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ABSTRACT L

Polvlether-ether-ketone) or PEEK, was developed as a
high performance engineering riaterial. In this siudy, 3-D
hratded AS4 graphitel PEEK (graphire]PEEK) composites
were preformed and processed ro investigate the combined
performance of this new system. These manufactured com-
P«‘és:‘res were then characterized, using matrix digestion and
wide angle x~rgy diffraction, to determine their fiber volume
Jractions and degrees of crysiallinity. After physical char-
acrerization, the mechanical response of these composites
were evaluated af variaus temperatires.

Experimental resuits from tensile measuremtents are com-
pared lo a fabric geometry model (FGM). This mode!
predices tensile strength based upon fiber and matriv
properties, fiber volume fraction, and braiding angle, The
model and experimental results are given here, and are in
good agreement with eael other.

In order to study the time-dependent mechanical praper
tes of these 3-0 braided graphite! PEEK composites, their’
stress velaxation and dynamic mechanical properties were
evaluated. The dynamic mechanical properties of PEEK
compasites are compared to short fiber und continuaus fiber
reinforced PEEK composites to determine the effects of

Jiber geometry. ;

INTRODUCTION

Fi;ber-reinforced thermoplustic matrix composites are galn.
ing jn popularity fora number of applications. In these appliea-
litmls, their popularity stems from an improved combination of
chatacteristics: fyom lowered processing tempemtures and
weight, to increased repairability, strength, and toughness. !
Among thermoplastic mulrix materials, PEEX, or poly(ether-
ether-ketone) is ane of a newer generation of high performance
engincering materipls, PEEK is a semictystalline aromatic
polymer with a glass transition wmperature of 144°C, and 2
melting point of 335°C. PEEK has very good chemical resis-
tance and retains its good mechanical properties up to 300°C,
Compared to most thermoplastic materials, PEEK can be used
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at higher ramperatures (1o 250°C).6'9 However, before it can
be successfully used at higher temperalures, its behavior must
be understood. Like most materials, PEEK exhibits time-do-
pendent properties such as creep, stress relaxation, and energy
dissipution. These time and temperature-dependent properties
are not unique to polymeric materials, but they make the study
of the long-term performance of PEEK composites at clevated
tempemtures cssential.

Depending upon the final application, many reinforcing
fiber geometries are used 10 make PEEK composites. For
example, carben fiber conz)pnsims have heen developed with
short fibers,” laminates,'® waven fabrics. "2 and thres-
dimensional braided structures.'* Among these reinforcement
geometries, 3-D braided structures are known for their high
damage tolerunce and delamination resistance.'* Studies at
room temperature show that 3-D braided Graphie/PEEK com-
posites have very good damage tolerance and tensile proper-
ties.” In standard compression alter impact tests,' these
wnaterials show higher compressivn afier impact strengttt, und
damage 1olerance than laminated APC-2 (a 61% continuous
graphite fiber reinforced PEEK composite), Tn this way, 3-D
braided PEEK compasites may be used to improve damage
tolérance and delamination problems which arc ofien as
sociated with APC-2 composites,

In order to increase the commercial application of ther-
moplastic materials, their long-<term behavior must be well
understood. However, thermoplastic composites have 2 rela-
tively short history of application compared to other
materials.? In the case of 3-D braided composites, long-term
properdics have not been examined und) now. In this paper, the
tensite, stress relaxation, and dynamic mechanical properties
of 3-D braided graphite/PEEK composites are studied. First, a
series of tensile tests are deseribed to demonsirate the stress-
striin behavior of these composites. Second, tensile properties
of these materials are compared to a fabric geometry model
{FGM)"“ ' in order to demonstrate the usefulness of this
predictive toel. Third, stress reluxation results are described, in
expesiments at verous temperstures and stram levels, Finally,
the dynamic mechanical propesties of 3-D braided compasites
are investigated and compared to other PEEK composites with
various types of fiber-reinforced peometries,
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MATERIALS

Tri this spudy, Vi_ctrex® 150 GPEEK was used for the polymer
matrix, and Magnamite@ AS4 graphité was used for the rein-
forcing fiber. The physical and mechanical properties, as sup-
plied by the manufacturers of these materials, are presented in
Table 1.717

In order to ensure good matrix distribution in the final
composites, commingled yams were used. The yarns consist
of 150G PEEK in filsmen: form: and AS4 graphite fibers. The
commingled yams comtain approximately 280 PEEK fibers
and 6,000 graphite fibers. Ignoring voids, the graphite fiber
volume fraction in ench yam is 62,791

EXPERIMENTS & THEORY

Experiments

The commingled yamns were braided into 3-D preforms at
the Fibrous Matcrials Research Center at Drexel University.
The 3-D braided preforms were 1.25 ¢m wide, 0.2 an thick,
with a surfuce braiding angle of + 20°. A detailed description
of the 4pn:foxmirlg Process can be found in reviews by Ko or
Chu. 1418

Consolidation of the 3-D braided preforms was carried out
ina _Wabash@ hydraulic hot-press using a carbon steel matched
die mold. Before consolidatjon, the 3-D braided preforms were
care;fully cut into 25 cm lengths. The Lime-temperature and
time-pressure history of a typical sample during processing is
sho\(‘/n in Figure 1.

After processing, composite fiber volume fractions werc
determined using a matrix digestion technique.!8' The fibor
volume fraction in these processed composites was deter-
mined to be 63.60% (& 1.20%).

The crystallinity index [or the PEEK maftrix in these
processed composites was detemined to be 32%, using wide-
angle x-ray diffraction. This methed requires subtracting the
diffraction from the fibers, and scaling the x-ray scanering
from amphorous PEEK by a factor which is related 1o the
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crystallinity index. This method is dewiled by Blundell >°
Morc on the particular methods used here is reported by Chu.'®

Tenslle Properties Characterization

Static tensile lests (according 1o ASTM standard D-3039-76)
were conducted to obuin the ultimuie tensile sirength,
moduius, and Paisson’s ratio of the 3-D braided composites.
These tests were conducted using aa Instron 1127 Universal
Tester, The dimensions of the specimens were 254 x 125 x
0.234 em, A schematic of & tes! specimen is shown in Figure

© 2. The strain induced from the applicd stress was messured

using strain gages. A strain puge conditivnerfumplifier system
(munufactured by Measurements Group Ine.} was connected
with an x-y plotter to record the struin dama. The cross-head
speed of the Instron was (.05 com/imin.

Tensile tests were conducted at 25, 60, 120, and 180°C. To
reduce experimental error, 10 specimens were tested a1 each
lemperature. The results of these staic tensile tests are sum-
marized in Table 2.

These results show that 3-D braided geaphite/PEEK com-
posites retain their tensile strength ro ot least 180°C. Tabie 2
also shows that the Poisson's ratio increuses with lemperature.
After failure, the test specimens were cut using a dismond
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Figure 1. Hot press processing history of 3-D braided
graphite/PEEK composites.

- Side  Fromt
Properties 150G PEEX AS84 Graphite Fiber ‘—é}iﬁ
Density (gfem”) 132" .80 [ ST
08
Tensile Strength (MPa) 95 3795
Tensile Modulus (GPz) 45 235 . .
Poissons Ratio .37 —
— : 254 [{15.2
tsemicrysualline em tle 4‘
Table 1. Material properties of PEEK and graphite fiber
Tenip (°C) Stress (MPa) Moduius (GPa) Poisson’s R;.\ti.o

2| 930Sl (47.78) 8875  (£5.30) 038 (002 , —

60 | 82213 (& 79.94) 79.62 . (£2.39) 045 (£ 0.0
120 102759  (+58.38) 83.67  (£131) L4 (3002

180 ‘1021 45 (% 102.15) 3772 ©12.79) 120  0.16) FBERGLASS REINFORCED EPOXY TAB

= - Figure 2. A schamntic ol a tensile rest

Table 2, Sunumary of the tensile test properties of 3-D brilded AS4 grahpite /PEEK, vomposites
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blade to cxamine their fracture surfaces using a scanning
electron microscope (SEM). Figures 3 and 4 show the SEM
micrographs from a 25°C and a 130°C tensile test fracture
surface, respectively. The fracture surface from the 180°C
tensile iest specimen shows more matrix flow than the 25°C
specimen.

K
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Figure 3, SEM micrograph of 25°C tensile test fracture sur-

face,

surface.

¥ -~

&) (b}

Figure 5. (2) The unit ¢ell structure for 3-D braided com-
posites. (b) A yam system in the unit cell is treated as unidirec-
tional lamina: (1, 2. 3) is the yarn coordinate system, {x, v, z)
isjthe unit cell coordinate system.
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From a theoretical point of view, a fabric geometry model
(FGM) was developed which allows one 16 predict the tensile
modulus of 3-D braided composites.'* This model was
smployed here to estimate the tenisile modufus of 3-D braided
praphite/PEEK composites. Through a modified laminate
theory, the mode] relates the modulus of the 3-D braided
composite fo its fiber and matrix properties, plus fiber orien-
tation and volume fraction. In using this model, a unit cell is
fiest identified. This formg a basis for the entire analysis.
Figure 5a shows 2 typical unit ¢ell for a 3-D braided com-
posite. 16 In its simplest form, the unit cell is represenied by a
set of diagonal rods representing individual yarns, The rod
orientations depend upon the braiding angle,

The FGM assumes that each yam in (he unit eell i5
unidirectional lamina (Figure 5b). The overall material proper-
ty of u unit ccll is the sum over all the yarn contributions. The
objective of FGM analysis is to calculate the clasticity matrix
for the unit cell, The elasticity matrix for cach lamina in the
yarn coordinate system (labelled as 1-2-3 axes in Figure 5b),
C, is determined by the fiber and matrix properties and fiber
volume fraction_ The elasticity matrix of the lamina in the unit
cell coordinate system (labelled as X-Y-Z axes in Figure 5b)
is determined through a caordinate transformation. Therefore,
the elastic mamix of the i™ systern of yarns, [C;], in the unit
cell contdinate sysiem is expressed as

1€ = [Ta,] (C) (Tel ™ [

where [Tg;] is the coordinate ansformation tensor of stress
and strsin for the i system of yarns, Tespectively,

Finally, the elasticity matrix of the unit cell, [C], can be
obtained by summing over the individual lamina elasticity
matrices,

Ca=Z & [CA. f2

where k; is the fractional volume of the i system of yarns,

The FGM can be incorporated into a general finite element
analysis program for solving the clastic marlx of complex
braided composite structures and shapes. ! Figure 6 compares
the 25°C experimental stress-stratn relation for 3-D bruidcd
graphite/PEEK composites with the FGM analysis. As Figure
6 shows, the FGM analysis and experimental results are in
good agreement. Therefore, FGM may be used as a method of
predicting the modulus of these kinds of 3-D braided graphite/
PEEK composites.

Stress Relaxation Properties Characterization

Stress relaxation experiments {according to ASTM standard
D 2991-84) wete conducted using an Instron 1127 Universal
Tester. The geometry and specimen ditnensions were the same
as in the tensile tests. The load was instantaneously (within 2
seconds) applied to the specimen. Tests were conducted at 3
different strain levels, cach at 3 different temperatures: (.68,
0.82, and 0.96% elongation and 60, 120, and 180°C. Fi gure 7
shows the stress level as a function of Hme at various tempora.
fUTes,
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A common way 1o describe stress relaxation behavior is to Gl = T
use 2 normalized stress relaxation function G(1).22* G(1) can Ty [3}
be defined as
GOy=1,
1000 r - where T(t} is the stress level necessary to give the correspond-
o0 | Do Rasalt L ing strain at time .
. L Referring to Equartion [3), G(1) is an indication of the frue-
-4 4 s tional siress retained in the specimen. Figure 8 plots the
H _,f"' average G{t) at the 3 testing strain levels as a function of time
g wr Lo for 3-D braided Graphite/PEEK composites at 60, 120, and
we b 257 180°C. This figure shows that the stress relaxation behavior is
relatively temperature insensitive in the tetperature range of
0 . . . . : . 60 to 180°C.
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_ Strain Dynamic Mechanlcal Analysis
F‘igure 6. Room temperature stress-sirain reladon of 3-D APynamic Mechanical Analyzer (TA Insttument Ine, Model
braided AS4 graphire/PEEK composites. DMA-983) was used to investigate the effect of fiber geometry
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Flgure 7, Stress relaxation behavior of 3-D braided AS4 graphite/PEEK composites.
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Figure 8, Normalized stress relaxation function of 3-D braided AS4 graphite/PEEK composites,
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on the dynamic mechanical properties of the 3-D braided
PEEK composites. The specimen dimensions were 40 x 12.6
x 2.28 mm, Tests were conducted at temperatures between 60
and 240°C. In general, during a dynamic experiment, the
resulting stress is out of phase with the applied strain. Due to
this fact, the modulus can be separated into two comporents:
one in-phase (real), and one out of phase (imaginary) com-
onent. For example, the shear modulus (G*) may be repre-
sentedas

Gr =G + i fd1 .

where G’ is the real component of the shear modulus (also
calicd the shear storage modulus), and G" is the imaginary pant
of the shear modulys (alse called the shear loss modulus), G”
is often assncégtcd with the dissipation or loss of energy during
deformation,”

P.@e 87

The phasc angle tharreflects the time lag between the applied
stress and strain is generally defined as the angle 8, The tangent
of § is called the damping factor, and is often written as tan &.
The damping factor is associated with, amony other things,
internal friction, and is the ratio of cnergy dissipated per cycle
to the energy stored per cycle. DMA resulis were obtained at
1 Hz frequency to compare results with literature data on bulk
FEEK, 20 and 30% short glass fiber reinforced PEEK, and
continuous fiber-reinforced PEEK composites (i.e., quasi-
isotropic APC-2 8 ply). Figures 9, 10 and 1] show a com-
parison of fiber geometry effects on shear storage modulus
(&), shear loss modulus (G"), and damping factor {lan §),
respectively, in PEEK composites. These figures show that
fiber geometry hus a profound effect on the dynamic mechani-
cal behavior of PEEK composites. 3-D braided PEEK com-
posites enjoy higher shear storage and Joss moduli relative to
the various other composites shown in Figures 9 and 10. The

14 3D braided graphite
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Figure 9. Effect of fiber geometry on shear storage modulus of PEEK compesizes,
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Figure 10, Effect of fiber geometry on shear loss medulus of PEEK composites.
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Figure 11, Effect of fiber geometry on loss factors of PEEK composites.

lower tan & shown In Figure 11 implies that, in use, these
composites may resist permanent changes.

CONCLUSIONS

The tensile propestics of 3-1 braided graphite/PEEK com-
posites were studicd at various temperatures. Experimental
results indicate that 3-D braided PEEK composites retain theie
tengile strength 10 at least 180°C. Results from thesc tensile
me’atsuremsnts compare well with predictions from a fabric
geqmetry medel. (FGM). The FGM is thercfore a goed semi-
bﬁ?mcal method for predicting the tensile properties of 3-D

ded graph:tefPEEK composites.

Results from stress relaxation studies show that 3-D braided
eraphite/PEEK composites ure viscoelastic materials, Under
constant strain, the stress relaxation behavior of these com-
posites is relatively temperature insensitive in the temperature
tange of 60 to 130°C.

Dynamic mechanical properties of the 3-D braided graphite/
PEEK compozites were also investigated. Tt was found thar
fiber geometry hus a profound effect on the dynamic mechani-
cal properties of PEEK compeosites. Experimental results show
that 3-D braided graphite/PEEK composites have higher shear
storage and loss moduli, and lower dumping facrors relative 1o
various other types of fiber reinfarced composites. The lower
damping factor in 3-D composites also implies that these
materials may resist permanent chanzge in use.
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