was used to approximate the first-order time de·

rivative.
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5. I Micromechanics Equations for Thermal Properties of

Composites

Fiber-reinforoed ocmposite materials are anisotropic and heterogeneous, The properties of the

composites are irnlluenced by, but not the same as, those of the constituents [32]. Springer and Tsai

[33] and Chamis [32] related the properties of the constituents (über/matrix) to those of the com-

posite. A micromechanics point of view was used. Unidirectional eomposites were investigated

because they are fundamental to the analysis and design of übcraeinforced composite stnictures.

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

I. The composites ue macroscopically homogeneous, linearly elastic, macroscopically

onhorropic and ininially stress-free.

2. Both the matrix and the übers are homogeneous and linearly elasuc. The matrix is mechan-

ieally and themnally isotropic. 'Ihe über is mechanically isotropic but thermally anisotropic.

3. The filannents are regularly spaced and perfectly aligned.

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

5. The bcnds between the übers and matrix are perfect.

The equations suggested by Chamis [32] were used due to the completeness and the ease of use.

Those which are relevant to the heat transfer analysis are listed below based on the coordinate

system shown in Figure 37.

p:=typ/+vmpm (5.9)

C„ ($-10)

kl-l¢,=•}J¢/,+v,„k,„ (5.II)
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k 4/1

ky=1„I=k1=k3=(1-V}/1;1t„+—— (5.12)

t
— 4/

*41
—
fi

17

where the variables are defmed as follow:

•
v 2 volume {raction ofconstituents,

•
k : heat conductivity of constituents or composite.

•
p : density of constituents or composite.

•
C, 2 speciüc heat of constituentx or composite.

subscripts

•
/1 denote über.

•
m : denote matrix.

•
c 2 denote composite.

•
x : denote x direction in the canesian coordinates in Figure J7.

•
y : denote y direction in the canesian coordinates in Figure J7.

•
z 2 denote 2 direction in the cartesian coordinatcs in Figure J7.

•
l : denote l direction in the canesian coordinates in Figure J7.

•
2 : denote 2 direction in the canesizin eoordinates in Figure J7.

•
3 : denote 3 direction in the cartesiari coordinates in Figure J7.
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5.3 Experimental Proccdures

Experiments was performed to verify the results of the heat transfer analysis described in Section

5.l. Preparation and consolidation of the composite laminate were similar to the procedures dis-

cussed in Section 4.2.2.

A 64-ply composite larninate was constructed from 305 mm (I2 in) wide. 0,163 mm (0.0064 in)

thick unidirectional graphite liber (Thomel T300), polysulfone matrix (Ude! Pl700) prepreg tape.

The prepreg was manufactured by Amoco Performance Products and had a liber volume fraction

of 60%. Prepreg was manufactured using a solventless technique. The prepreg was cut into I52

mm (6 in) square shects and the sheets were staeked on top of each other to form a 64-ply

unidirectional lay-up. The lay-up was placed into the cavity of the mold asscmbly and plunger was

installed over the top of the lay-up. The surfaces of the mold asscmbly in contact with the prepreg

were treated with Freekote 33 mold release agent.

ln order to measure the temperature distribution in the composite-mold assembly during process-

ing, seven thermocouples were embedded inside the Iaminate and six thermocouples were placed

around the mold. Figure 38 and 39 show the dirnensions 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 hcat—up, an initial contact pressure of Z4 kPa (3,5 psi )

was applied. \Vhen the temperature of the composite rcached ZSS °C (550°f), a consulidalion

pressure of 2068 kPa (300 psi) was applied for 30 minutes. During processing, the outputs of ihe

thineen thcrmocouples were continuously recorded by a HP 3479A Data Acquisition,Control Unit.

After consolidation for 30 minutes. the plaien heatcrs were tumed otT 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,

5. Non-Imthemial Autohuion Model fer Ammphous Themioplurie Composite; 72
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The composite was reproeessed a second time using the above processing cycle. The laminate

quality was good after the second processing. There was a small amount of über and resin squcezed

out alter processing. The C-scan result is shown in Figure 40. The average thickness of the lami-

oate was 8.66 mm (0.341 in).

The main dilIerence between t.he two processing runs was that spatial gaps existed between each

layer of prepreg in RUN #1. Intirnate contact was not achieved completely during RUN #1. The

intimate contact assumption is valid for Run #2. Therefore, some dil1”erences between the calcu-

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

5.4 Comparison Between Heat Transfer Analysis and

Experimental Data

ln 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 graphitqpolysullone composite.

The thermophysical properties of the composite were calculated using the micromcchanics ex-

pression: presented in Section 5.3. The constituent and composite properties are tabulated in Table

3.

As shown in Table 3, lg and lg are much smallcr than lt,. This justilies the assumption of uniform

temperature along the über direction.

Dimensions of the composite-mold assembly c·ross·section analyzed are shown in Figure 38. Die

thieltness 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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Tote J. Material pmpenau N4 an uulyzing nur transfer an i unidirectional 64-psy T100/Pt'/00

composii:.

T300 Graphite Polysulfone Steel Composite

Fiber (Amoco) (Amoco) [36]

p(Kg/m‘) 1.772 1.240 7.801 1.559

C(K.l/Kg'Q 1.13(at I75‘C) 1.13 0.473 1.13

2-22 5-22
(rv/„„·0
¤

0.26 2.22 0.29

0-26 2-22 0-29

V %> X X

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

Four—node, isoparametrie. rectangular elements were used in the analysis.

The upper temperature boundary conditions
(T,_,

,_(t)) and lower temperature boundary conditions

(T]_,_(t)) for the two tests were measured during processing and are shown in Figure 42.

ln the computations. the boundary temperatures were changed every 10 seconds for the first 20

minutes artd every minute afterwards. linear intcrpolation was used to determined the boundary

temperatures between suceessive data points.

ln the finite element program, the time parameter 0 was taken to be 0.878 [35]. Time incremcnts

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

A subroutine was developed to calculate the heat transfer coeflicient (h) at each ltmc 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 + 0.62Ra]/‘[1+(%)°"°]"’° 0<Ra,_<10° ($.11)
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NL = (0.825 + 0.J87RaLl6[l +

)°"°]‘*l”1’

10°<R«L (5.14)

•
RaL : Rayleigh number based on the vertical plane length L .

C•
Pr : Prandtl number (%) of the surrounding fluid. Where ii is the coeflictent of dynamic

viscosity, C, is the speciüc heat, and k is the conductivity.

•
NL : Nusselt number

(-6%
). Where lt is the heat transfer coefficient, L is the length of the

convection surface.

111: Rayleigh number RaL in th: above equations is defined as follows:

U a TP
R¤L ¤ (6. is)

g : acceleration of gavity (9.8lm/ sed).

•
[1 : cocfficient ofthermal expansion ( for ideal gases)

•
A T : difference between fluid temperature and the averagcd surface temperature.

•
v : coeflicient of kinctic viseosity of surrounding lluid.

All the propenies, except ß, are evaluated at the mean between the temperature of the surrounding

fluid and the average surface temperature. ß is evaluatcd at the room temperature

ln the subroutine, the Rayleigh number (Equation 5.lS) was caleulated first from the temperature

difference (A7) between the ambient (room temperature) and the average surface temperature.

111en, either Equations 5 I] or 5.14 was used to calculate the Nussclt number based on the mag-

nitude of the Rayleigh number. 111e heat transfer coeflicient ( h ) is calculated from thc Nusselt

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

Comparisons between the measured temperature dtstnbution and the temperature distnbution

calculated using the FEM heat transfer analysis for the 64-ply gaphitepolysulfonc composite are
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shown in Figures 43 and 44. From Run til (Figure 43) the measured temperature is lower than

the calculated temperatures during the first 50 rrtinutes of processing. This difference ts probably

due to low initial press pressure at the beginning of the processing cycle. The low contact pressure

was not suflicient to aehieve complete intimate contact of the ply interfaces and the thermocouples

did not have good therrnal contact with the surface of the plies. When full consolidation pressure

was applied, the measured and calculated temperatures ayeed well.

\Vhen the composite was reprocessed in RUN #2 (Figure 44), the larninate 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 über direction (x-direction) temperature distributions measured

during processing. As assumed in the analysis, the high therrnal conduetivity in the über direction

results in a uniform composite temperature dxstributiou in this direction.

The convective heat loss from the edge of the mold was determined using the heat transfer coefü—

cients calculated from Equations 5.l3 and S.I4. The validity of this analysis was checked by com-

paring the measured and the calculated temperature at the boundary of the mold. .·\s can be seen

from Figure 47, there is reasonably good agyeement between the results of the FEM model and the

data.

The non~isothermal autohesion model described in Section 3.3 was used to calculatc mterply bond

strength development during processing of the (>I·ply graphitepolysulfone compositc. The frnite

element model presented in Sections 5.l and S 2 was used to calculatc the composite temperature

distribution. Results of the analysis are shown in Figure 48. Assuming intimate and complete

contact of the ply interfaees, interply bond formation begns after about 20 minutes into the proc-

essing cycle. The model predicts that all ply interfaees will be completely bonded (R = 1) in about

3l minutes.
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ln 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 kf’a (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

minutes. 'Hiis 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 achieve intimate contact for the DCB speci-

mens. Without considering the pressure effects in the non—isothcrma1 autohesion model, the

interply bond development was achieved in a shorter time. Furthermore, the strength of the healed

interface which had been fractured would be theoretically lower than that ofan 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 l92·ply unidirectional graphite polysulfone composite in the processing

assembly shown in Figure 49. Again, it was assumcd all interfaces were in intimate contact when

bonding first begins. Therefore, the effects of consolidatron pressure were not considered. Tem-

peratures of the upper and lower platens (7;, Figure 49) were assumcd to be constants. T, was

taken to be 288‘C.

Die results of the model prediction of the interply bond development in a 192-ply unidireetronal

gaphite/polysulfone composite are shown in Figures 50 to 53. Figure 50 shows the temperature

varrations at the center of the composite (y=0, z-0, Figure 49) and at the composite-mold

boundary (y- 15.24 cm, z=O, Figure 49). Because the platen temperature (T,) was assumcd to

be constant, the temperatures in the composite are expected to rise very fast to the steady state.

Figures Sl and 52 show the temperature distributions at six different times along the y and z axes.

11ie temperature distribution in the y axis are uniform except in the rcyon close to the

composite-mold boundary. Figure 53 shows the prediction; of interply bond development at the

center of the composite (y = 0,1 = 0. Figure 49) and at the compositc·mo1d boundary ty = 15.24 cm,

z= 0, Figure 49 ). Due to the nonuniform temperature distribution, autohesive bonding occuts at

different rates throughout the Iaminate. 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.

S. Nomlwlhermd Autohesiou Model for Amorphoux Thermoplutic Composite; B9
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6. Summary of Results

A non-isothermal autahesion model was developed by combining a transient ünite element heat

transfer model with the isothermal autohesion model. The results of the non·isothermal autohesion

model were eompared with the data obtained from healed Pl'700 polysulfone compact tension

specimens by llowes and Loos |2]. The transient ünite element heat transfer model estimated the

temperature variations in the CT speeimen very well. The non-isothermal autohcsion model ae-

eurately predicted the onsets of autohesive bond fomiation and the times required for complete

autohexive bonding for temperatures close to 7} of the resin (l96'O. At higher temperatures. the

model did not match the data as well, because most of the bonding occurred non-isothcrmally and

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

A healing test for studying interply bond development in AS4/Pl700 unidirectional eomposites

was examincd. The double cantilevered beam test was selected. Fiber-bridging and über-breakage

were observed in both the virgin and healed DCB specimens. The contributions of the über-

bridging and breakage to t.he G,c 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 each 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 performed on the selected healcd specimcns. The C—scan results showed

that the degree of intimate contact and the amount of interply bonding were irnproved as one of

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

Optical and scanning electron microscopies were used to examine the cross-sections and the frac-

ture surfaces of the selected virgin and healed specimens. Resin pockets existed behind the Kapton

inserts in the viryn specimeris. Resin flow occurred across the fracture surface during healing to

achieve intimate contact. The fracture surfaces were not flat. 0val—shapccl fibcrs existed at the

healed interfaces because of the loose fibers due to fiber-breakage. The fracture mcchanism was

quite complex due to the existence of fiber-bridging, fiber-breakage, and poor fiber/matrix interfacial

bonding. The complex fracture mcchanism 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, due to the large cross-head displacement at larger

crack lengths.

Because of the complex fracture meehanism and the complex conditions st the fracture interface

before healing, it is not certain if the double cantrlevered beam fracture toughness test is suttable to

chancterize 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

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

The non~isothermal autohesion model was modified to estimate the intcrply bond development in

a 64-ply T300/Pl700 and a l92-ply AS4/PI700 unidirectional composites.

A 64«ply T300/Pl700 unidirectional composite was processcd twice using the same processing

cycle. The matched metal mold consolidation technique was used. ln RUN til, 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 suffi-
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cicnt to achieve complete intirnate contact of the ply interfaces, and the thermocouples did not have

good contact with the surface of the plies. After the full eonsolldation pressure was applied. the

measured and the calculated tempcratures matched well. ln RUN #2. good ageement between the

measured and the calculated temperatures was observed due to the full consolidation during the

entire processing cycle.

The use of the Equations 5.lJ and S.l4 to calculate the heat transfer cocflicient at the convectivc

boundaries was justified by the good fit between the experimental data and the calculated values.

ln addition, the temperature distribution along the liber direction was shown to be uniform. 'lhis

justified the use of the two-dtrnensional heat transfer analysis for unidirecttonal composites.

The intcrply bond formation in the 6%«pIy T300lPl700 unidirectional eomposite was predicted by

the non—isothcmtal autohesion model. Assuming irtitial and complete inttmate contact of the ply

interfaees, interply bond strength development was completed after 3l minutes into the processing

cycle, or ll minutes after bonding began. ln comparison with the data of the DCH tests (R = 0.86

for 2S8°r2068kPa (300psi),'30rrtin), the model estirnated a higdier interfacial strength developing in

a shorter time. This is probably due to the extra time required for the fracture interface to achieve

inturtate contact. \Vithout eonsidering pressure effects. the non-isothermal autohesion model will

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

For the l92~ply AS4,l‘l700 unidirectional composite, the temperature was predlcted to nse very

quickly due to the eonstant platen temperature: and the negligence of the pressure effects. There-

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

ln order to more aecuntely predict rhe mterply bond development in a tlicrmoplasttc compesue

in processing, the effects of pressure must be srudied. ln addition, the nonasothen-hal autohesion

model can bc modified to consider the thermophystcal heterogenetty caused by more general lami-

nate lay-ups, to take into account the heat emttted during the cr) stalhzation in a semi-crystal matrix

composite, artd to calculate the residual stress after processing.
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