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Abstract
This study was aimed at validating a time-dependendiel accounting for the influence of

viscous effects of PPS matrix on the behaviour /RS laminates at temperatures exceeding
its Tg, when matrix viscoelasticity and viscoplasticity gorominent. This numerical model
combines a linear spectral viscoelastic model angereralized Norton-type viscoplastic
model, and was implemented into the Finite Elemeotle Cast3m. A Digital Image
Correlation technique was used to validate the tedéility to predict the response of TP-
based laminates subjected to complex stress stialesl,.

1. Introduction

High-performance thermoplastic (TP) resins, suchpa$etheretherketone (PEEK) and
polyphenylenesulfide (PPS), offer a promising alé¢ive to thermosetting (TS) resins such as
epoxies: high degree of chemical resistance, extietlamage and impact resistance, and they
may be used over a wide range of temperaturesirfldddition, it is well established that
physical properties (Crystallinity rate and glasmsition temperaturegl of TP resins are
closely associated with the mechanical behaviolPolymer Matrix Composites (PMCs)
under high temperatures [2]. An overview of envimamt effects on performance of PMCs
(TS and TP) is presented in [3]. Around thej The nonlinear behavior (plastic and time-
dependent behaviors) of fiber-reinforced polymemnposites becomes significant, especially
under off-axis loading conditions. This nonlineasponse, associated with the shear
deformation of the polymer matrix along reinforcifigers, is enhanced at high temperature
depending on matrix nature and loading conditiohd3]. While the ability to predict the
behavior of composite structures is a major issugeisign of engineering structures, there is
still a lack of confidence into existing approacl@sstress field analysis, especially for high
gradient structures. Thus, there is a need to dpvaliable numerical tools to account for
their visco-elastic-plastic behaviours when matereae subjected to stress heterogeneities
[14,15,16]. Over the past decades, several autittempted to describe the time-dependent
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behaviour of PMCs. For relatively low loading lesethe viscous behaviour is described as
linear or nonlinear viscoelastic [17]. From the gienrheological formulation to the more

complex approach of Schapery’s model [18], mosthef viscoelastic models comes from

polymers and was later adapted and extended to asitepmaterials. When the load

increases, viscoelastic models lose their accurasythe viscoplastic behaviour becomes
predominant. Finally, most of the viscoelastic viglastic models are not able to predict
accurately the viscous behaviours at the vicinity o{19].

2. Experimental investigations
2.1. Materials and specimens

The composite material studied in this work comssist a carbon fabric reinforced PPS
prepreg laminates, whose fibers volume fractio®0%. The reinforcement is a 5-harness
satin weave of T300 3K carbon fibers supplied byicao and the matrix is a high
performance TP (PPS) supplied by Ticona companfgreeced as Fortron 0214. The
material’s glass transition temperature is 95°C].[I4sts were performed on [(+45,-45)]
specimens, whose viscous behaviour is exacerbatethperatures higher thag. T
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Figure 1. Digital Image Correlation techniques for strain field measurements: experimental set-up

2.2. Experimental procedure

All the tests were performed using a 100 kN capdo#d cell of a MTS 810 servo-hydraulic
testing machine with a temperature control systéamsile loadings were applied to high
gradient structures: perforated [15,16] and douloleshed [20]. Monotonic, creep-recovery
and multi-relaxation tests have been performed2&°Qd (service temperature for aircraft
engine nacelles). Among the different methods aféel to localize or identify the damage
induced by mechanical loading in high gradientdtrtes, a Digital Image Correlation (DIC)
technique can be considered because of its sirplits good accuracy and its ability to
measure full-field strains [21,22], even at highmperatures [15,16,23]. During tensile
loading, a Region Of Interest (ROI) is filmed nda geometrical singularity (see Fig. 1) with
a CCD video camera (659*493 pixels resolution), #8mdugh the window of the thermal
chamber.
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3. Numerical modelling
3.1 Constitutive laws of a time-dependent model

In order to apprehend the viscous behaviours ofPG/Paminates at TxI a numerical
modelling consisting of a viscoelastic spectral andeneralized Norton-type viscoplastic
formulation developed for TS-based composites haeen adopted [14]. Under the
assumption of small strains, the total strain isallg divided into three different parts:

e=g+e”+e” (1)
3.1.1 Viscoelastic model
In order to predict the viscoelastic behavior of ®Ma viscoelastic spectral linear model was

used [14]. It lays on a decomposition of the visasc strain rates”® in elementary
mechanismg; associated with a relaxation time spectrum:

e =3 @

The viscoelastic formulation assumes a Gaussiankdison (see Fig. 2) of the relaxation
mechanisms weights accordingrto= exp(n(i)), relaxation time of thé"imechanism.

n,

H;

I

n, n(i)=log(t)

Figure 2. Gaussian spectral lay-out of the viscous relarati@chanisms

The distribution is characterized by two parameteggstandard deviation) and. (average).
From a physical point of view, the valueqf gives an enhanced effect on late mechanisms,
whereas an increase in the valuenpf tends to homogenize the weights of the viscous
mechanisms (see Fig. 2\ being the interval between two relaxation times,can be
obtained from the definition of(i) such as:

2ng

n(i)=n,—ny+ ({—-1A with A= — 3)
-
From this definition, the weightsg of viscous mechanisms can be calculated from:
1 n(i)—-nc 2
Mi = oovm X &XP (‘ (%) ) )
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Once each mechanism is identified on the spectitmmust comply with the following
differential equation deriving from a thermodynarpatential:

& = é(uigveg - fl) (5)

wherego is the Cauchy stress tensor &Yl is the viscoelastic compliances tensor associated

with a viscous anisotropy tensé¥® such as’e = AV ™"

0 0 0 0 0 0
0 B22/}32 (_623'1/23)/]32 0 0 0
sve=|0 (—Bzg-V23)/E2 B,2/Es 0 0 0
B 0 0 0 B,,/Gi1z O 0
0 0 0 0 B,,/Gi1z O

0 0 0 0 0 Bes/G23

where,,, Bz, Bsar Bes = 2B22G23/E, are parameters representing material’'s viscoaityl,
(E;, Gq2, Gy3) are stiffness modulus.

3.1.2 Viscoplastic model

The viscoelastic spectral model is completed witlgeaeralized Norton-type viscoplastic
model [14]:

foleX) == D -nm it ¢- = ["c-Oue-1  ©

Where M is a fourth order tensor describing the anisotropyiscoplastic flow in shear

loading associated with the PPS matrix. In the azsa linear kinematics hardening, the
thermodynamic forc& associated witlx is defined byX = §a. The evolution laws derived
from a thermodynamic potential can be written 46t the viscoplastic strain rate auadthe
kinematic hardening rate:

M(g-X)

" o) gey P (7)

& =1 wop &

and a=241

Wherei,,p = /T§VPM‘1§VP is the Lagrange viscoplastic multiplier homogentus strain

rate. The viscoelastic and viscoplastic model patars can be identified from a purely
viscoelastic creep tests, and monotonic tensiks &sdifferent strain rates respectively. The
parameteb can be identified from a gradual load-unload tertsist.

E, (GPa) E,(GPa) G4,(T) (GPa) V12 7,,(T) (MPa) ny ne Bas 8 (MPa) K N
56.5 56.5 1,35 0.04 10 4.05 6.9 0.6 400 B4e 9,5

Table 1. Mechanical properties of the elementary ply arehidied model parameters [14]
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3.1.3 Time Discretization

The previous constitutive laws have been time-disoed (backward Euler) and implemented
into a FE code (Cast3m). For an incremental methesbciated with a Newton iterative
scheme, the material state has to be calculated tme interval[t,, t ;1] from a strain
incrementAg, knowing the previous converging state :

(ngl n§i: nX) + A§ - (n+1gl n+1§i' n+1§) (8)

with ,(.) and ,,,(.) representing respectively the previous converggmintities and the
current ones. At the end of each increment, thee sihthe material is calculated from a
classical return-map algorithm. It consists in asigig an elastic state, which can be followed
by a correction phase to comply with the vyield fim if the latter is violated. The
viscoplastic  multiplier n+1i,,p is calculated by enforcing the condition

£ (2419 041X ni1dvp) = 0 at the end of the time step.

3.2 Validation of the numerical modelling

3.2.1 Monotonic tensile tests on double-notchednatas

In order to validate this model, tensile tests hdee=n carried out on double-notched
laminates at 120°C. The experimental and numerstedss-strain responses have been
compared (see Fig. 3a). The purpose is to evallienotch sensitivity (defined bg, =
gnotehed s gunnotched)  of C/PPS laminatesc, depends on the ability of the material to
accommodate overstresses near the notch, and dagiaesl with matrix ductility and
toughness [16].
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Figure 3. (a) Macroscopic response of double-notched laminategsied to a monotonic tensile loading —
Comparison of the longitudinal Green-Lagrange stfigldsE,,, at failure on double-notched laminates
subjected to a monotonic tensile loading: (b) Di@hf experimental data — (c) numerical modelling

From the longitudinal Green-Lagrange strain fidlsise Fig. 3b and 3c), it appears that high
gradient structures experience specific viscoushar@sms along the45° oriented fibers,
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which are instrumental in accommodating overstiessar the hole, ultimately resulting in
lower notch sensitivity. The comparison of DIC déswand numerical modelling shows that
the longitudinal Green-Lagrange strain fielflg, at failure are in good agreement from
gualitative and quantitative standpoints. Theseultesshow that the numerical model
adequately predicts the response of TP-based |#esisabjected to complex stress states at
the vicinity of T.
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Figure 4. Response of notched C/PPS laminates at 120°Crdap-eecovery test — (b) multi-relaxation test

3.2 Long-term behaviour of notched laminates

The response of perforated C/PPS laminates sulljécta creep-recovery loading, has been
simulated (see Fig. 4a). Two successive creep-srgdests were performed at 120°C and for
stress levels equal to 40 and 80 MPa respectideiyng 24 hours [14]. One quarter of the

specimen was meshed with 960 four-node shell el&men
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Figure 5. Comparison of the longitudinal Green-Lagrange strain fields E,,,, after 24h during a creep-recovery
tests on notched laminates at 120°C: (a) DIC from experimental data — (b) numerical modelling
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In addition, a double-notched laminates has be&jesied to a multi-relaxation loading at
strain levels equal to 2-3-4-5-6% respectively (B&p 4b). The specimen was meshed with
1350 four-node shell elements. Once again, the aosgn of numerical and experimental
results shows that the longitudinal strain fieldteraa 24h creep loading are in good
agreement (see Fig. 5). The numerical model cosfitinat cumulative visco-elastic-plastic
deformations develop along thel5° oriented fibers bundles, due to the highly deict

behavior of PPS matrix enhanced at 120°C. Fromotitained results, it appears that the
model adequately simulates the time-dependent baivanf high gradient structures at T T

4. Conclusion

The present work was aimed at validating the apbllity of a time-dependent model in the
case of TP-based composites at T>When most models proposed in the literature tbsg
predictive capacity. A numerical modelling congigtiof a viscoelastic spectral and a
generalized Norton-type viscoplastic formulatiors bh@en adopted. The responses of notched
C/PPS laminates subjected to various loadings (hooimtensile, creep-recovery and multi-
relaxation test) have been simulated. A Digital dm&orrelation technique has been used to
validate the model’s ability to predict the timepdadent response of high gradient structures
subjected to tensile loadings. For the differerstsethe comparison of DIC results and
numerical modelling shows that the longitudinal &@ré.agrange strain fields,,, are in good
agreement from qualitative and quantitative stamdpo Finally, the proposed modelling
proved to be promising to adequately predict thieal®r of TP-based laminated at T3, T
even in the case of structural testing.
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