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Block 19 Continued...

A linear viscoelastic model was used to predict dimensionless curvatures. The model
underestimates the residual stresses at high temperatures near the onset of crystallization and
overestimates the stresses at temperatures below T,. This was the result of not considering
crystallization shrinkage or the presence of transverse cracking.
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ABSTRACT

Residual stresses in symmetric cross-ply laminates were monitored by measuring the
dimensionless curvature. The cooling rate was found to have a significant influence on the amount
of residual stress in graphite/PEEK (APC-2) laminates. The transverse strain due to crystallization
was not negligible and must be considered when predicting residual stresses for cooling rates of
75°C/min and lewer.

The stress-free temperature for [03/90;] APC-2 laminates decreases with increasing
cooling rate. Successive unconstrained heating/cooling provided the necessary environment for
less stress relaxation allowing the specimens to move toward an equilibrium stress-free temperature
(SFT) of 328°C. The SFT for any heating cycle was found to be equivalent to the previous cooling
cycle SFT. The SFT is strongly dependent on geometrical constraint during thermal cycling
because of the stress relaxation.

A linear viscoelastic model was used to predict dimensionless curvatures. The model
underestimates the residual stresses at high temperatures near the onset of crystallization and
overestimates the stresses at temperatures below Tg. This was the result of not considering
crystallization shrinkage or the presence of transverse cracking.
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1. INTRODUCTION

Thermoplastic matrix composites are now being considered for many commercial, space,
and aircraft applications. The use of these materials requires knowledge of their properties and
how they change with environmental conditions, processing techniques, and load histories.

Thermoplastics can be of two forms: amorphous and crystalline. The crystalline polymers
are semni-crystalline because they can not be truly 100% crystalline. Table 1 lists several common
crystalline and amorphous thermoplastics. The primary advantages of using thermoplastic matrix
composites over thermoset matrix composites are reprocessibility, short process cycle, higher
impact strength, higher fracture resistance, and long shelf life. Other advantages and
disadvantages for crystalline and amorphous thermoplastics are listed in Table 2.

Thermoplastic matrix composites typically require a high processing temperature (350°-
400°C) to melt and consolidate. It is the thermal shrinkage mismatch between the fiber and matrix
during cooling down from these high temperatures that introduces the majority of the residual
stresses in the composite. For semi-crystalline thermoplastic matrix composites, the additional
source of residual stresses is the shrinkage resulting from crystallization. Of course, some of these
residual stresses will be relaxed in time. However, the resultant residual stresses may be high
enough to cause ply cracking before any load is ever applied, degrade impact resistance, and
deteriorate dimensional stability.

Both the crystallization shrinkage and stress relaxation depend on the process cycle. For
example, a fast cool-down usually results in lower crystallinity and hence is expected to give lower
residual stresses. However, a fast cool-down will also result in less stress relaxation negating the
aforementioned beneficial effect. Furthermore, residual stresses can be reduced by annealing
through stress relaxation. Therefore, it is necessary to develop a process cycle and an annealing
procedure to reduce residual stresses.

1.1 Objective

The objectives of the present research are four fold. First, determine the relationship
between residual stress and processing variables such as temperature, pressure, and time for a
semi-crystalline thermoplastic matrix composite (AS4 graphite fiber/polyetheretherketone (PEEK)
matrix). Second, measure the crystallinity resulting from various process cycles and determine its



Table 1. Crystalline and Amorphous Thermoplastics.

Crystalline
Polypropylene
Nylon
Acetal
Polyphenylene sulfide (PPS)
Polyetheretherketone (PEEK)
Polyethylene terephthalate (PET)
Polyarylamide (J polymer)

Amorphous

Polystyrene

Acrylic

Polycarbonate
Polysulfone (PSF)
Polyether sulfone (PES)
Polyetherimide (PEI)
Polyamide-imide (PAI)




Table 2. Advantages and Disadvantages of Thermoplastic Matrix Composites.

ADVANTAGES

Crystalline Polymers

» Resistance to Organic Solvents

¢ Resistance to Dynamic Fatigue

» Temperature Range Increased by Glass, Carbon, or Graphite Reinforcement
» Retention of Ductility on Short Term Heat Aging

Amorphous Polymers

» Transparent

¢ Low and Uniform Mold Shrinkage

¢ Low and Uniform Coefficient of Thermal Expansion
» Minimal Post Mold Shrinkage

+ Properties are Less Temperature Dependant

General

* Reprocessibility

» Long Shelf Life

» Short Process Cycle

¢ Thermo-forming

» Higher Impact strength and Fracture Resistance Compared to Thermosets
e Ease of Handling (no tackiness)

DISADVANTAGES

L4

High Material Costs
Viscoelastic Behavior
High Process Temperature
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contribution to residual stresses. Third, develop a predictive methodology for residual stresses.
Last, recommend an optimum process cycle including annealing to control residual stresses.

2. LITERATURE REVIEW

The material chosen for this study was a continuous graphite fiber (AS4) preimpregnated
with polyetheretherketone (PEEK), a semi-crystalline thermoplastic resin. This prepreg tape is
commercially available from Imperial Chemical Industries (ICI), Inc. under the generic title of
Aromatic Polymer Composite (APC) [1]. Specifically, the APC-2 formula, available since 1982,
has been used in this study in an effort to draw upon the large amount of data available in the
literature.

2.1 Mechanical Properties

Numerous papers have been written on both neat PEEK and APC-2 composites.
Because of the crystalline nature of PEEK and its interaction with the graphite fibers during
crystallization, it is more important to show the composite properties than the constituent properties
when making macroscopic inferences. Tables 3, 4, and 5 list fiber, matrix, and composite
properties, respectively, as found in the literature. The single most comprehensive source for
APC-2 properties was Reference [2]. Tsai [3] lists typical ply data for AS4/PEEK as well as other
popular composite systems, but does not cite any references or how they were acquired. For a
more in depth study of specific APC-2 properties, the following references should be consulted:

Property References
Tensile and Flexural Strength 2,45
Compressive Strength 6-9
Impact Strength 8-12
Fracture Toughness 13-15
Fatigue Strength 16,17
Matrix Fractography 6,18,19




Table 3. Hercules AS4 Magnamite® Graphite Fiber Properties [20-22].

Tensile Strength (a), Ot 3795 MPa
Tensile Modulus (a), ET 235GPa
Ultdmate Elongation (a), €y 1.53%
Density, p 1.80 g/cm3
Specific Heat @ 75°C 0.22 cal/g°C

@ 175°C 0.27 cal/g°C
Fiber Diameter, d¢ 7 pm
Poisson's Ratio, v 0.28
Longitudinal Thermal Expansion, otp 0.3 w°C
Transverse Thermal Expansion, o 18 weC
Thermal Conductivity, k 1.02(10-3) cal/(sec cm2(°C/cm))
Thermal Diffusivity 5.701(10-3) cm2/sec
Electrical Resistance (12K tow) 0.32 Q/cm
Electrical Resistivity 1.53(10-3) Qcm

(a) Calculated from composite laminate test data [22].




Table 4. ICI Victrex® Polyetheretherketone (PEEK) Properties(a) [7,20,21,23-25].

Tensile Strength, Gt 100 MPa
Yield Strength, Oy 96.9 MPa
Impact Strength ' 85 J/m
Tensile Modulus, ET 3.45 GPa
Shear Modulus, G 1.22 GPa
Flexural Modulus, Eg 3.79 GPa
Ultimate Elongation, ey > 100%
Density: amorphous, p, 1.2626 g/cm3
crystalline, p 1.4006 g/cm3
Specific Heat 0.32 cal/g°C
Poisson's Ratio, v 0.378
Heat of Fusion (crystailine) 130 /g
Thermal 'Conductivity, k 0.6(10-3) cal/(sec cm2(°C/cm))
Thermal Diffusivity 1.485(10-3) cm2/sec
Heat Distortion Temperature, Typ 159°C @ 1.82 KPa
Glass Transition Temperature, Tg 155°C
Melt Temperature, Tp, 335°C
Crystalline Temperature Range
Onset Temperature, Toc ~320°C
End Temperature, Tec ~180°C

(a) Grade 450G neat PEEK




Table 5. APC-2 (Gr/PEEK) Properties [2-4,20,26,27].

Longitudinal Modulus, Ep
Transverse Modulus, ET
Longitudinal Flexural Modulus, Ei ¢
Transverse Flexural Modulus, ET
Shear Modulus, G

Longitudinal Tensile Strength, X
Transverse Tensile Strength, Y

Longitudinal Compressive Strength, X'

Transverse Compressive Strength, Y'
Longitudinal Flexural Strength, Xg
Transverse Flexural Strength, Yf

Longitudinal Tensile Strain, €
Transverse Tensile Strain, et
Longitudinal Compressive Strain, €',
Transverse Compressive Strain, €'t

Density, p
Poisson's Ratio,ur 1
Fiber Volume Fraction, V¢

Ply Thickness, hq
Longitudinal Thermal Expansion, o,

Transverse Thermal Expansion, ot

Thermal Conductivity, k
Thermal Diffusivity

Glass Transition Temperature, T,
Stress-Free Temperature, Tg¢
Melt Temperature, Tp,

135.2 £ 8.5 GPa
9.2+04GPa
130.0 £ 1.7 GPa
10.3 £0.3 GPa
4.90 GPa

2090 £ 80 MPa
80+ 1.6 MPa
1094 £ 46 MPa
200 MPa
1872 £ 49 MPa
140 + 0.4 MPa

145+ 0.2%
1.00£0.2%
0.82%
2.35%

1.480 g/cm3

0.35

0.62

0.125 mm

0.5w°C <Tg
1L0w°C >Tg

30wC  <Tg

SWwC >Tg
0.76(103) cal/(sec cm2(°C/cm))
1.656(10-3) cm2/sec
143°C

328°C (fully crystalline)
343°C




2.2 - Viscoelastic Behavior

PEEK, like all polymers, exhibits viscoelastic properties when loaded under high
temperature conditions. At temperatures above the glass transition, Tg, PEEK will begin to show a
significant deterioration in properties [28,29]. Extensive work on the complex modulus [30] has
shown that the temperature, magnitude and width of the peak loss modulus in the glass transition
region are sensitive to the cooling rate. The cooling rate also strongly affects the storage modulus
in the rubbery region, but has little effect in the glass region. The tensile creep compliance was
shown to decrease with increasing crystallinity (Tis; = 130°C) for 45G grade neat PEEK
[31]. Ogale and McCullough [31] have estimated the crystalline modulus to be 30 GPa using the
Aggregate Model.

Hashin et al. [32] have developed a method of analysis for determining the
thermoviscoelastic properties of unidirectional composites consisting of transversely isotropic
elastic fibers and any linear viscoelastic matrix. Analytical results for a carbon fiber/3502 epoxy
system show significant effects of matrix thermoviscoelasticity. The creep strain was found to
increase as well as a softening of the initial and time-dependent portions of the composite response
as temperature was increased. The magnitude of accumulated viscoelastic strain was seen to be
small for reversed loading and represented a phase lag between temperature change and strain
response. No experimental data was offered for comparison.

Viscoelastic effects have been included in residual stress prediction for graphite/epoxy
composites [33-35] and a thermoplastic matrix composite [36]. Chapman et al. [36] have
developed a finite difference FORTRAN computer model to predict in-plane residual stresses
accounting for surface cooling history, ply orientation, constituent elastic properties, heat transfer
parameters, and viscoelastic and thermal contraction behavior of APC-2 composites. The degree
of crystallinity in APC-2 was reported to be an insignificant factor in mechanical properties. This
is contrary to previous work performed at Penn State [5] and elsewhere [37-39] which showed that
modulus and strength properties varied with the degree of matrix crystallinity. Although the model
by Chapman appears to be comprehensive, additional experimental results are needed to verify the

model.




2.3 Cooling Rates and Crystallinity

Fusion of APC-2 prepreg has been reported to occur in a matter of seconds at 380°C
[26,40]. Hence, the most important process variable is the temperature and the rate of cooling.
Numerous studies [5,23,24,26,36,38,39,41-49] have shown that increasing the cooling rate
decreases the amount of crystallinity found in the APC-2 matrix. Crystallization takes place in the
approximate temperature range of 180° to 320°C with the maximum crystallization rate occurr.ag
around 275°C. Thus, the rate of crystallization and final crystallinity of the matrix is determined by
the rate at which the material passes through the crystallization range. The effects of crystallinity
on APC-2 mechanical properties are found in [5,37-39]. In general, the crystalline phase acts as a
reinforcement in the matrix, thereby giving higher strength and modulus, but lower fracture
toughness. Fibers in the matrix serve as nucleation sites {50,51] and is likely to alter the
crystallization kinetics such that the measured crystallinities are higher in APC-2 than in neat
PEEK.

2.4 Residual Stresses

Residual stresses in composite laminates have been determined by various methods such
as the curvature of unbalanced cross-ply laminates [33,52-56], embedded strain gages [57], first
ply failure [58], milling [56], and a technique called a process simulated laminate [36,59]. The
latter technique uses superposition of residual stresses in several thin laminates processed together
(separated by release plies) to predict the residual stress in a laminate of equivalent thickness.
Residual stresses develop during crystallization for semi-crystalline thermoplastics and below the
glass transition temperature for amorphous thermoplastics [55]. Residual stresses at room
temperature were found to be large enough to cause ply cracking in amorphous thermoplastics
[25,60]. Nairn and Zoller [25] reported no evidence of ply cracking in APC-1 (the precursor of
APC-2) laminates whereas a small amount of ply cracking was seen by Jeronimidis and Parkyn
[56].

2.5 Stress-Free Temperature

The stress-free temperature Tsr is the temperature at which residual stresses disappear.
Previous work [56] with varying laminate thicknesses has found the Ty to be 310°C for APC-2
with a cooling rate of 3°C/min. The Ty for APC-1 was found by similar methods [25] 1o be 328°C
on heating and 319°C on cooling.




3. EXPERIMENTAL PROCEDURE

The main objective of the experimental phase of the present research was to determine how
residual stresses were affected by the cooling rate, applied fabrication pressure, and post-
fabrication thermal cycling. Warpage of asymmetric cross-ply laminates was used as an indirect
measure of residual stresses.

3.1 Processing Method

A multiple specimen mold shown in Figure 1 was used to fabricate two 50.8 mm x 152.4
mm and two 25.4 mm x 152.4 mm specimens in a single process cycle. The matched die mold
was fabricated from precision ground high carbon steel and cured using Mono-Coat® E63 as
recommended by the manufacturer, Chem-Trend Inc. Although reapplication of the Mono-Coat
release agent was found to be unnecessary, a light coating was applied before each process run
along with a Kapton release film to consistently achieve a high quality surface finish.

Laminate configurations included [O¢], [90s] and [03/903]. The unidirectional laminates
were fabricated as 50.8 mm x 152.4 mm and later cut to the standard 25.4 mm x 152.4 mm
configuration for testing.

A 12-ton microprocessor controlled Tetrahedron Materials Test Press (MTP-14), shown in
Figure 2, was used to compression mold the APC-2. A typical process cycle was to heat up at
14°C/min to a process temperature Tp, dwell for a given duration Atp, then cool at the desired rate
Q¢ to room temperature. The applied pressuré Pp was constant throughout the entire temperature
history. The chosen processing parameters are:

Tp Atp Pp
Temperature Dwell Time Pressure Cooling Rate
=] (mln) O
380 15 0.34 <1
400 30 0.69 50-75
1.34 > 650

For slow cooling rates, <1°C/min, the MTP was used for both heating and cooling cycles. For
medium cooling rates, 50°-75°C/min, the mold was transferred to a Tinius Olsen Testing Machine

10




after the dwell cycle and placed between two aluminum cooling plates. Room-temperature water
pumped through the plates at 10 gpm gave the medium cooling rates consistently.

Figure 3 illustrates the 50°-75°C/min cooling rate set-up. High cooling rates (i.e. >650°C/min)
were achieved using an ice/water quench on the testing machine, which was used to maintain a
processing pressure. An Omega 900 series data acquisition system was used in conjunction with
an AT-compatible microcomputer to record the temperature history from type J thermocouples

during processing.

Figure 1. Match Die Mold for Fabricating Muitiple Specimens.




Figure 2. Compression Mold Press and Data Acquisition System Used in
Processing APC-2 Specimens.
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3.2 Dimensionless Curvature

The radius of curvature of the 25.4 mm x 152.4 mm [03/903] specimen in the 0° direction
was measured by placing the specimen on a reference block and measuring the height deviaton at
several locations. Figures 4 and 5 illustrate the method. A reference block 51 mm wide was used
to reduce the unintentional flex and to allow readings near the specimen ends. Height and
thickness measurements were recorded for distances of 38.1 mm, 76.2, and 114.3 mm from the
specimen end. The radius was calculated from [61]

2

c 2
5]+t
R="—+uou
2 (h - t) (1)
where: ¢ = reference block width
h = measured height

-
i

specimen thickness.

Since the radius of curvature is dependent on the laminate thickness [56], the curvature was
normalized by dividing the thickness by the radius of curvature. Any change observed in the
dimensionless curvature, /R, along the specimen length would be an indicator of possible non-
uniform cooling, crystallization, or the presence of microcracks.

3.3 Stress-Free Temperature

The purpose of the stress-free temperature (SFT) study was to determine the temperature at
which residual stresses begin to build up and record the temperature dependence of the
dimensionless curvature.

The [03/903] 25.4 mm x 152.4 mm specimens were temperature cycled in an Applied Test
Systems, Inc. temperature chamber capable of 400°C maximum temperature. Figure 6 shows the
[03/903] specimen mounted on a 127 mm reference block inside the chamber with a 0.4 mm metal
scale for reference. Seven type J thermocouples (TC) were used with an Omega 900 data
acquisition system to record the chamber and specimen temperatures. A Panasonic WV-3240/12X
video camcorder was used to visually measure the specimen deflection and to provide a permanent
record of the events. A Reichert-Jung optical fiber lamp was used to provide lighting to the
specimen and reference scale. Figures 7(a) and (b) illustrate the set-up used in the SFT study.

14




Dial Gage

\— Specimen

(T.C. end)
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Reference Block

Figure 4. Measurement of Local Height Deviation for Curvature Specimens.

Figure 5. Geometry Used to Calculate the Radius of Curvature.
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Figure 6. Temperature Chamber Set-Up During Stress-Free Temperature Study.
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The SFT study was performed in two stages. In Phase I, the cooling rate was not
controlled while in Phase II the cooling rate was controlled to 1° £ 0.5°C/min by a LFE model 2010
controller. The heating rate was controlled to 3°+ 0.5°C/min for both test series.

3.4 Differential Scanning Calorimetry

A Perkin Elmer 7500 thermal analysis system with a DSC7 module was used to measure
the enthalpy of crystallization as a function of temperature for as processed APC-2 specimens.

The mass fraction crystallinity, M, is defined by [45]

M H
where Hc is the enthalpy of crystallization per unit mass of the composite, Hr is the enthalpy of
fusion per unit mass of the crystalline phase, and My is the fiber weight fraction. Equation (2) can
be rewritten in terms of the crystalline and amorphous matrix densities by,

M,
[pf(pc pa)]vf Y
pa [ ¢
3
where: pr = fiber density (1.80 g/cm3) [22]
pa = amorphous matrix density (1.263 g/cm3) [45]
pc = crystalline matrix density (1.400 g/cm3) [45]
Hf = enthalpy of fusion (130 J/g) [48]
H: = enthalpy of crystallization (J/g)
V¢ = fiber volume fraction (0.62 by experiment)

The crystallinity of several high Qc specimens was measured at several locations and related
to the curvature at the same point. Figure 8 illustrates the locations where the DSC specimens were
obtained. DSC specimens taken from the TC end of the specimen were used to have a better
correlation to the cooling rate.
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Profile Locations

254 mm TYP

Region of
Thermocouple
Reading

|<— 3.2 mm
152.4 mm

Shaded area used for typical
DSC testing to varify mass
fraction crystallinity.

Figure 8. DSC Profile Study of Curvature Specimen and Typical DSC Specimen Source.
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3.5 Fiber Volume Fraction

There are two techniques commonly employed to determine the volume fraction of fibers in
a composite: chemical matrix digestion and photomicrography [62]. The latter technique was used
in the present research. The fiber volume fraction is determined as
A¢

V= =t
T A )

where A is the area of a selected region of the photomicrograph and Ar is the total fiber area in the
selected region. Photomicrographs were taken using a Unitron® metallographic microscope and a
Lasertec® scanning laser microscope.

3.6 X-Ray Radiography

X-ray radiography was used to determine the presence and number of cracks in the as-
processed APC-2 specimens. Specimens, 0.76 mm x 7.6 mm x 50.8 mm, were cut from a 25.4
mm x 152.4 mm [03/903] specimens, Figure 9, using a water cooled Felter® table saw with a
diamond blade. In addition, full size {03/903] specimens (as processed and SFT cycled) were used
for comparison.

The specimen strips were immersed in a 1,4-Diiodobutane solution for 24 hours to allow
full penetration of the dye into the composite. The full-scale curvature specimens were forced flat
(i.e. initial post-processing state) and immersed in the 1,4-Diiodobutane solution for 2 hours. All
specimens were then X-rayed using a Faxitron® radiographic inspection unit.
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0.76 mm x 7.6 mm x 50.8 mm
X-ray Specimen

Shaded sections were available
for use in the X-ray radiography
study. The bottom (BOT)
section was used for the fiber
volume fraction study.

0.76 mm x 25.4 mm x 44.5 mm
Fiber Volume Fraction Specimen

I —— Region of thermocouple readings

Figure 9. Cut-Up of Curvature Specimens for X-Ray Radiography Study.
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4. ANALYSIS

The build-up of residual stresses in semi-crystalline thermoplastic matrix composites is
dependent on thermal and chemical changes in the matrix. Thermal residual stresses develop due
to the mismatch in thermal expansion coefficients of the fiber and the matrix. Crystallization
results in shrinkage giving rise to additional stresses during cooling. The dimensionless curvature,

t/R, of asymmetric cross-ply laminates is the result of these residual stresses.

4.1 Elastic Analysis

The early analyses of residual stresses in composites were based on the assumption of
elastic behavior [63,64]. These analyses were for thermoset matrix composites after complete cure
and, hence, did not account for chemical shrinkage. Several analyses [44,55,56] used the
Timoshenko [65] bimetallic strip theory (BST) with temperature-dependent properties for
thermoplastic composites. However, these analyses did not take into account shrinkage due to
crystallization and was found to under predict the initial residual stress buildup and over predict the
stresses at temperatures below the glass transition temperature.

For long and narrow strips of a [03/903] laminate used in the present study, the
dimensionless crirvature is given by

t
R = Clev- e )

where t is the laminate thickness, R is the radius of curvature, and ef, and et are the longitudinal
and transverse expansional strains, respectively. The factor C is related to the elastic moduli by
[52]

r 2 39,
24{1+\{1-2v-v n+ {20 -V Jn"|n

. 2 2 2 37
1+15n +|{15-16v /Jn” + {1~-16V |n 6)
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where v is the major Poisson's ratio and n is the modulus ratio E1/E;. Note that all properties are
measured at the temperature of interest.

The expansional strain e consists of two parts: thermal strain eT and crystallization strain ec.
T c
eL=¢eL + e @)

T ¢

]

€r

The expansion strains are measured from a stress-free temperature, Tgr. The SFT ranges from the
melt temperature, T, to the onset of crystallization temperature, Toc.

The thermal strains can be written in terms of the temperature-dependent thermal expansion

coefficients:

T
ef = f o (T) dT
Ty N

T
er =f. a(T) dT
Ty (10)

The longitudinal expansional strain e, is dominated by the fibers and hence,
c
€L = 0 (1 1)

The transverse crystallization strain can be obtained from the matrix crystallization strain ecy, using
the micromechanics equation in [3]

c c
er=QAQ+vy) Ve, ' 12)

where Vm and V' are the Poisson's ratio and volume fraction, respectively, of the matrix.
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During processing, the PEEK resin changes from a fully amorphous at the melt state to a
semi-crystalline with a mass fraction crystallinity, Mc. The resulting volume change is given by

L &]

where pa and pc are the densities of the amorphous and crystalline phases, respectively. Since

AV
_2=Mc

Vxn

AV

1
3Vm

€m

the transverse crystalline strain is therefore

es = 41 +um)vac(1 -&)
Substituting Eq. (3) into (14 ) gives the final equation for the transverse shrinkage strain
(‘Ei -1 Vf + 1
p
R
Pe pf(pc_ pa) V¢ Hy
(-v)
P.P -
i aFc 4 (15)

4.2 Viscoelastic Analysis

The viscoelastic properties of neat PEEK have been previously investigated [30-32] and
found to be significant above 155°C which is the glass transition temperature for neat PEEK.
Several models have been developed for epoxy and thermoplastic matrices [33,34,36,44]. The
analysis taken from [33] are described in Part I of the Final Report [66] for IM6/BMI materials.




The model assumes linear thermorheologically simple viscoelastic behavior and accounts
for both volume shrinkage due to crystallization and specimen geometry. The time-dependent
dimensionless curvature is given as

t ' d
Lo - fo co [0 - 8] ewm - exv) ar (16)

where C, eL, and er are given by Egs. (6), (7) and (8), respectively. &(t) and &(t) are reduced

times found by integrating the shift factor associated with the matrix transient thermal response
[66].
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5. RESULTS AND DISCUSSION
§.1 Effect of Cooling Rate on Curvature Development

As described in Section 3.1, asymmetric cross-ply laminate specimens, [03/90s], were
fabricated and the resulting curvatures were measured as an indicator of the amount of residual
stress. Table 6 lists the dimensionless curvatures found at various cooling rates. The specimen
identification code is explained in Figure 10.

By making use of a 51 mm reference block in calculating the radius of curvature (Figure 3),
it was possible to obtain 3 independent readings along the specimen. The dimensionless curvature
was found to be relatively uniform at each of the cooling rates (within 5% of the mean). The
largest variations in t/R were found in specimens processed at the lowest pressure (0.34 MPa) and
at the highest process temperature (400°C). The reason is that variability in the cooling rate across
the surface of the specimen will result in a different degree of crystallization and stress relaxation
from point to point. The time-temperature relation for cooling from a processing temperature of
380°C was found to be non-linear for cooling rates greater than 50°C/min. The data of Table 6
shows the curvature is decreasing with increasing cooling rate, Figure 11. The crystallinity is
lower at higher cooling rates, as will be shown later, and resulting in a smaller crystallization
strain. Aithough less stress relaxation and hence higher curvatures are expected at higher cooling
rates, the data indicates that the crystallization shrinkage dominates.

Changes in the process temperature, Tp, did not produce any significant change in the
average curvature, Table 6. Due to the amount of scatter in the data, the effects of processing
pressure, Pp, are not conclusive, Figure 11.

An unexpected result of high cooling rates was the development of in-plane and out-of-
plane fiber microbuckling in the cross-ply laminates. Although wrinkling is a common occurrence
in thermoforming with thermoplastics [26,67,68], fiber microbuckling has not been widely
reported in unidirectional or cross-ply laminates. Figure 12 shows the microbuckling observed in
a [03/905] 25.4 mm x 152.4 mm APC-2 specimen cooled at a rate of 462°C/min. Similar
processing work [69] has shown that for large specimens (e.g. 5 mm x 203 mm x 305 mm panels)
microbuckling is present at all cooling rates including rates as low as 0.54°C/min. Grossman and
Amateau [5] have shown microbuckling in APC-2 to be a probable cause for the decrease in
longitudinal and transverse moduli with increasing cooling rate.
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TABLE 6. Characteristics of As-Processed APC-2 Specimens.

Dimensionless Curvature (x 10°-4)

Process
Specimen | Cooling Rate
@2 | ORI+ | Avenge | piiie

Cl112A-1 0.54 32 (d) 55.02 33.01 54.70 47.58 10.30
C1112B-1 0.54 42 (d) 56.31 64.24 62.60 61.05 3.42
C1112C-1 0.54 34 (d) 64.03 60.54 42.66 55.74 9.36
C2112A-1 100.00 24 (d) 54.12 - 24.43 39.28 14.85
C2112B-1 54.14 28 (d) 36.12 41.23 41.72 39.69 2.53
C2112C-1 59.16 31 (@) 49.28 52.74 46.22 49.42 2.67
C2112D-1 74.88 18 (d) 37.67 32.56 32.84 34.36 2.34
Cl1212A-1 0.54 43 (d) 47.34 52.47 54.02 51.28 2.85
C1212A-2 0.54 43 (d) 52.92 60.06 61.33 58.10 3.70

C1312A-1
C1312A-2
C1312B-1
Cl1312B-2
C1312C-1
C1312C-2
C1312D-1

C1312D-2

61.19a
60.56a
53.26
64.04
§7.05
51.79
45.84
62.11

0.00
0.00
4.62
3.34
5.48
0.64
7.09
4.46

C1322A-1
C1322A-2
C1322B-1
C1322B-2

50.73
54.13
57.25
60.03

17.59
13.09
8.52
1.63




TABLE 6. (Continued).

Process Wt. % Dimensionless Curvature (x 104-4)
P | e T Y | urir | omer | o3 | Averge pandard
C2312A-1 89.94 33.90 50.27 | 46.15 | 45.40 | 47.27 2.14
C2312A-2 89.94 33.90 56.14 | 4991 | 46.10 | 50.72 4.14
C2312B-1 62.26 33.90 4301 | 4526 | 36.57 | aLe61 3.68
C2312B-2 62.26 33.90 5439 | s57.47 | s53.15 | ss5.01 1.81
C2312C-1 (b) 29.07 50.98 | 50.01 | 49.96 | 50.32 0.47
C2312D-1 73.67 32.91 53.48 | 5457 | 47.45 | 51.83 3.13
C2312E-1 57.09 32.59 46.92 | 46.61 | 4597 | 46.50 0.39
C2312F-1 74.33 35.50 55.06 | s55.47 | 4057 | 5037 6.93
C3312A-1 ©) NA 60.78 | 68.26 | 61.70 | 63.58 333
C3312A-2 ©) NA 5462 | 6742 | 55.93 | 59.32 575
3312B-1 312.00 29.68 44.84 | s50.65 | 42.81 | 46.10 3.32
C3312B-2 312.00 29.68 49.40 | 42.14 | 27.85 | 39.80 8.95
C3312C-1 462.00 29.41 4404 | 4857 | 4398 | 4553 2.15
C3312C-2 462.00 29.41 48.64 | 5631 | 56.01 | 53.66 3.55
C3312D-1 747.60 28.52 47.94 | 5333 | 51.75 | 51.00 2.26
C3312D-2 747.60 30.10 4552 | 52.92 | s50.89 | 49.77 3.12
C3312E-1 318.40 31.58 36.77 | 41.94 | 3835 | 39.02 2.16
C3312E-2 318.40 31.58 41.67 | 4563 | 46.91 | 44.74 2.23
C3312F-1 145.30 30 (d) 5146 | 54.07 | 42.60 | 49.38 4.91
C3312G-1 164.90 25 (d) 45.16 | 45.02 | 34.61 | 41.60 4.94
C3312H-1 870.51 26.13 29.50 | 46.76 | 47.79 | 41.35 8.39
C33121-1 691.67 30.94 4570 | 52.51 | 47.58 | 48.60 2.87
C3312J-1 717.30 29.12 46.71 | 5221 | 42.73 | 471.22 3.88
C3312K-1 377.71 37.67 46.95 | 57.97 | 46.40 | 50.44 5.33
C3312L-1 332.74 39.35 51.63 | 53.69 | 47.92 | 51.08 2.39
c3312M-1 | 537.04 35.97 50.19 | 59.57 | 47.62 | 52.46 5.14
C3312N-1 415.26 34 (d) 5499 | 57.93 | 45.81 ' 52.91 5.16

* t1/R1, t2/R2, and t3/R3 measured at 114 mm, 76 mm, and 38 mm from TC end of specimen,

respectively. All radii determined with a reference block of C = 51 mm. See Figure 5.

1) Only one radius measured: reference block is C = 127 mm.

(b) Data lost due to computer power failure.

(c) Incomplete consolidation.

(d) Estimated from the literature [75] and Figure 35.
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CONFIGURATION:

A = [06]
B =[906] .
C = [03/903]
SF = SFTS specimen
PROCESS RUN NUMBER

COOLING RATE:

1= <1°C/min

% = §(6>-5705° cglgimm SPECIMEN NUMBER

PROCESS PRESSURE:

1= 0.34 MPa
2 = 0.69 MPa CYCLE NUMBER
3

1.34 MPa

DWELL TEMPERATURE:

1 =380°C
2 =400°C

Figure 10. Process Specimen Identification Code.
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Figure 11. APC-2 Dimensionless Curvature Changes with Process Cooling Rate
(Specimen Configuration: [03/903] 25.4 mm x 152.4 mm).

Microbuckling was found to be a localized phenomenon which could occur for a few
number of fibers (1 to 20) or for a large number of fibers (>200). The largest continuous
microbuckled area (approximately 3 mm wide and 51 mm long) was found in a
[+£45/02/90/02/145/0]5 203 mm x 305 mm APC-2 panel cooled at 0.54°C/min. Fiber
microbuckling in unidirectional composites due to shrinkage during cure {70] has been reported to
remain in phase for fiber separations up to 10 fiber diameters (see Figures 13a and 13b). Only at
very large separation of 50 or more fiber diameters do they buckle independently as shown in
Figure 13c. The formation, prevention, and effects on mechanical properties of fiber
microbuckling is an area that deserves additional investigation.

§.2 Effect of Thermal Cycling on Stress-Free Temperature

The stress-free temperature (SFT) study was carried out in two phases. In Phase I
specimens were heated at 3° + 0.5°C/min until they became flat and then immediately cooled as
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Figure 12. In-Plane and Out-of-Plane Fiber Microbuckling Observed in [03/904]
25.4 mm x 152.4 mm APC-2 Specimens at High Cooling Rates
(Specimen: C3312C-1, Magnification: 21X) [69].
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Figure 13. Microbuckling of Fibers in Unidirectional Composites Due to Shrinkage During
Curing [70].
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quickly as possible. Thus, the maximum temperature reached was a stress-free temperature, which
varied from specimen to specimen. The specimens were neither held at the SFT for any length of
time nor taken to temperatures higher than the SFT. The purpose of this procedure was to find the
SFT associated with the as-processed residual stresses, minimize additional crystallization, and to
determine the increase or decrease in the resulting room temperature curvatures after thermal
cycling.

In Phase 11, the heating and cooling rates were 3°C/min and 1° £ 0.5 °C/min, respectively.
The temperature controller was programmed to dwell at 340°C for 15 min before cooling. This
was to insure that all specimens were flat and cooled down from the same temperature. Note that
in both Phase I and II specimens were left free to deform.

Three distinct SFTs were found for Phase I specimens depending on the process cooling
rate. The SFT decreases as the process Q. increases as shown in Figures 14 through 19. Upon
cooling all but one specimen experienced a 9 to 24% increase in dimensionless curvature compared
with the as-processed curvature. The exception was specimen SF3312J-1 which showed a much
higher increase. During processing the specimens were held flat by the mold, and hence free
curvature development was not allowed. The increase in curvatures is thus believed to be the result
of an absence of geometric constraints on the specimen and is seen to be a function of the amount
of time spent in the crystalline temperature range (180°-320°C) and the previous temperature history
of the specimen. In the case of specimen SF3312J-1, which was processed at a cooling rate of
717°C/min, its mass fraction crystallinity M) was a low 29% making it a prime candidate for
additional crystallization during the thermal cycling. The M, of SF3312J-1 increased by 28% after
one SFT cycle as shown in Table 7. Therefore, the increase in /R can be explained by additional
strain due to crystallization.

As mentioned earlier, all Phase II specimens were heated to 340°C during thermal cycling.
All specimens became flat before reaching the maximum temperature of 340°C. Upon cooling
different specimens began to show curvature development at different temperatures. Thus, two
stress-free temperatures were measured during each thermal cycle: a heating SFT and a cooling
SFT.

The low Q. (< 1°C/min) specimens had a heating and cooling SFT that were very close to
each other as shown in Table 7 and illustrated in Figures 20 through 22. The heating and cooling
curves for the medium or normal cooling rate (50°-75°C/min) are shown in Figures 23 and 24.
Specimen SF2312E-1 was cycled 3 times using the same thermal cycle. Starting out with alow
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Figure 14. Dimensionless Curvature for a Single SFT Cycle, Phase I, of a {01/903] Specimen
Processed at a Cooling Rate of 0.54°C/min (SFT=326°C).
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Figure 15. Dimensionless Curvature for a Single SFT Cycle, Phase I, of a [03/90;] Specimen
Processed at a Cooling Rate of 0.54°C/min (SFT=327°C).
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Figure 16. Dimensionless Curvature for a Single SFT Cycle, Phase I, of a [03/903] Specimen
Processed at a Cooling Rate of ~60°C/min (SFT=283°C).
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Figure 17. Dimensionless Curvature for a Single SFX Cycle, Phase I, of a [03/903] Specimen
Processed at a Cooling Rate of 74°C/min (SFT=284°C).
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Figure 18. Dimensionless Curvature for a Single SFT Cycle, Phase I, of a [0:/903] Specimen
Processed at a Cooling Rate of 692°C/min (SFT=274°C).
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Figure 19. Dimensionless Curvature for a Single SFT Cycle, Phase I, of a [03/903] Specimen
Processed at a Cooling Rate of 717°C/min (SFT=270°C).
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Figure 20. Dimensionless Curvature for a Single SFT Cycle, Phase II, of a [03/903] Specimen
Processed at a Cooling Rate of 0.54°C/min (SFT=323°C).
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Figure 21. Dimensionless Curvature for a Single SFT Cycle, Phase II, of a [03/903] Specimen
Processed at a Cooling Rate of 0.54°C/min (SFT=331°C).
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Figure 22. Dimensionless Curvature for a Single SFT Cycle, Phase II, of a [03/903] Specimen
Processed at a Cooling Rate of 0.54°C/min (SFT=312°C).
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Figure 23. Cycling Dependence of the Dimensionless Curvature for a [03/903] Specimen
Processed at a Cooling Rate of 57°C/min (SFT=290°, 320°, 312°C).
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Figure 24. Dimensionless Curvature for a Single SFT Cycle, Phase II, of a [03/903] Specimen
Processed at a Cooling Rate of 74°C/min (SFT=330°C).

t/R (46.61) and a moderate M, (32.59%), the specimen achieved a heating SFT of 279°C and a
cooling SFT of 290°C. Note in Figure 23 that on successive heating and cooling, the heating curve
always follows the previous cooling curve indicating additional crystallinity change and stress
relaxation during heating is negligible. Once the specimen became flat it remained so even under
increasing temperature. In Phase I the temperature at which curvature began to develop was the
same as the maximum temperature reached. However, when cooled from 340°C the curvature did
not develop until 320°C was reached. The final cooling curve resembles that of the low Q.
specimens. The inflections at 140°C are seen only in a few of the cooling curves while remaining
curves are featureless and linear,as observed with Gr/J Polymer and Gr/PEEK (APC-1) [25].

High Q. (>650°C/min) specimens also exhibited similar heating and cooling behavior,

Figures 24 and 25. Again, SFT's of both specimens increased to about 328°C after they had been
heated to 340°C.
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Figure 25. Dimensionless Curvature for a Single SFT Cycle, Phase II, of a [03/903] Specimen
Processed at a Cooling Rate of 748°C/min (SFT=327°C).
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Figure 26. Cycling Dependence of the Dimensionless Curvature for a [03/90;] Specimen
Processed at a Cooling Rate of 748°C/min (SFT=329°, 327°C).
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The change of room-temperature curvature with SFT cycles in summarized in Figure 27.
Here the curvature was measured immediately before the thermal cycling. The curvatures
measured after processing decrease with increasing process cooling rate. Higher cooling rates
result in lower crystallinity and, hence, lower crystallization shrinkage. In spite of stress
relaxation, the net effect is still lower residual stresses for higher cooling rates.

As discussed earlier, the combination of a higher maximum temperature and no geometric
constraints im.posed during SFT cycling leads to higher curvatures. The curvature increases almost
linearly with the subsequently measured stress-free temperature regardless of the process cycle or
thermal cycling, Figure 28.

The results for all SFT cycles are summarized in Table 7. The /R and X was measured
for each specimen before and after each cycle along with the SFT experienced on both heating and
cooling. Figures 29 through 31 show the variations in the SFT cooling curves from specimen to
specimen. Figure 32 overlays all /R cooling curves to develop an upper and lower limit for
predicting the amount of residual stresses. It is seen that an asymmetric [03/90;] APC-2 cross-ply
laminate with an aspect ratio, L/W, of 6 has a SFT of 320° £ 20°C and a dimensionless curvature
of 72 + 8 (x 10-%) at room temperature after thermal cycling to 340°C regardless of the process
cooling rate employed.

The final step of Phase II was to reheat under contact pressi.re a representative specimen
from each process Q. group. This was achieved by placing tne specimen back into the mold to
prevent warpage and applying the same thermal cycle as in Phase II SFT cycles. The /R decreased
for both the low and medium cooling rate specimens, whereas the high Q. specimen remained
unchanged (Table 8). This is in contrast to the observation described earlier that the curvature
increased after thermal cycling when specimens were left free to deform. The main reason for the
contrast is that more stress relaxation occurs when the specimen is kept flat, thereby reducing the

curvature.
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Figure 29. Dimensionless Curvature as a Function of Cool Down Temperatures for Low
(< 1°C/min) Process Cooling Rates of Phase I APC-2 Specimens.
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Figure 30. Dimensionless Curvature as a Function of Cool Down Temperatures for Medium
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TABLE 8. Effect of Geometric Constraint on Curvature During Thermal Cycling.

Process Dimensionless Curvature (x 107-4)

Specimen Cooling Rate
D (°C/min) Before After ]

C1312B-1 . 55.12 £5.78 46.35 £ 6.17
C2312B-1 . 42.16 £ 2.54 33.94 £2.89
C3312C-2 . 54.84 £ 3.07 55.47 £5.89

5.3 Crystallinity Study

The mass fraction crystallinify was measured during heating by differential scanning
calorimetry (DSC) for several specimens after processing [5,48,71). A typical DSC run is shown
in Figure 33 where the specimen was heated-at 10°C/min to 380°C, held there for 15 min, then
cooled at 60°C/min. From this trace we can see that the onset of melting is 330°C with a melt
temperature of 343°C. Using Eq. (3) we find M¢ to be 37.81%.

The exotherm due to crystallization during cooling at 1°C/min and 60°C/min are shown in
detail in Figures 34 and 35, respectively. The onset of crystallization (Toc) is seen to decrease with
increasing Q. and the crystallization range from To to Tec, the end of crystallization temperature,
broadens with increasing Q.. The SFT was found to coincide with the T, as had been observed
with other semi-crystalline thermoplastics [25]. The resulting crystallinities are 37.1% and 31.5%
for 1°C/min and 60°C/min cooling, respectively. The results for as-processed and thermal cycled
specimens are given in Tables 6 and 7, respectively.
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DSC testing at the same thermal cycle parameters as Phase II SFT specimens was
performed to calculated the amount of additional crystallization for the selected thermal cycle. The
results showed that heating of APC-2 to 340°C with a 15 minute dwell was insufficient to achieve
full melting of the matrix and subsequent cooling at 1°C/min did not produced a noticeable
exotherm. Hence, additional crystallization did not take place as expected and the increase in the
room temperature curvature must be explained by other means. If the specimen had reached full
melt then an exotherm similar to Figure 34 would have occurred and the additional crystallization
would account for additional transverse shrinkage and thus, a larger dimensionless curvature.

Figure 36 shows that crystallinity data obtained in the present study under the conditions of
T, = 380°C, Atp = 30 min, and P, = 1.34 MPa compares very well with previously reported
results for APC-2. It is important to note that the low or negligible crystallinity reported in the
literature [20,36,41,42,48,59,72] for cooling rates of 1,000° to 10,000°C/min were for specimen
sizes of 19 mm x 152 mm or smaller processed from a single specimen mold. The molds used in
the present work were a 178 mm x 216 mm multi-specimen mold and a 203 mm x 305 mm panel
mold. The large size of the present molds made it difficult to achieve high cooling rates.

Crystallinity in several high cooling rate specimens was uniform in the transverse direction,
but showed a 38% variation along the longitudinal direction, Table 9. This can be explained by the
quench method used for the high Q. specimens. As seen from Figure 36, a change in the M from
24% to 33% requires a change in cooling rate from 300 to 800°C/min. Since the ice/water quench
method provides no control for the cooling rate it is likely that the specimens experienced uneven
cooling over the length of the specimen. This is also supported by the variation in the
dimensionless curvature across the specimens (Table 6).

Plotting the as-processed curvature as a function of M, (Figure 37) we can see a slight
trend in the data. As one would expect from the relationship between t/R vs Q¢ and M vs Q, the
dimensionless curvature increases with increasing crystallinity.

5.4 Crystallization Shrinkage

The transverse strain in the matrix due to crystallization, er, was calculated by integrating
the area under the exotherm (Figures 34 and 35) from T to T to determine the enthalpy change
then using Eq. (13) to find et (T). The results of this study are listed in Tables 10 and 11. The
increase in matrix crystallization strain as a function of temperature and cooling rate is shown in
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Figure 36. Mass Fraction Crystallinity as a Function of Process Cooling Rate for APC-2.
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TABLE 9. Crystallinity Profile of High Cooling Rate Specimens.

Mass Fraction Dimensionless
Specimen Crystallinity Curvature
—ID — — (104 __
A-1 33.25 47.15
B-1 3291 47.94
C-1 28.52 53.33
F-1 24.14 51.75
F-2 24.41 51.75
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TABLE 10. Exotherm Integration for 1°C/min Cooling"

Hc £c1'
Enthalpy Transverse
Integrated of Crystalline
Temperature Area Crystallization Strain
Q) (mJ) J/g) (%)
329 0.74 0.038 0.0017
328 1.18 0.060 0.0028
327 1.79 0.091 0.0043
326 3.36 0.121 0.0057
325 2.38 0.172 0.0080
324 5.34 0.272 0.0127
323 8.65 0.441 0.0206
322 19.24 0.982 0.0457
321 36.67 1.871 0.0872
320 78.46 4.003 0.1866
319 120.15 6.130 0.2857
318 174.93 8.925 0.4159
317 212.82 10.858 0.5060
316 231.57 11.815 0.5506
315 248.57 12.682 0.5910
314 257.89 13.158 0.6132
313 267.74 13.660 0.6366
312 273.97 13.978 0.6514
311 282.31 14.403 0.6712
310 288.29 14.709 0.6855
309 292.18 14.907 0.6947
308 296.80 15.143 0.7057
307 300.03 15.308 0.7134
306 303.80 15.500 0.7223
305 305.93 15.609 0.7274
304 308.35 15.732 0.7331
303 310.70 15.852 0.7387
302 312.21 15.929 0.7423
301 313.95 16.018 0.7465
300 314.97 16.070 0.7489
299 315.79 16.112 0.7508
298 316.31 16.138 0.7521
297 316.89 16.168 0.7534
296 316.99 16.173 0.7537

(a) Source: C2312E-1, Specimen Wt.: 21.3 mg
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TABLE 11. Exotherm Integration for 60°C/min Cooling 2

Hc &5

Enthalpy Transverse

Integrated of Crystalline

Temperature Area Crystallization Strain

(°C) (mJ) (J/g) (%)

308 0.01 0.000 0.0000
306 0.03 0.001 0.0001
304 0.06 0.003 0.0001
302 0.10 0.005 0.0002
300 0.16 0.008 0.0004
298 0.25 0.013 0.0006
296 0.39 0.020 0.0009
294 0.66 0.033 0.0016
292 1.24 0.063 0.0030
290 2.79 0.142 0.0066
288 6.30 0.321 0.0150
286 12.88 0.657 0.0306
284 23.28 1.188 0.0553
282 37.09 1.892 0.0882
280 53.32 2.721 0.1268
278 70.65 3.605 0.1680
276 87.97 4.488 0.2091
274 104.61 5.337 0.2487
272 120.17 6.131 0.2857
270 13441 6.858 0.3196
268 147.32 7.517 0.3503
266 158.93 8.109 0.3779
264 169.31 8.638 0.4025
262 178.54 9.109 0.4245
260 186.75 0.528 0.4440
258 194.04 9.900 0.4614
256 200.50 10.229 0.4767
254 206.22 10.521 0.4903
252 211.29 10.780 0.5024
250 215.79 11.009 0.5131
248 219.77 11.213 0.5225
246 223.31 11.393 0.5309
244 226.44 11.553 0.5384
242 229.22 11.695 0.5450

(a) Source: C2312E-1, Specimen Wt.: 19.6 mg
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TABLE 11. (Continued).

Hc e5
Transverse
Temperature Imzimd E“‘L‘?lpy CI}S,Stamne
a ot train
©C) (m) Crys(t?ll/gxszanon )
240 231.69 11.821 0.5509
238 233.87 11.933 0.5561
236 235.83 12.032 0.5607
234 237.55 12.120 0.5648
232 239.07 12.198 0.5684
230 240.42 12.266 0.5716
228 241.61 12.327 0.5744
226 242.64 12.380 0.5769
224 243.54 12.426 0.5791
222 244 .32 12.465 0.5809
220 24498 12.499 0.5825
218 245.53 12.527 0.5838
216 245.99 12.551 0.5849
214 246.36 12.569 0.5857
212 246.63 12.583 0.5864
210 246.83 12.593 0.5869
208 246.94 12.599 0.5871
206 246.98 12.601 0.5872

(@) Source: C2312E-1, Specimen Wt.: 19.6 mg
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Figure 38. From this plot and Figures 34 and 35 we can see that the maximum crystallization rate
occurs at 319°C for 1°C/min cooling and 278°C for 60°C/min cooling. The longitudinal and
transverse thermal expansional strains calculated from Egs. (9) and (10), respectively, are shown
in Figure 39 as a function of temperature. Here it can be seen that the transerse thermal strain is
three orders of magnitude greater than the longitudinal strain. Because the transverse thermal strain
dominates over the matrix crystallization strain and longitudinal thermal strain there is no
significant change in the strain difference, eL - eT, with respect to changes in the process cooling
rate, Figure 40.

5.5 Fiber Volume Fraction

Because of the wide range of results reported in the literature for the fiber volume fraction
(Vg) of APC-2 (58 to 66%), it was decided to verify the fiber content independently. Ten
photomicrographs were taken randomly of various locations of a [Og] APC-2 cross-section using a
standard metallographic microscope at 400X and a scanning laser microscope (SLM) at 500X.
Several of the photomicrographs are shown in Figure 41. The area fraction method [62] was used
to calculate an average Vy of 62%, which compares well with the literature data [2]. Table 12 lists
the results obtained for each individual photo.

Photos #1 and #7 in Figure 41 reveal resin rich areas can be found throughout the cross-
section. Further investigation of the local area in these photos revealed that the spacing between
the resin rich areas was approximately equal to the thickness of the prepreg (125 um). This agrees
with Cattanach and Cogswell [26] who reported seeing resin rich layers in APC-2 where two
prepregs have been joined by high process temperatures at short durations. Good fiber wetting
was seen in all micrographs.

5.6 Matrix Microcracking
Transverse cracking was observed by x-ray radiography in the 7.6 mm x 50.8 mm strips
cut from [03/903] 25.4 mm x 152.4 mm APC-2 specimens, Figure 42. However, no cracks were

observed in either of the as-processed (C1312A-2, C2312A-2, C3312N-1) or SFT cycled
(SF1312D-2, SF2312D-1, SF3312D-2) full-scale specimens, Figures 43a and 43b.
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Figure 41. Typical Photomicrographs from a Metallographic Microscope (left) and Scanning Laser
Microscope (right) for a [0g] APC-2 Specimen.
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TABLE 12. APC-2 Fiber Volume Fraction.

" NUMBER
. of
LOCATION FIBERS

(Photo.Quadrant)
(Df=72um]j

57.27
66.53
64.32
56.83
66.53
53.75
61.24
59.92
61.24
56.39
61.24
60.80
66.53
72.14
66.84

Average
Standard Deviation

Number of Samples
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This indicates that the thin strip specimens may have been traumatized during the cutting operation
and the reporting of cracks in APC-2 by this method is misleading. The small hairline striations in
the full-scale specimens are believed to be surface roughness effects and not transverse cracks.
Transverse cracking due to residual stresses has been observed in other thermoplastic systems
[53,60] while transverse cracking in APC-2 [56] was report as slight or none.

5.7 Elastic Analysis

The material properties given in Table 5 were used for all the elastic models discussed in
Section 3.1. The temperature dependent transverse modulus of APC-2, Figure 44, was taken from
Reference [56], where dynamic mechanical analysis at 3 Hz was used on a [90,4] laminate.

Values for ET(T) could not be monitored accurately above 280°C and should be taken as
approximate. The results of modeling the dimensionless curvature by thermal-elastic analysis are
shown in Figure 45 along with the experimental data from Figure 32.
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Figure 44. Dynamic Mechanical Measurement of the Temperature-Dependent
Transverse Modulus ET of APC-2 [56].
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Figure 45. Dimensionless Curvature as Predicted by Laminated Plate Theory for Thin, Narrow
Strips With Crystallization (Thermal-Elastic Model).

The modified laminate plate theory discussed in Section 3.1 incorporates thermal,
geometric, and crystalline strain effects into a thermal-elastic model (TEM) using Egs. (3), (6), (9),
(10) and (15). The model over predicts the dimensionless curvature for temperatures lower than
190°C, but agrees well with the experimental data for temperatures between 200°C and T The
overestimate by the TEM at low temperatures is attributed to the large dependence on Et in the
geometry coefficient, on o in calculating the transverse thermal strains, and the neglect of stress
relaxation effects. As seen previously, the transverse thermal strain dominates the development of
residual stresses.
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5.8 Viscoelastic Analysis

The input data for the viscoelastic (VE) model was obtained from tensile creep compliance .
data in the literature [31]. The tensile creep compliance master curve for 45G neat PEEK is '
reproduced in Figure 46 along with the shift factors associated with a reference temperature of
130°C. To the authors’ knowledge, no creep data for APC-2 composites has been published in the
open literature. Because the neat PEEK master curve has a distinct knee at approximately 5 x 106
seconds, the curve was analyzed as two linear regions. Figures 47 and 48 show the linear
regression performed on the master curve below and above the knee. These regression parameters
were input into the VE model as well as the transverse compliance at t, and tynee. The input
propertes for the model are listed in Table 13.

Table 14 lists the room temperature curvature predictions for cooling at rates of 0.54, 60,
and 700°C/min. The final curvatures differ by only 5% and are seen to increase with increasing
cooling rates. The VE model prediction of t/R for cooling at 1°C/min is shown in Figure 49 along
with the experimental data obtained in the SFT study. While the viscoelastic analysis does provide
a more precise description of the PEEK matrix, it is seen to under predict the residual stresses
during the onset of crystallization and overestimate the stresses at temperatures below Tec, similar
to the results found using the TE model.
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Table 13. Viscoelastic Model Input Properties.

Shift Factor Parameters: A= 4486
B = 89.035
Stress-Free Temperature, Tsf 328°C
Room Termperature, Trm 28°C
Longitudinal Compliance, S11 7.396 (10-12) Pa-!
Shear Compliance, S12 2.589 (10°12) Pa-!
Transverse Compliance Intercept, D° 1.087 (10-10) Pa-!
Transverse Compliance at Knee, D* 1.980 (10-10) pPa-!
tog (t/aT)knee 5.681 sec
Transverse Compliance Curve Fit Dr = 1.778 (10°%) (Pa sec?)!
Parameters (below knee) np =0.1237
Transverse Compliance Curve Fit Dy = 0.119 (10-10) (Pa sec)-!
Parameters (above knee) ny = 1.1981

Table 14. Viscoelastic Predictions of Dimensionless Curvature at Room Temperature
for APC-2 Laminates.

t/R
Qc At Dimensionless
Cooling Rate Time Increment Curvature
—(°C/min) (sec) (x 10-4)
0.54 111 98.22
60.00 1 98.20
700.00 8.571(10%2) 98.02
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6. CONCLUSIONS

The dimensionless curvature has been used as an indicator of residual stress in asymmetric
cross-ply laminates. The process cooling rate was found to influence the amount of residual
stresses present in AS4/PEEK composites. Higher cooling rates result in lower crystallinity and,
hence, lower crystallization shrinkage. The transverse thermal strain was seen to dominate over
both the transverse crystallization strain and the stress relaxation effects.

The recommended process temperature and dwell time were 380°C and 30 minutes,
respectively. The dwell time may be shortened to 10-15 minutes for thin laminates (t < 0.15 cm).
It is not known what relationship exists between the dwell time and laminate thickness is t > 5 cm.
The pressure appli=d during as-processed conditions appears to have no influence on the amount of
residual stresses. A constant pressure of 200 psi provided consistent high quality specimens.

The stress-free temperature of as-processed [03/903] APC-2 laminates decreased with
increasing process cooling rate. The SFT for any heating cycle was found to be equivalent to the
previous cooling cycle SFT. Constrained heating/cooling (e.g. annealing) resulted in the stress
relaxation of specimens with high as-processed residual stresses. Thus, when pressure is applied
the specimen is under additional mechanical strains to remain flat reducing the amount of thexmal
and crystallization shrinkage developed; therefore, stress relaxation effects dominate and the
curvature is decreased. Hence, the SFT is strongly dependent on the previous temperature and
pressure histories and the proper selection of the SFT is necessary for accurate model predictions.

The thermal-elastic model used laminated plate theory with modifications accounting for
temperature, geometry, and crystallinity effects. The model agrees well with the experimental data
for temperatures greater than 180°C, but grossly overestimates the dimensionless curvature below
Tg since it does not consider stress relaxation effects.

The viscoelastic model used in this study [66] is for linear viscoelastic behavior. The
model over predicts the amount of stress relaxation occurring at high temperatures near the onset of
crystallization and thus, underestimates the specimen curvature. Likewise, the model
overestimates the stresses at temperatures below Tg. There is inconclusive evidence at this time
that the presence of transverse cracking may account for the overestimate and, hence, additional
work must done in this area. A room-temperature dimensionless curvature of 98 x 104 is
predicted for [03/903] 25 mm x 152 mm APC-2 laminates having a SFT of 328°C and cooled at a
rate of 1°C/min.
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7. RECOMMENDATIONS FOR FUTURE WORK

The effects of annealing under loading need to be investigated in order to provide an
optimum process cycle for the reduction of residual stresses and increased structural integrity of
AS4/PEEK composites. The presence of transverse cracking in APC-2 laminates should be
investigated with respect to processing variables (e.g. cooling rate and annealing). In addition, the
creep behavior of APC-2 needs to be obtained as opposed to the use of neat PEEK properties. The
results would then be incorporated into the viscoelastic model to provide a more complete
undersianding of the development of process-induced residual stresses in thermoplastic
composites.

Fiber microbuckling is frequently observed even in compression molding of flat laminates.
The formation, prevention, and effects on structural integrity of fiber microbuckling should be
investigated for thermoplastic matrix cbmposites. Specifically, graphité/PEEK systems are of
importance because of their increased structural use in the aircraft and aerospace industries.
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