PreviousPaper Backto Programme Backto Topic Next Paper

CARBON FIBER FABRICS REINFORCED PPS
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SUMMARY

Depending on the applied thermomechanical loadangmperature increase up to the
glass transition temperature ¢€120°C) of fiber fabrics reinforced PPS laminates
degrades significantly the quality of the adhesibthe fiber/matrix interface. However,
it does not seem to be detrimental for the terasilk the double lap joint properties.
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INTRODUCTION

Thermosetting resin based composite materials haga extensively used over the past
30 years. Even if they do present interesting mmichh properties, they are also
characterized by undeniable drawbacks (low tempesagtoring - difficult-to-control
reticulation process - long curing process - hardbrdraping that generates most of the
non reversible defects of the manufacturing procddigh performance thermoplastic
resins and more particularly polyphenylenesulfideP$) represent a promising
alternative to thermosetting resins problems bexausffers a number of advantages
over epoxy resins (chemical and impact resistanvee a wide range of temperatures).
Thus, a wide range of TP is available but in theaasf high performances TP, PEEK
and PPS are probably the most widely reported TrRi-sgystalline resins [1]. At
elevated temperatures, the nonlinear behaviorbarfieinforced composites becomes
significant, especially under off-axis loading carmmhs [2][3]. This nonlinear response,
associated to the shear deformation of the polymerix along reinforcing fibers, is
enhanced at high temperatures due to the viscaplasture of the TP resins [4][5][6].
The load bearing performances of pin connected BMban/PPS composites have been
evaluated at 21°C [7]. There is no study currem@gilable in the literature which
investigates the joint strength at elevated tempegdor carbon fabrics reinforced PPS.
Thus, very few works highlight the behavior of aamlfabrics PPS laminates [8][9] and
a few authors investigated the influence of higimgeratures on the behavior of UD
reinforced PPS resins [10][11][12][13].

ABOUT THE INFLUENCE OF TEMPERATURE ON POLYMERS

Crystallinity in high-performances polymers is im@amt because it has a strong
influence on chemical and mechanical propertiesctiystalline phase tends to increase



the stiffness and tensile strength while the amaughphase is more effective in
absorbing impact energy [2]. The high temperatuebabior of polymeric based
composites is then narrowly associated to the d@egfecrystallinity of the matrix
material.
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Fig. 1 - Evolution of the stiffness with temperatur
(a) Amorphous and semi-crystalline polymers - (b) C/RESlaminate [10]

The degree of crystallinity is determined by maagtérs including the type of polymer and the
processing conditions. Thermoplastic polymers carmmmorphous or semi-crystalline contrary
to thermosetting polymers that are only amorphdtig. (1a). Semi-crystalline polymers like
PPS resin have a degree of crystallinity rangiramfrl0 to 60% (26.3% in this work,
determined by DSC) and they are characterized glass transition temperatuiig=90°C
and a melt temperature,,¥280°C. Amorphous polymers like epoxy resin onlyéa
glass transition temperature,. TAs reported in [10], the tensile strength of the P
carbon/PPS laminate decreased by 17 percent fré@ €0140°C. Between 30°C and 130°C,
the tensile modulus decreased by 7.7 percent. Tétemgges appear to occur near two distinct
points, around the glass transition temperatureghef neat PPS resin and the PPS based
composite (§=126°C) as pointed out by Fig. 1b. For the carlberffabrics reinforced PPS
laminates studied in this work, Bynamic Mechanical Thermal Analysis (DMTA)
performed by the CRISMAT laboratory giveg=L120°C.

EXPERIMENTAL PROCEDURE

The composite materials studied in this work ambaa fabrics reinforced PPS prepreg
laminates plates. The woven ply prepreg laminatesists of 5-harness satin weave
carbon fiber fabrics and the volume fraction ofbcar fibers is 50%. The specimens
tested in this work have the same stacking sequ¢ds/0/45/0/45/0] and its lay-up
can be considered as being quasi-isotroplt.the quasi-static tests were performed
using a 100 kN capacity load cell of a MTS 810 senydraulic testing machine at
room moisture. The operating temperature ranges froom temperature (R.T.) to
120°C. Different tests were carried out on the earlfiber fabrics reinforced PPS
laminates specimens: tensile test, open hole eeteslt, inter laminar shear test, single-
bolt double lap joint and single-bolt single lajaests.



RESULTSAND ANALYSIS

Tensiletests on notched and unnotched laminates

These tests were carried out to investigate the oblthe resin ductility, potentially
enhanced by temperature, on the overstress accoatimdaround the hole and the
notch sensitivity of both laminates. The hole fadip represents the hole sensitivity of

the laminate ultimate strength. It is defined bg, = cjm’ﬂ where
unnotched

Onotched = Frotched/t: W @Ndoynotched = Funnotched/t W are respectively the notched

and unnotched ultimate stresses, t and w beinthtbleness and width of the specimens

From these definitions, the stress-strain curvesodthed and unnotched laminate can

be compared for both laminates at both temperatéigs2).
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Fig. 2 - Tensile vs open hole tensile tests at battperatures for C/PPS laminates

For the studied stacking sequence, the 0° oriefibeds (57% of the plies) carry the

load and the laminates responses are dominatedhebyoehavior of these 0° fibers

resulting in a behavior independent from tempegatdrhis is the reason why the

laminate behavior is almost elastic-brittle in spf the ductile nature of the resin. Then
this slightly non-linear behavior is not associatec plastic behavior of the PPS resin
but to the progressive failure of 0° oriented féeuring loading. It is consistent with

the literature results because the maximum tespeemture is equal to the glass
transition temperature {F120°C) of C/PPS composites.

Tab. 2 - Tensile vs open hole tensile tests at testiperatures for C/PPS laminates:
Mechanical properties

Gﬁn otched (Mpa) Gg tched (Mpa) EL (GPa) Ch

o~ | R.C. o~ | R.C. o~| R.C. o~ | R.C.
R.T.| 120°C (%) R.T.| 120°C (%) R.T.| 120°C (%) R.T.| 120°C (%)
506 | 469 | -7 | 255| 247 | -3 43 41 -4 05| 053] +4




Considering the mechanical properties of notchedl @motched laminates (Tab. 2),
temperature seems to influence very little botlergjth and stiffness with relative
changes (R.C.) ranging from -3 to -7%. Thus, aisertemperature equal to 120°C is
not significantly detrimental for the mechanicalhbeior of PPS based composites
submitted to such loadings. With increasing temjpeea the hole sensitivity decreases a
little what indicates temperature slightly influeiscthe redistribution of stresses around
the hole through a localized but little more ex&glasticization of the PPS resin [14].

Inter laminar shear test

The short-beam shear test is a commonly used metbodcharacterizing the
interlaminar failure resistance of fiber-reinforosmmposites. This test method involves
loading a beam under three-point bending with dsiars (a short-beam) such that an
interlaminar shear failure is induced (Fig. 3). 9method measures the "apparent”
interlaminar shear strength of composite materifthis, the short-beam shear method
is not appropriate for generating design allowaljligs but it provides information
about the quality of the adhesion at the fiber/matterface. The interlaminar shear
strengtht is defined byr = 3F™ /4wt whereF™ corresponds to the maximum load
applied to the specimen, w and t being respectitiedy width and thickness of the
specimen. This strength is significantly affectgdabtemperature increase up to 120°C
since it changes fronF54MPa tor=40MPa (-26%).
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Fig. 3 - Inter laminar shear test: (a) Three-pbeding of a short beam - (b) Responses
at both temperatures for C/PPS laminates

The load-displacement curves show that the mechlaresponse of the laminate is the
same from the elastic behavior point of view bt ititerlaminar shear of the PPS resin
between plies is associated to a ductile behavhiclwis enhanced by a temperature
increase. Thus, the elongation at maximum loadeas®s by 7%. From the edge
macroscopic views (Fig. 4), the residual plastidodeation of samples at both

temperatures, and more particularly at 120°C, eiei that the interlaminar shear
strength of the laminate does not exactly corredpdn an ultimate strength due to a



pure interlaminar sheakowever, the influenc of temperature on the load trans
between plies can be investigated though thesees The SEM observations of tt
failed samples edgdearly show multiple interlaminar shear cre mostly around th
neutral axis and these cra propagate transvelgeto load directio. Moreover, the
PPS resin being less ductile at R.T., it resultmore cracks (Fig4). However, the
geometry of thedbrics reinforceme opposes some resistance to this propac at the
plies interfaceSince the fibers are brokelhe upper and lower plies of the specim
seem to fail respegkly in tension and compress.
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Fig. 4 - Observationsf the edge of failed specimens afinter laminar shear tes:
(@) R.T. - (b) 120°C

Finally, it is possible to conclude tha temperature increase around the glass tran:
temperature degradesgnificantly the properties of the fiber/matrix interfc The
viscoplastic behavior of the resin enhanced by attel/ temperatures seems to
detrimental for the load transtby shear between plies.

Bolted joint tests

In advanced technology fields, the joining of cosipes to other structures (metals
composites) with mechanical fasteners is often irequ Structures are usually join
with bolts or rivets according two geometrical configurationsingle-bolt single lap
joint and singleésolt double lap joint tests (Fi5).

—_— &

Fig. 5 -Schematic representationsingle-bolt singldap joint and singl-bolt double
lap joint tests [16]




For practical purposes, the ultimate bearing streagis used for dimensioning bolted
joints and corresponds to the ultimate foF¢ecarried by the specimen. It is defined by
o, = FY/d.t where d and t are respectively the hole diametet the specimen
thickness. Similarly, the damage stregs is defined byoy = F/d.twhere F is the
force carried by the specimen when a clear firgh ©f damage appears. From the
following curves (Fig. 6), it is therefore possilitecalculate these values reported in the
following table (Tab. 3).
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Fig. 6 — Bolted joint tests on C/PPS laminate9:D@uble lap - (b) Single lap

Tab. 3 — Single lap and double lap joint tests: ganson of damage and bearing
stresses for C/PPS laminates

Single lap Double lap
04 (MPa) Oy (MPa) 04 (MPa) Oy (MPa)
R.T.| 120°C| R.C.| R.T.| 120°C| R.C.| R.T.| 120°C| R.C.| R.T.| 120°C| R.C.
(%) (%) (%) (%)
540 | 492 | -9 | 720| 568 | -21 | 415| 504 | +21 | 723| 740 | +2

From the strength standpoint, it seems that thrapégature influence depends on the
geometrical configuration of the joint (single autble lap). The single lap joint is a lot
more detrimental for both damage and bearing sseasth relative changes (R.C.) of
respectively -9% and -21% (Tab. 3). However, thariog strength of the double joint
seems to be unaffected by a temperature increase 180°C but the outset of damage
is clearly higher (+21%) at elevated temperaturernEthough they are not studied in
this work, the dimensions of both kinds of jointsshbe underlined because they have
a strong influence on the failure mode of the mint/d = 7.9 and t/d = 2.4 for
double lap joints and’/d = 5 and t/d = 2.4 for single lap joints.

Single-bolt double lap joint tests

For C/PPS laminates, temperature seems to shiffaihee mode from cleavage to
bearing what is more interesting from the serviedavior standpoint of structures
because it is a progressive failure mode (Fig. 7a).
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Fig. 7 — Doubldap joint test- Observation of failure surfaces both temperatures f
C/PPS laminates

From theupper edg&SEM view of C/PPS specims, thecleavage failure mode is related
the debondingf the fibers/matrix interface and the transveibers breaka¢ at room
temperature (Fig. 7b)At 120°C, there is no debondingnd the outset odamage
observedon the upper edge of the specim(mainly aacks at the fiber/matri
interfaces)is associated to the extension of the bearing &rdhe upper edge of tt
specimen (Fig. 7b)t confirms the mechanism of plasticization of tlesinduring the
vertical displacement athe bolt. In the meantime, e longitudinal fibers above tt
bolt/hole areaare submitted to compression and experi buckling at some level ¢
the load whereas theansverse fibers wir around the boltlt results in an inflection c
the loaddisplacement cun (Fig. 6a). One pogde explanation is that the ductile nat
of the PPS resimat elevated temperature promotes a localand cumulated plast
deformation(bearing) abov the bolt/holecontact area and a bearing failure of

bolted joint. The increase of the damageess at 1@°C is probably associated to

extensive plasticization of the resin (indicatedlg observation ofn extended bearin
area in Fig. 7awhat delays the outset of dama

Single-bolt singlelap joint tests

Contrary to the doublip joint, the geometry of the sin-lap joint is no-symmetric.
When a tensiléoad is applied tthe joint, this asymmetry and the b-hole clearance
cause the fastener to tilt in the hole, which implthat the bolt/hole corct pressure
becomes non-uniforrthrough the plate thickness. A stress concentratppears at th
hole edge close to the shear surface of the jdiné nor-uniform stress distributio
may cause the plate to bend -of-plane which is referred to as secary bending
when the clearance is too | [16]. Like in the case of double lap joi, temperature
seems to shift the faite mode from cleavage to beariror C/PPS laminate From the
upper edge macroscopiews, the important out-of-plane deformationhjte-dotted line
in Fig. 8)observed a both temperatt is directly associated to tilsecondary bendir.
This deformation seems to kenhancedat elevated temperature as well the



debonding of the fiber/matrix interfa It results in asignificant decreasin the joint
strength (21%) when temperatt increases.
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Fig. 8 — Singldap joint tesi- Observation of failure surfaces both temperatures f
C/PPS laminates

From theupper edge SEM view of C/PPS specin (Fig. 8), thecleavage failure mode
related to the debondingf the fibers/matrix interface and the traerse fibers breaka
at room temperaturédt 120°C, an important debondingf the fiber/matrix interface
can be observed. It &ssociated to the extension of the bearing ard@etapper edge (
the specimen. Durinthe vertical displacement the bolt, two mechanisncontribute
to damage the joinfplasticization of the res (bearing)on the one hand and «of-
plane deformation one the other h:

CONCLUSION

This work aimed at investigating the influence emperature on thimechanical
behaior of carbon fiber fabrics reinforced polyphemgsulfide (PPS) laminat
submitted to different stress states at differentgeratures (23°C and 12(): tensile
and open hole tensile tesiister laminar shear test, singbelt double lagor single lap
joint tests. Aboutthe mechanical properties of notched and unnotdaednates,a
service temperature equal to the glass transigompéerature of C/PPS compositi.e.
T4=120°C) seems to influence very little both strength anfinstss. In addition, the
hole sensitivity decreases a little what indicatesperature slightly influences t
redistribution of stresses around the hole throadbcalized but little more extend



plasticization of the PPS resin. Considering theerlaminar shear tests results, a
temperature increase around the glass transitiompdérmture of C/PPS composite

materials degrades significantly the quality of #uhesion at the fiber/matrix interface.

The viscoplastic behavior of the resin enhanceelbyated temperatures seems to be
detrimental for the interlaminar shear strength6%2 hence for the load transfer

between plies. For C/PPS laminates joints (doubtesingle lap), temperature seems to
shift the failure mode from cleavage to bearing tidanore interesting from the service

behavior standpoint of structures because it isogrpssive failure mode. The bearing

strength of the double joint seems to be unaffettgd temperature increase up to
120°C but the outset of damage is clearly high@d %) what is probably associated to

an extensive plasticization of the resin delayihg butset of damage. For single lap
joints, the out-of-plane deformation associatedhi® secondary bending seems to be
enhanced at elevated temperature as well as tlendiely of the fiber/matrix interface.

It results in a significant decrease in the joibteisgth (-21%) when temperature

increases up to 120°C.
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