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1. INTRODUCTION

The development of residual so=ess in composite laminates is strongly influenced by processing history.

Residual stress can have a significant effect on the mechanical performance of composite structures by

inducing warpage or initiating matrix cracks and delaminations (Kau and Petrusha 1988; Kays 1985).

Processing concerns associated with thermosetting composites become increasingly important for

compornent of appreciable thickness. The most familiar problem is an increase in temperature resulting

from the resin exothermic chemical reaction that may raise internal temperatures to levels inducing

material degradation. A second concern is the complex gradients in temperature and degree of cure

accentuated by increased thickness (Bogetti and Gillespie 1991).

Traditional residual stress analysis in thermosetting composite laminates is based on thermal expansion

mismatch between adjacent plies, a uniform temperature drop from the cLe t..:mperature to ambient

condizions, and no stress development prior to completion of the curing process (Griffin 1983; Hahn and

Pagano 1975, 1976; Stango and Wang 1984). This approach may not be adequate for predicting the

process-induced stresses in thick-section thermosetting composite laminates. The authors have shown that

spatial solidification (resulting from complex temperature and degree-of-cure gradienrs) introduce several

important mechanisms not accounted for in the traditional stress analysis methodology (Bogeni and

Gillespie 1989, 1990a, 1990b).

The mechanisms governing stress development in thick-section composites -re quite similar to those

encountered in the manufacture of tempered glass (Lee, Rogers, and Woo 196.7: Tackels and Crochet

1973; Crochet et al. 1974; Crochet and Denayer 1O). ';uc'h stresses result from the interactions between

spatially varying thermal contractions, viscoelastic material response, and severe temperature gradients

which develop during the quenching process. Early treaunent of stress development due to viscoelastic

material response in the presence of thermal gradients was based on the time-temperature superposition

principle of rheologically simple material behavior (Muki and Steinberg 1961). This approach has been

applied to study the macroscopic in-plane residual stress development during the quenching of a fully

cured epoxy plate (Maneschy et al. 1986) and, more recently, to the quenching of thermoplastic matrix

composites (Chapman et al. 1988).

As a thermosetting resin cures, the effective mechanical properties of the composite vary from a

viscous liquid (negligible stiffness), in its uncured state, to a viscoelastic or elastic solid (high stiffness),



in its fully cured state. During cure the resin undergoes significant increases in stiffness and volumetric

shrinkage associated with the cross-linked polymerization eaiction. The mechanical puvpenles of the resin

phase during cure are governed by competing mechanisms between chemical kinetic hardening and

viscoelastic relaxation phenomena. Once fully cured, the resin exhibits traditional viscoelastic behavior

at elevated temperaum and appruzzes elastic behavior at lower temperatures. Additionally, thermal

expansion of the fully cured resin is the only mechanism contibuting to changes in specific volume.

Complex temperature and degree-of-cure gradients which develop in thick-section thermosetting

laminates induce spatially varying material response associated with resin stiffening and shrinkage as the

chemical reaction progresses. Bireffingence patterns have shown experimentally that temperature and

degree-of-cure gradients have a significant effect on the development of residual stresses in thick

thermosetting castings (Pusatcioglu et al. 1980). In a series of papers, Levitsky and Shaffer (1974, 1975)

and Shaffer and Levitsky (1974) have studied the development of residual stresses, including temperature

gradients and spatially varying "chemical hardening" effects on mechanical properties in isotropic

thermosetting materials exhibiting no chemical shrinkage. Chemical s)'rinkage, however, represents a

potentially significant change in specific volume (superimposed on chAnges in specific volume due to

temperature) that exists in thermoset composites during the curing process.

Recently, Bogetti and Gillespie (1989, 1990a, 1990b) developed a model to predict process-induced

stress in thick thermoset laminates employing a cure slmulatipn analysis based on an incremental transient

finite difference formulation that accounts for thermal and chemical interactions during processing.

Material models were proposed to describe the resin modulus and volumetric (chemical) shrinkage as a

function of degree of cure. A micrvmechanics model for continuous fiber composites was used to evaluate

the instantaneous spatially varying mechanical properties, thermal expansion, and chemical shrinkage

strains through the laminate thickness as a function of temperature and degree of cure. Process-induced

stress and deformation predictions are based on an incremental laminate theory that includes temperature

gradients, spatially varying cure-dependent mechanical properties, thermal expansion, and chemical

shrinkage stralns. Details of the cure simulation and process-induced stress models are presented

elsewhere (Bogetti and Gillespie 1989, 1990a, 1990b, 1991).

The models developed demonstrate the complex interactions that exist between processing conditions

(thermal history), cure kinetics, resin shrinkage, laminate thickness, and stress development in thick

thermosetting composite laminates. Previous investigations have focused on the influence of thermal
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history and laminate thickness on stress development in thick glass/polyester laminates. In this work, the

process-induced stress model is employed in parametric studies aimed at assessing the influence of resin

chemical shrinkage and thermal expansion on stress development in thick-section glass/polyester and

graphitelepoxy laminates. Model pedilctons ame also compared with previously published experimental

data for cure-dependent modulus and dimensionless laminate curvature of a graphite/epoxy (AS4/3501-6)

cross-ply laminate (Hahn and Kim 1990).

2. ANALYSIS

2.1 Cure Simulation and Incremental Strs Analysis. The process-induced sumess model employed

in this investigation consists of three key subinodels: (1) a cure simulation analysis, (2) material models

to describe the resin behavior during cure, and (3) an incremental laminate plate theory stress analysis.

The theoretical development and integration of these submodels is not presented here, as details are

documented elsewhere (Bogetti and Gillespie 1989. 1990a, 1990b, 1991). Since this investigation focuses

on the effects of resin behavior during cure (chemical hardening and shrinkage) on process-induced stress

development, only these material models are reviewed in this report.

2.2 Ma•trial Models. The incremental stress analysis requires as input the mechanical properties and

macroscopic strains of the composite, undergoing spatial chemical hardening and shrinkage in a transient

thermal environment. The effective composite mechaniral properties and strains are. based on a

unidirectional composite micromechanics model The constituent fiber properties (constant), the resin

properties and chemical shrinkage (cure dependent), and the fiber volume fraction are input. Two material

models are proposed to describe the mechanical properties and volumetric shrinkage of the resin during

cure. Changes in the resin properties directly influence the mechanical properties in the composite, and

chemical shrinkage represents a significant source of internal loading during cure.

The first material model defines the instantaneous resin modulus, E,,. explicitly in terms of the degree

of cure:

E. - (I -a)E.0 + aEoo + ya (I - a)(E.oo - E. 0) (1)
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where E,9 and E... are the assumed fully uncured and fully cured resin moduli, respectively. The term

y, which must satisfy (- 1 < y < 1), is introduced to quantify the competing mechanisms of stress

relaxation and chemical hardening (Didlman and Seferls 1987). Increasing y physically corresponds to a

more rapid increase in modulus at lower degree of cure before asymptotically approaching the fully cured

modulus. A value of y = 0 was used to generate all the results presented in this work. The instantaneous

resin shear modulus (also required input) is based on the Isotropic material relation with v. assumed

constant:

Go E. (2)

The inherent limitation of this material model is that stress relaxation cannot be modeled explicitly

(i.e., modulus is monotonically increasing with cure). Stress predictions resulting from this model,

therefore, provide an upper bound estimate on process-induced stresses to be expected during cure. It is

anticipated that this model would be most relevant to material systems undergoing rapid cure.

The second material model describes the volumetric chemical shrinkage of the resin during cure. No

chemical shrinkage occurs after the cure is complete. The resin chemical shrinkage induces bignificant

macroscopic strains in the composite, representing an important source of internal loading In thick-section

laminates in addition to the traditionally recognized thermal expansion strains.

Neglecting higher order terms, the isotropic resin chemical shrinkage strain of a unit volume element

of resin, Ae,, resulting from an incremental volume resin shrinkage, Av,,, is given by

3ý,
,-a +&v, - 1 (3)

The incremental volume resin shrinkage is based on an incremental change in degree of cure. Aa, and the

total volumetric shrinkage of the completely cured resin. V r, from the expression

AY - AaVT (4)
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Incremental effective longitudinal and transverse chemical shrinkage strains in the composite,

,eu, and Aetr, respectively, are computed over each time increment in the cure-simulation. These strains

are based on a micromechanics model (Hill 1965; Whitney and McCullough 1980) utilizing constant fiber

properties, instantaneous cure-dependent properties of the resin, the resin chemical shrinkage strain

increment, Ae,, a zero chemical shrinkage strain in the fiber, and the fiber volume fraction.

Incremental effective thermal expansion strains are aLso computed over each time increment during

the simulation. These strains are based on temperature increments between time steps in the simulation.

AT. and the instantaneous effective longitudinal and transverse thermal expansion coefficients of the

composite, oCL and al, respectively. The incremental longitudinal and transverse strain Increments in each

ply are defined as:

IeLLUCXLAT

U' VA xA (5)

The expansion coefficients, otL and or, are based on the micromechanics model utilizing constant fiber

properties. cure dependent resin properties, constant thermal expansion coefficients of both the fiber and

resin, as well as fiber volume fraction.

The total stress-free macroscopic processing-induced ply strains are computed from the superposition

of the thermal and chemical strain increments during the curing process. Gradients in the material

response to chemical shrinkage and thermal expansion strains during cure hardening represent significant

sources of internal loading accounted for in the stress model employed in this investigation. Details of

the material models presented here and the process-induced stress analysis methodology arc presented

elsewhere (Bogetti and Gillespie 1989, 1990a, 1990b, 1991).

3. RESULTS

Required input into the stress model Is rather extensive; consequently, an Input parameter summary

is presented first. Model predictions for resin modulus development and volumetric shrinkage of the

S



composite, associated with resin croslinkin during oth•rm cue. ar presented for glasudoyeftr and

graphIte/ xy. Cure simulations are run at several temperatus for each system to examine the effects

of cure kinetics with regard to the effects of significant through-the-thickness temperature gradienti The

influence of chemical volumetric shrnkage on the residual stress profiles in both glass/iolyester and

graphite/epoxy laminates is examined. Finally, correlalton of model predictions of transverse modulus

development In unidirectional laminates and of curvature development in an unsymmetrical (0/901

graphite/epoxy laminate is made with previously published expermental results.

3.1 _1mt Praet Summary. Input parameters used in this investigation are summarized in this

section. The thermal properties of the composite systems ae presented in Table 1. The complete

description of the cure kinetics for the composite includes the total heat of reaction and a description of

the rate of reaction as a function of temperature and degree of cure. Reaction rate expressions for the

glass/polyester anl graphite/epoxy material systems are different in form due to the inherent differences

in the overall order of the reaction kinetics.

Table 1. Thermal Properties for Glass/Plyester and Graphite/Epoxy

Material p[kgmin 3 j cI[kJ/WC" k([kW/(m*C)]

Glass/Polyester 1.89 x 1.26 2.16 x 10"
Graphite/Epoxy 1.52 x 10W 9.42 x 10" 4.46 x 10.

The glass/polyester material system consists of CYCOM 4102 polyester resin, manufactured by the

American Cyanamid Corporation, and is reinforced with E.glass fibers (54% by volume). The reaction

rate expression for the glass/polyester system is second-order overall in the sense that (m, + n - 2) (Adams

1988):

da %A. exp (-AE,IR'/I)a'(I -i)"e) (6)

The constant R Is the universal gas constant and T is absolute temperatum.. The exponents m, and n,,

the preexponentlal coefficient, A., the activation energy, AE,, and the total heat of reaction are listed in

Table 2.
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Table 2. Cure Kinetic Parameters for Glass/Polyester and Graphite/Epoxy

Glass/Polyester

me 0.524
n. 1.476

^.jmin.-I) 3.7 x I0o
AE[J/ImolJ 1.67 x W
Hi[kJ/kg] 77.5

Graphite/Epoxy

A1[mln.-1J 2.102 x 109
A2(min.-.] -2.014 x 109A3mn•.-] 1.960 x 11os
AE-[J/mol] 8.07 x 104

AE,2[J/nol] 7.78 x IC0
AE,(J/mol] 5.66 x W04

-l[ki/kg] 198.9

The graphite/epoxy material system contains Hercules Corporation's 3501-6 resin, reinforced with

unidirectional AS4 graphite fibers (67% by volume). The reaction rate expression for the graphite/epoxy

system follows a markedly different form (Bogetti and Gillespie 1991):

da a (k, + ka) (I - a) (0.47 - a) for (a! 0.3)
dt

and

da -k(I -a) for (a>0.3) (7)

where k,, k2, and kj are defined by the Arrhenlus rate expressions:

k, M Alexp(-AE,/RT)

k2- A2eXP(-eAE 2/R7)
- A3exp(-AE/R7) (8)
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W preexponenilda coefficients A,, A2, and As, the activation energies, AE1, AR., and &E3, and the total

heat of reaction for the graphite/epoxy composite are also summarized in Table 2.

The fiber and matrix constituent mechanical properties employed in all the parametric studies are

summarized in Tables 3 and 4.

The results generatd in this investigation arc sensitive to both the time step size and the grid spacing

used in the simulation. It is noted herm that, for the range of processing variabla and materials specific

to this investigation, time step size and grid spacing increments were selected sufficiently small to yield

converge solutions for all the example problems presented. Specifically, a time step size of 2.0 s and a

grid spacing increment of 0.00127 m were used to generate all the results presented In this investigation.

3.2 Chemical Kinetic Effects on Mater•e' Models. Figure I shows the development of dimensionless

resin modulus vs. time during isothermal cure for both the glass/polyester and graphite/epoxy systems.

Isothermal cure isolates the behavior of the system induced by chemical kinetics from that induced by

transient thermal effects. Temperatures at which the simulations were run correspond to a range of the

respective manufacturer's suggested cure temperatures. Upon comparison of the curves, it is apparent that
the cure of the polyester resin is much more violent than that of the epoxy. More importantly, we see that
the polyester system, due to the extremely rapid nature of its cure behavior, is inherently much more

sensitive to temperature variations than the epoxy system" Figure 2 illustrates the development of

chemical volumetric shrinkage resulting from the cross-link polymerization reaction for both systems.

Again, the rapid nature of the polyester cure with respect to the epoxy resin is noted (shrinkages have been

nondimensionallzed). We see that small temperature variations in the glass/polyester system may result
in much more significant differences in degree of cure, and, thus, in instantaneous modulus and percent

shrinkage, than in the graphite/epoxy system. Consequently, we anticipate a greater potential for stress
development in the thick glass/polyester Laminates due to its sensitivity to thermally induced gradients in

degree of cure.

3.3 Volumetric Resin Shrinkage Effects on Stress Develotment.

3.3.1 Gvhitc/Epoxy. Figure 3 shows the predicted residual transverse stress profiles through the

thickness of a 17.78-cm unidirectional graphite/epoxy laminate. Profiles are shown as a function of the

magnitude of resin chemical shrinkage during cure. Note that the profile for the 0.0% cure shrinkage case

8



Table 3. Fiber and Matrix Constituen Properties

Property Glass Polyester Graphite Epoxy

E1[MPa] 7.308 x 1O4 eqn. 1 2.068 x HO eqn. I

Em2[MPaJ 7.308 x 104 eqo. 2.068 x 1W eqn. I

vn 0.22 0.40 0.20 0.35

v13 0.22 0.40 0.20 0.35

v2 0.22 0.40 0.50 0.35

G12[MPa 2.992 x 10' eqn. 2 2.758 x 104 eqn. 2

G13[MPaJ 2.992 x 104 eqn. 2 2.758 r. 10' eqn. 2

G23[MPa] 2.992 x I04 eqn. 2 2.758 x 10' eqn. 2

a1  5.04 x 10. 7.20 x lO"S _9.00 x 107 5.76 x 10.'

0,2 5.04 x 10-6 7.20 x 10"5 7.20 x 10' 5.76 x 10s5

Table 4. Resin Characteristics During Cure

Property Polyester Epoxy

Em° 2.757 3.447

F." 2.757 x 10' 3.447 x 10

VT h 4.0 - 6.0 1.0 - 3.0

does not represent the minimum residual transverse stress, as there is a definite contribution from thermal

expansion of the fiber and resin. The authors propose that the residual stress profile induced by thermal

expansion effects alone is of the same magnitude but in direct competition with the stresses induced by

chemical shrinkage during cure for the graphite/epoxy system being examined.

Figure 4 compares the residual transverse stress profiles induced by the isolated effects of thermal

expansion and chemical shrinkage in a 17.78-cm laminate. Thus, profiles represent either the effects of

thermal expansion only (CTE) or of volumetric shrinkage only (V 'A - 1.0, 3.0, and 6.0%). We see that

the magnitude of the stresses developed by the thermal expansion strains is very close to that developed

by Jhe 1.5% volumetric shrinkage case. As the chemical cure shrinkage of the 3501-6 epoxy is thought

9
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3.3.2 Glassf'lolvester. A typical value for the cure shrinkage of the 4102 polyester resin is

approximately 6.0%, as opposed to 1.5% for the 3501-6 epoxy. The increased contribution of the

volumetric shrinkage, as well as the increased severity of the cure kinetics, leads us to expect significantly

higher residual suess development in the glass/polyester system as compared to the graphite/epoxy

system. Figure 5 illustrates process-induced transverse stress profiles for a 2.54-cm unidirectional glass/

polyester laminate as a function of volumetric shrinkage. The reversal of the parabolic stress profiles is

a result of the interactions of thickness and cure kinetics inducing a predominantly inside-to-outside cure

rather than the outside-to-inside cure exhibited by the thicker graphite/epoxy sections. It is again

demonstrated that the case with 0.0% resin shrinkage does not minimize process-induced stress

development. Here it is demonstrated that a finite resin shrinkage, on the order of 1.0%, produces the

nearly stress-free laminate. Note that the peak predicted residual stresses in this 2.54-cm glass/polyester

laminate (Vrh = 6%) are significantly larger than those predicted in the 17.78-cm graphite/epoxy laminate

(Vrh = 1.5%). This demonstrates the importance of volumetric resin shrinkage and cure kinetics on the

process-induced residual stress development in thick-section laminates.

Figure 6 shows the predicted longitudinal residual stress profiles as a function of volumetric shrinkage

for the same laminate. The magnitude of the residual stress in the fiber-dominated longitudinal direction

is significantly lower than in the transverse direction, where processing strains am high. Also, it is worth

noting that the volumetric shrinkage here-which most nearly produces a stress-free laminate in the

longitudinal direction (approximately 2.0%)-is significantly larger than that for the transverse direction

(approximately 1.0%). This indicates that it is inherently impossible to tailor the volumetric shrinkage

of a resin to produce stress-free profiles in both the transwvrse and longitudinal directions. As such, it is

more desirable to tailor the resin volumetric shrinkage to minimize the residual stress development in the

weak transverse direction, where matrix cracking could more easily develop.

Figure 7 compares the transverse residual stress profiles induced by the isolated effects of thermal

expansion strains (CTE) to the profiles resulting from volumetric shrinkage only

(V T - 1.0, 3.0, and 6.0%) for the same 2.54-cm glass/polyester laminate. The thermal expansion effect

is again seen to be opposite in sign to the shrinkage effects and of similar magnitude to the 1.0%

shrinkage case. However, as the polyester resin actually undeigoes approximately 6.0% shrinkage during

cure, the effects of thermal expansion are nearly insignificant with respect to the total residual stress

development in this example.
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Predicted residual UaNvers stress profiles for a 5.08-cm glasu/poiyester lminatm ae illustrated as

a function of the magnitude of volumetric shrinkage in Figure 8. Note the reversal of the parabolic stress

profiles from the 2.54-cm laminate. This results from the fact that, in this case, the cure from propagates

from the outside to the inside of the laminate due to the interactions betwom the thickness and the thermal

history of the laminate. It is interesting to note that e magnitude of the residual transverse stesses in

the 5.08-cm laminate is less than that of the 2.54-cm lamiiate. This is probably attributable to the

competing effects of simultaneous cum from propagations (outside to inside and inside to outside). as Is

evidenced by the complex sutss fields through the lamina tidckness.

It is interesting to note that the magnitude of the chemical shrinkage required to counterbalance the

residual transverse stresses induced by thermal expansion effects for a given system Is not constant and

is dependent upon the complex interactions between cure kinetics, laminate thickness, and processing

history. From the inspection of Figure 5 it is apparent that for a 2.54-cm laminate (glass4,olyester), a

volumetric shrinkage of slightly over 1.0% will minimize transverse residual stress distributions. However,

close examination of Figure 7 reveals that* for a 5.08-cm laminate of the same system, a shrinkage of

slightly less than 1.0% is necessary to minimize the transverse residual stresses.

3.4 Exemental Correlation. Hahn and Kim (1990) subjected several graphite/epoxy C13)3501-6)

unidirectional and unsymmetrical (0/90] laminates to Interrupted cure cycles to monitor the development

of transverse modulus (in the unidirectional laminates) and curvature induced by cure shrinkage and

thermal strains (in the unsymmetrical laminates). The laminates were approximately I mm in thickness

and the cure cycles followed the manufacturers recommended cure cycle (MRC). At each of a series of

points during the MRC, a unidirectional and a cross-ply laminate were cooled to room temperature at

30 C/min. The unidirectional laminates were tensile tested to determine the transverse modulus, and the

deflections of the unsymmetrical laminates were measured to determine process-induced curvatures.

Figure 9 shows excellent agreement between the measured and predicted transverse modulus development

based on the material model presented herein. Note that the horizontal axis refers to the time of cure stop.

This indicates the time at which the MRC was Interrupted and cooling to room temperature initiated and

does not Indicate the time of the full cycle to which the laminate was subjected, as not all laminates were

cooled from the same temperature.

Figure 10 shows the development of nondimenslonalized curvature (with respect to laminate thickness)

as a function of the time of cure stop. Again, we see good agreement between measured and predicted

values. Significant over-prediction of the curvature early in the cycle is thought to arise from the highly
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viscoelastic behavior of the matrix which has not yet reached gelation. Also, the fracture surfaces of the

tensile tested specimens in the region of the curvature over prediction exhibited little or no interfaclal

bonding between the fibers and the matrix, leading to a relatively unconstrained matrix and reduced stress

development. By defining the gel point as the point at which the viscosity of the resin reaches 100 Pa-s,

Hahn and Kim (1990) note that the curvature and the transverse modulus both increase sharply

immediately after the gel point, possibly indicating that the development of residual stresses can be

significantly affected by the mechanical properties of the resin before fU cure has been reached.

4. CONCLUSIONS

A process-induced stress model, employing a cure simulation analysis and laminated plate theory, was

used to study the evolution of macroscopic in-plane residual stresses during the cure of thick-section

glass/polyester and graphite/epoxy laminates. Due to the neglect of thermal relaxation effects, model

predictions arm expected to provide upper bound estimates on residual stress development. Material

models were proposed to describe chemical hardening and shrinkage of the resin as a function of degree

of cure. The effects of cue kinetics and changes in specific volume of the resin during cure and cool

down were found to be significant driving forces for the development of residual stresses. The model was

employed to investigate the competing mechanisms of cure shrinkage and thermal expansion in residual

stress development in thick-section laminates. It was demonstrated that the simultaneous minimization

of residual stress in both the longitudinal and transverse diregtions through tailoring of the resin shrinkage

is not possible. Furthermore, the optimum resin shrinkage to minimize residual stresses in the weak

transverse direction is strongly dependent on reaction kinetics, specimen thickness, and the cure cycle

employed during processing. Correlation of model predictions with previously published experimental

data is in good agreement. This correlation provides confidence in the material models proposed to

describe the resin behavior during cure and adds credibility to the methodology developed for predicting

the evolution of residual stress and deformation in thick-section thermoset laminates during cure.
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