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Abstract

Polymer matrix composites, and especially short glass fadréorced polyamides, are widely used in the automotideigtry.
Their application on structural components requires a denfimechanical design taking into account the sensivithef me-
chanical response to both temperatiirand relative humidity/{. In this paper, the constitutive model already developethiy
authors Launay et al.2017) is successfully applied to describe the non-linear tirepethdent behaviour of a PA66-GF35 under
various hygrothermal conditions. The extensive experalatatabase involves testing conditions under and abavgldss tran-
sition temperaturd,. An equivalence principle between temperature and reldtivmidity is proposed and validated, since the
non-linear mechanical response is shown to depend onlyetethperature gap — T, (# ).

Keywords: PMCs, polyamide, non-linear constitutive behaviour, teragure, relative humidity

1. Introduction thermoplastics in a former papetaunay et al. 2011). This
] _ ) model has been successfully validated on cyclic loadingls an
Carmakers are facing the challenge of reducing @®is-  complex loading histories with stress levels up to 80% of UTS
sions, and are thus strongly interested in light materiglara  The second step relies on the knowledge of the local mechianic
alternative to metallic materials. Polymer matrix compesi  giate- a physical quantity is shown to be correlated to thigifa
(PMCs) and especially short glass fibre reinforced (SGF&} th |ife under various loading conditiont4unay et al. 2012ha).
moplastics are a cost-efficient solution which combinesfa su ag the fatigue strength of SGFR polyamides is highly seresiti
ficient stiffness for many automotive components subjetded 5 poth temperature and relative humidiefnasconi et g|.
mechanical Io_adings, as Welllas a large freedom of shapes progpz sonsino and Moosbrugge2008, it is essential to in-
vided by the injection moulding. Some of these componentgestigate the influence of hygrothermal conditions on their
are located in the air-intake circuit (e.g. intake mani&loh-  ~hanical response. This is the topic of the present paper, fo

let gas compressor exit), for which the choice of a polyamidgynich we focus on a polyamide 66 reinforced with 35 wt% of
matrix offers a sufficient thermal strength. These parteeogal  gport glass fibres (PA66-GF35).

cyclic loadings, induced by mechanical sources (interiseull

pressure), in a complex hygrothermal environment. The tem-  gome authors have investigated the hygrothermal ageing
peraturel’ varies according to the engine torque-regime rangepf thermoplastic composites, and more specifically of SGFR
the relative humidity# is the direct consequence of climatic polyamide Bergeret et a)2001 Thomason et al2010. How-
variations. Both temperature and relative humidity arevkmo ever, we do not consider degradation mechanisms in thigstud
to have an impact on mechanical properties of the polyamidge rather focus on the activation of deformation mechanisms
matrix (Valentin et al, 1987 Guérin 1994 Verdu 2000. induced by the temperature or the humidity rate.

Fatigue design of automotive components generally reguire  The thermal sensitivity of thermoplastic materials hasbee
two steps. The first one regards the determination of theaycl widely discussed in the literature; many works are based on
behaviour: constitutive equations are needed to deschi®e t ihe review of deformation mechanisms of semi-crystallime-
mechanical response of the material for any loading sigral r moplastics published bowden and Yound1974 and later
resentative of service conditions. The model must be riclugh supplemented byin and Argon(1994. Crystal plasticity in
to capture (as fairly as possible) the physical featuresvhi |gmeliae stacks is thermally activated since the tempes -
may have an influence on the fatigue life (stress/strain aBmpl gg the critical resolved shear stress, whereas chainticegga
tudes, cumulated strain, dissipated energy, etc). Thisg8on i the amorphous phase are “frozen” below the glass transi-
why a phenomenological model has been proposed for SGFR,, temperature (the amorphous phase is in its glassy) statie

highly activated above (rubber-like state). This remaléétm-

*Corresponding author. Tel.: +33 1 57 59 41 66; fax: +33 1 41286 perature, d.enOteiTg’ playg an impprtant role on the mechani-
Email addressant oi ne. | aunay @psa. com(A. Launay) cal properties of polymeric materials: the Young modulus de
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creases dramatically between the glassy and rubber-gtesst

O
whereas the ultimate strain increases, viscous diss@atie- 2 g
nomena are mostly prominent aroufigl etc. This is the rea- %
son why some authors developed constitutive models for neat & 60
polymers valid either below or abo (Mulliken and Boyce g—
2006 Boyce et al.2000. Only few models (e.dQupaix and Boyce Q@ 40 O,
2007 for amorphous polymers) are able to capture the complex 5
behaviour of polymers over a wide range of temperature diclu = 59l i E_Xp. de_ltgir,,,,, '
ing T, On the other hand, one should notice recent develop- < | Flgfgal.n erp%%
ments of the cooperative model introduce&atheringham and Cherrs ol . Ellis-Karasz eq. ., “n
(2978's works on linear polyethyleneRicheton et al(2005 @ - Kelly-Bueche eq. 0\7
indeed take advantage of a strain rate-temperature suggopo © -20 -+ Reimschussel eq. -

principle to predict the yield stress of amorphous polynfiers 0 20 40 60 80 100
a large temperature range (under and aliiyeand for quasi- . Lo
static to impact loading ratessueguen et al(2009 extended Relative humidity (%)

the model to ;emi—cry.stalline polymers. However, such nede Figure 1: Comparison between different equations modgllin
cannot describe loading-unloading paths, and are thussef le e jnfluence of the relative humidity on the glass transitio

interest regarding fatigue applications. _ temperature. Experimental data (courtesy of DuPont™) ese d
The influence of the relative humidity on the mechanical re4ormined by DMA tests.

sponse is a phenomenon specific to polyamides, because of the

hydrophilic feature of the amide functional groupsiffr andSebenda

1967. A partial pressure of water in the airesults in sorp-

tion of water molecules by the polyamide matrix. The diffu- Reimschuessel or the Ellis-Karasz equations. From an indus
sion of these molecules in the polymeric network has a negdrial point of view, it is more convenient to work witH, which
tive influence on its mechanical cohesion since it lowerdthe is easily measured or monitored, rather than withwhich re-
bonds strength and thus makes the chain mobility easies Thaults from complex sorption-diffusion mechanisms. Wheat-pl
is reported in the literature as the “plasticizing” effetiater  ting 7, against (see Fig.1), alinear equation appears to fairly
(Merdas et a.2002: the ultimate strain increases, the mate-describe the decrease of the glass transition temperattoet
rial stiffness decreases. Water molecules are mainly hbsor ing to the equilibrium relative humidity:

by the amorphous phas&gérin 1994, which explains why

another consequence of relative humidity is the decreaseof T,(H) [°Cl = Tgo -x - H %] (2)
I iti fh ic pol i i
?K?astﬁ érigs?n;)on temperature othygroscopic po ymerajrbdgzamldeﬁg) is the glass transition temperature of dry PA66, gnd the

Different equations have been proposed in the literature talo?et'. Alpe|t tie_lng colmtpletely emp|tr|cal, th|s vtiryslmttlrbe
model the evolution of;, according to the equilibrium water mulation (involving only two parameters) gives the bestifies

contentw, or according to the relative humiditi — see the which is the reason why it will be used in the following of this

work of Smith and Schmit¢1988 for a short review of differ- paper.
ent models, and alsdreimschuessell978 Ellis et al, 1983. h i ¢ thi . foll Sectid
However, these equations are not very satisfying for the cas e outline of this paper is as follows. Sectidipresents

of the polyamide 66 (see Figl). They are either not accu- the material of this study as well as the experimental patoc

rate, like the Fox equation — its non-accuracy has also bee_w Section3, the constitutive model (seeaunay et al. 2011

observed on PA6 biettle (1977 — and the Kelley-Bueche Is applied to a large range of _hygrothermal conditions v_vhich
equation, or require physical parameters which are notyeasi corre_.\qund tothe cgmplex enwronmentenc_ountered d.unn%]gt
determined (this is the case of the Reimschuessel and tise Ell service life. In Sectiod, we propose an equwglgnce pr.|nC|pIe
Karasz equations). Note that these four equations alsareequ betweenthe temperatgre and the relative humidity, theenﬁa
the determination of a preliminary relationship betweeand of both parameters being condensed through the difference b

74 (because the relative humidity is the physical quantityoluhi tween the temperaturg and the glass transition temperature

is controlled), which reads: Tg.(”H). This prl_nC|pIe and its consequences r(_egardlng the evo-
lution of material parameters are discussed in Sedjoand
w=aH® (1) some conclusions and outlooks are exposed in Se6tion

wherea andb are two material parameters. This equation is
valid for a wide range of hygrometric conditions, i%.€ [0, 90]%
(Verdy 2000. At least four parameters are thus needed for the 1 Material and samples

2. Experimental

The material of this study is a polyamide 66 reinforced with
1The relative humidity is defined as the ratio between théaiqitessure of 35 Wt% of short glass fibres (PA66-GF35), and provided by
water and the vapor pressurfi: = 100 x ”‘;—;U DuPont™ under the commercial name Zytel® 70G35 HSLX




Polyamide 66 (23C, DAM) PAG6-GF35 (23C)

Molecular weight 34.0 kg.mof* H(%) O 20 27 33 50 72 75

Crystallinity raté 35.6% w(%) 0.00 040 065 089 174 314 3.35

Melting temperature 263°C

Young modulus 3063 MPa Table 2: Equilibrium water content as a function of relative

Poisson coef. 0.36 humidity # for the studied material. No significant sensitivity
to the temperature has been observed.

Glass fibres

Volumic fraction 19.5%

Average fibre length 250107 m

Average fibre diameter 0% m 2.2. Tensile tests

Young modulus 72000 MPa Figure 3 sums up the different mechanical tests that have

Poisson coefficient 0.22 been conducted for each environmental condition. An exten-

. ) ) . sive experimental database has been build up, since eléven d
Table 1: Physical and mechanical properties of the studieg,, ont conditions have been investigated, representatidé-
PABEGF35. ferent service life conditions on vehicles (see also Bjg.

* three conditions regard dry-as-molded (DAM) material,
80 j at temperaturd’ = 23, 110, 140C;

112

* six conditions are performed at room temperature (23

! with DAM material (already mentioned) and with mate-
‘10 ! 20 rial conditioned at the equilibrium with relative humidity
‘ H =20, 27, 33, 50 and 75%;

4
R60 « three conditions require the use of the climatic chamber:
170 T=60°C and#=50%, T=90°C andH=50%, T=70°C
andH=72%.

Figure 2: Injection moulded 1SO527-2-1A tension specimen

(all dimensions are in mm). Table2 specifies the equilibrium water content for each humid-
ity condition. Presented data are in accordance with Eq.
under the assumption that glass fibres do not absorb maisture

(see Tab.1 for a few mechanical characteristics). This mate-, 5 Dynamic mechanical analysis (DMA)
rial is currently used for automotive application, esplgifor
components of the air intake circuit. ISO527-2-1A tengilecs
imens (see Fig2) were injection moulded from this grade. Lo-
cal strain has been measured with a biaxial contact extessom
ter (model EPSILON™ 3560-BIA-025M-010-HT1 fitted for a

temperature range from -40 to 180). Tensile load has been tant wat tent in th | DMA i I

applied by a INSTRON'™ 1342 hydraulic machine equippedy Lot Yoo Lol 2 e e ection, which is o th
ith hanical grips, and trolled b 100 kN it i ’

WiEh mechanical grips, and controfied by & capacl ycase of ISO527-2-1A specimens. This is the reason why ther-

load cell mal stabilization steps (during 30 minutes) have been o
Different environmental condition§€¢#) have been tested. al stabilization steps (during utes) have ce spe
r each temperature level so that the thermal gradienutiro

For each of them, the tensile samples have been conditionéﬁ . . . .
the specimen might be neglected. The microstructure for in-

at the equilibrium with an air containing% of relative hu- . red reinf d plastics is st | led to the e
midity. They have been weighted to ensure that water equil-e(_:e_ reinforced plastics 1s strongly coupied fo the gegme
is is why it is crucial to perform DMA tests on the same sam-

librium is reached. Tests at room temperature have been pe i ot d fati test
formed in standard conditions, the test durations beingtshoIO esAatss al'cl(arzj .a'glfe)f s S'” litude i lied on th
enough to neglect any variation of the water content. On the " ensiie load signal of small ampitude IS applied on the
other hand, tests at temperatdtérom 50 to 140°C have been specimen. The glass transition temperature is usuallyelbfin

performed in a climatic chamber, where both temperature anrtae temperature corresponding ei_ther t(.) the maximum_ veue o
relative humidity are monitored. It is indeed commonly agdmi the loss factotan o, or,to the |an_eX|on pom_t ofthe evolution of
ted that diffusion mechanisms of water molecules in the -polythe storage modquS ' Agcqrdmg to the I|tgrature, these t\.NO
meric network are thermally activated, obeying an Arrheniu m.ethods generally gve similar results, which seems ctensis
law (Verdy, 200Q Merdas et al.2002. The samples have also with our tests (see Figh).

been weighted before and after each mechanical test toeensur

that the water content remains constant during a test arhis ¢~ 2These data have been provided by DuPont™. The crystalliaeyand the
sistent with the conditioning. melting temperature are determined by DSC (Differentiar®ing Calorime-
try).

Dynamic mechanical analyses on ISO527-2-1A specimens
have been conducted for different water contents on the IN-
STRON™ 1342 hydraulic tensile machine. Temperature sweeps
at frequencyf = 1 Hz have been performed in climatic cham-
ber, the relative humidity being controlled in order to eesa




****************************************** Monotonic tensile tests,

stress controlled

olt) !
- -~ Cyclic creep-recovery (CCR)
test, stress controlled
strain
recover
e(t) t
Stress Anhysteretic curve test,
relaxation strain controlled

t

Figure 3: Definition of mechanical tests of the experimestiadly. All tests have been carried out with a tensile loatigeistress
or strain controlled.
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Figure5 shows the influence of the relative humidity (wa-
ter content of the sample being at the equilibrium) on thegla
transition temperature. As expectdd, decreases wheH in-
creases. Note that the value of the glass transition tempera
ture depends on the loading conditions: experimental data f
DuPont™ performed on the same material (but in flexural mode
on another sample geometry) indicates that 80 °C for DAM
material, whereas, ~ 30 °C for material conditioned &{=50%.
The slope is thus similar, but the absolute value is highkigkwv
may be explained by a sensitivity of viscoelastic effectshmn
local fibre orientation distribution. In the present workget
same samples are used for DMA and tensile tests, in order to
avoid any additional complexity due to the fibre orientatiis:
tribution.

3. Application of the proposed constitutive behaviour

3.1. Identification of material parameters

Constitutive equations for the cyclic behaviour of SGFR
thermoplastics have been proposed and validated for tiseptre
material in a previous papekdunay et al.2011), for two hy-
grothermal environments: DAM materig{E0% andl'=23°C)
and standard condition${&50% andl'=23°C). As mentioned

Figure 4: Result of DMA performed on conditioned material Préviously, nine other hygrothermal conditions have beed-s

(H=75%).

ied, leading to a rich database. Note that these various envi
ronments are chosen under, above or around the glassitansit
temperature, in order to cover at best the different casesen
tered during the service life on vehicules (see Big.

The equations are not re-written here. The one-dimensional
rheological scheme is just pictured in Figand we recall that
the mechanical strainis split in four parts:
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Figure 5: Evolution of the glass transition temperaturehef t
studied PA66-GF35 in respect with the relative humidityd an

linear interpolation.
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Figure 6: Sum up of all experimental conditions investigate
the present study. The dotted line illustrates which caolét

are above or under the glass transition.

* a viscoplastic strai@w, which obeys a non-linear kine-

matic hardening and also a non-linear thresholdless flow
rule, similar toDelobelle et al(1996’s model,

* a long-term viscoelastic strai@v1 (with characteristic
time 1);

 a short-term viscoelastic stra'ng ) (with characteristic
time o < 71);

 an elastic strailge, associated to softenable elastic mod-
uli (the softening function being activated by the energy
density dissipated through viscoplastic mechanisms).

The identification strategy is the same as the one described
in (Launay et al.2011). The initial Young modulugz? as well
as the short term viscoelastic parametdrss( 1) are char-
acterized thanks to the sensitivity of the initial stiffees the
stress-rate (at the beginning of monotonic tensions). Lieng
viscoelastic parameter#&(;, ;) are then identified on creep-
recovery histories at low loading levels, i.e. for which mo i
recoverable strain has been observed (at the beginningeof th
CCR test). Viscoplastic parameter$, (H, m, C, ) are iden-
tified on the loading stage of the anhysteretic curve. At thst
softening parameters,(b) stem from a compromise between
the results obtained on the anhysteretic curve and the mono-
tonic tests, which may also require a slight correction @1 vi
coplastic parameters. One sees that only five mechanidal tes
(three monotonic tensions at different stress rates, tHe @6t
and the anhysteretic curve) are needed for the determmetio
the 12 material parameters ; this process is unambiguonkgha
to the uncoupling between the different strain componéiiis.
second part of the CCR test (from the activation of irrecever
able mechanisms until failure) stands for a validationoé#te
overall identification strategy.

3.2. Validation and simulation of the mechanical response

Figure 8 displays the comparison between the experimen-
tal data and the results of the proposed model for monotonic
tensions in various environmental conditions. The agred¢me
is very good over the whole range of hygrothermic conditions
even if only seven different ones are plotted for the sakéawf c
ity. The transition from a quite stiff response (DAM matéria
at room temperature) to a softer response with high strains t
fracture (high temperature or high relative humidity) ipes
cially very well described. The proposed model is thus raiév
for the simulation of the mechanical response of components
located in the air-intake circuit, where the hygrothernralie
ronment is complex.

Figures9 and 10 confirm that the complexity of the non-
linear time-dependent behaviour is well captured by the pro
posed model, under or above the glass transition temperatur
Creep, recovery or relaxation steps are well simulated) é&we
stress levels reaching 70% of UTS. Remark that the end of the
CCR test (from the end of the first cycleat1100 s until fail-
ure att=5500 s) is a full validation case, which highlights the
accurate prediction of the proposed model.
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Figure 7: 1-D rheological scheme of the proposed model #®ctftlic behaviour of SGFR thermoplastita(nay et al.2011J).
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Figure 8: Application of the constitutive model to mono-

tonic tensile tests (25 MPal/s) for different hygrothermahc

ditions. Experimental (symbols) and numerical (contirsiou

lines) curves are ordered as indicated in the legend.
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Figure 10: Application of the constitutive model to the ashy
teretic curve at 140C on DAM material.

It is thus possible to simulate fatigue loadings for various
environmental conditions, even if high loading levels anthe
plex hygrothermal conditions imply that non-linear medsars
are activated. This result is very interesting regardiregdp-
plication of a fatigue criterionl@aunay et al. 20123, which
requires the accurate description of the local mechan&al r
sponse.

4. Temperature-humidity equivalence

The influence of both temperature and relative humidity on
the time-dependent behaviour meangpriori that an exten-
sive experimental database is required for confident fatag+
sign. However, as aforementioned, both have similar effect
on the mechanical response, which is the consequence of the
role played by the amorphous phase during the deformation of
the semi-crystalline thermoplastic matrix. Followikiyi et al.
(2009 who investigated the tensile behaviour of neat polyamide
6 in different hygrothermal conditions, it seems that the me
chanical response is mainly controlled by the distance ¢o th
glass transition temperature, called temperaturefaf, ().

The present section is thus dedicated to the experimental
investigation of an equivalence principle between tenipeea



and relative humidity regarding the mechanical responsleeof
material of the study.

4.1. Equivalence for viscoelastic properties

It is possible to illustrate the temperature-humidity eguli
lence on (short-term) viscoelastic properties througheisealts

of DMA tests. Figurell indeed shows a good superposition E 14000 % MI?)?SI _plgﬁi%:
of the evolution of the storage modulés as a function of the = < % Exp. : RH20 ~
distance to the glass transition temperafljjefor each relative  ;  150001® X%) Exp.: RH50 % |
humidity #. The evolutions of the loss factoan § accord- 4] o o Exp. : RH65 0
ing tol' - T, reveal a less statisfying agreement (see EB). g 10000 %i; ° Exp. : RH750
This may be explained by the experimental measurement of theg J@@
phase angle between load and displacement signals, which i% &?
more complicated because of the low amplitude of the imposed® 8000 2
load signal compared to the 100 kN capacity of the load cell. S © ;& o g

At low stress levels, the constitutive model may be reduced? 6000 ° s
to a classical first-order Kelvin-Voigt model. It enables #na- o
lytical expression of2” andtan ¢ as functions of the short-term -40 -20 0 20 40 60 80
viscoelastic {£,2, 12) and elastic £2) parameters for any sinu- Temperature gap (°C)

soidal stress signal of pulsatian
0 0 90 Figure 11: Evolution of the storage moduld¥ according to
oo Ee ZELEUQ)ge ?2”2 +( (772°)J2) Ee (3) the parametef - T, (#).
p + Lyo + Now
1w (EQ)?
(E9 + Ey2)EOE, 2 + (n2w)?E?

tan §

(4)

Figurelldisplays a good agreement between viscoelastic char-
acteristics from the constitutive model (the parameterghoth
being identified as presented in Sect®)rand the experimental
curves, especially regarding the storage modi#lisThe dif-
ferences observed on the loss factor (see E&yare due to the
intrinsic difficulty of representing viscoelastic progegt with

the same set of material parameters at both low (DMA tests)
and higher (monotonic tensions) stress levdlétrez (2009

faced the same problem on unreinforced thermoplastic mate- 0.16 ‘ ‘
rials: the viscoelastic properties characterized on DMgtste 0.14 Mé))((jel _plg[_"ﬁ%': |
cannot be directly used in his constitutive model for thelicyc ' EXB: " RH20
behaviour of semi-crystalline thermoplastics. L 012 ° Exp. : RH50 % |
In spite of this remark, these first results indicate the good'€ 0.1 Exp. : RH650 -
application of an equivalence principle on viscoelastizper- g 0.08 o Exp. : RH750
ties. °
& 006 . D%%@é :
7)) %
4.2. Equivalence for non-linear properties g 0.04 & 5 X% eI, -
4 ~ *
Among all hygrothermal conditions we investigated during 0.02 p+ X X e * ! P Q
our experimental campaign, two are similar regarding tise di 0 Pe % X X x =
tance to the glass transition temperature. The samplexdtest
at7=90°C andH=50% are supposed to present a temperature -40 -20 0 20 40 60 80

gap of +74C, compared td" - 7,=+72°C for those tested at Temperature gap (°C)

T=70°C andH=72%. The gag’ - T,(#) is computed with . _

the empirical equatioR characterized in Sectidh(see Fig5). ~ Figure 12: Evolution of the loss factosn § according to the
Figures13 and 14 show that the non-linear mechanical re- Parametefl’ — 7y (H).

sponse in both hygrothermal conditions are indeed verylaimi

The monotonic tensile curves (Fi@3) at different stress rates

are well superposed over a wide range of stress levels. &hisr

sult is very comparable to those presentedvin et al. (2009



mechanical behaviour is essentially viscoplastic, siheeap-

120 ‘ . . . .
Stress rate: 2.5 MP parent viscoelastic surface is reducédli§ very small); more-
100 over, the decrease of the hardening moduli occurs simultane
- ously with higher material ductility.
S 80 e The temperature-humidity equivalence principle themfor
= e ’ T helps us to understand the evolutions of the material paeame
a 60 «"190 MPa/s over a wide range of hygrothermal conditions. It appears tha
= the proposed constitutive model is useful to describe atlfiees
« 40 of the mechanical response for applications on the aiketa
circuit, but it could also be simplified for restrained rarafe
20 Monotonic tension, 70°C RH72—— hygrothermal conditions.
0 Monotonic tension, 90°C RH5@r---
0 1 2 3 4 5 5.2. A worthwhile equivalence principle
Strain (%) From the industrial point of view, such an equivalence prin-

ciple is very useful in order to make easier the mechanicat-ch
Figure 13: Experimental illustration of the temperature-acterization of polyamide materials. The experimentzdbase
humidity equivalence principle on monotonic tensionsmay be reduced to the investigation of the relative humiidity
(T'-7,~73°C). fluenceor of the temperature influence, provided that the rela-

tionshipT, = T,(#) has been determined. The latter point is

not time-consuming since a linear relationship has beewisho

o to be sufficient for the studied material.
on neat PA6. The results on CCR tests (Fld), which illus-

trate all the complexity of the mechanical behaviour (creep g 3 Crystalline phase
covery, accumulated plastic strain, cyclic softening) &vehe
authors’ knowledge, completely original in comparisonhe t

literature. They are very interesting since they let usraftinat . ; X .
{ﬁ:matlon mechanisms is well understood regarding the amor

the good agreement between the monotonic tensions in bo h Erom the macr : int of view. tem fur
hygrothermal conditions is not the mere result of a compenp ous phase. 1o € macroscopic point ot view, tlempeaiu

sation between different deformation mechanisms (e.gs-pla and_ moisture ir_1deed pl_ay _the same role since they both make
tic and viscous ones). The complexity of the loading historyeaSIer the chain mobility in the amorphous netwowerfiu
shows that the strain evolution during creep or recoverysste ZOQQ Merdas e.t al.2002. _On thg other hand,_temperature also
is the same, and that the irrecoverable strain accumulatidn actlvatgs plastic mechgnlsms in the crystalline phgse rof-se
the stiffness decrease are activated in a very similar whgpih cl:rgygs talllnhe thermoptlastlcﬁl()WC:en and Y(?[un,gL974 Ia”: ag%Argqn
cases. The temperature-humidity equivalence principlesise- th 9. V\f[ ﬁ_reals wa I?r moTecu ﬁs art?\ no supposef 0 dllal)Jtse n
fore validated regarding the long-term viscoelastic propgas € crystafiine lametiaes. Two hypotheses may be formaare
well as the non-linear viscoplastic properties. explain that the equivalence principle seems yet to be aalev

As already mentioned hyliri et al. (2009, the equivalence
between the effects of temperature and relative humiditgesn

» water molecules may penetrate in stack faults in the crys-
talline phase and thus affect its mechanical properties
(Miri et al., 2009;

5. Discussion

5.1. Influence of hygrothermal environment on material para

eters « the presence of the short glass fibres limits the strain lev-

els: the deformation mechanisms are mainly concentrated
in the amorphous phase and the crystalline lamellae are
assimilated to elastic inclusions, their role during non-
linear deformation is thus secondary.

The evolutions of the different parameters of the proposed
constitutive model are plotted in Figl5 as functions of the
temperature gap. In spite of a small scattering, the trergls a
quite regular, which confirms that the influence of both tem-
peraturel” and relative humidity? may be described through This point requires further work and experimental investig
only one parametef; - T,(#). The glass transition results in tions at the local scale in order to explain the surprising fa
important variations of model parameters, which is coasist that the crystalline phase does not seem to prevent thetyalid
with the important role played by the amorphous phase duringf the temperature-humidity equivalence. Since the stlidia-
deformation. terial is a short fibre reinforced polyamide, the influenckath

The analysis of the parameters evolutions shows that at losemperature and moisture on fibre-matrix interface shoisial a
T-T, values, the mechanical response is nearly elasto-visstiplae studied: non-linear deformation mechanisms may as well b
On the other hand, in the neighbourhood of the glass transiexplained by fibre debonding or cavitation at fibre tips.
tion (I' - T, ~ 0), viscoelastic features are very important and
the cyclic softening is activated. Whén- T, is greater, the
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Figure 14: Experimental illustration of the temperatutevridity equivalence principle on cyclic creep recovery @Qests

(T'-T, ~73°C).

6. Conclusion

Boyce, M., Socrate, S., Llana, P., 2000. Constitutive mdalethe finite de-

formation stress—strain behavior of poly (ethylene tetlelate) above the

In this paper, we have studied the influence of the hygrother- glass transition. Polymer 41, 2183-2201. _
mal environment on the mechanical behaviour of a SGFR pdu&ﬁlobelle, P., Robinet, P., Geyer, P., Bouffioux, P., 1996nddel to describe

(PA66-GF35) subjected to complex loading-unloading histo

ries. On the basis of a recently proposed motlaufay et al.

Deétrez, F., 2008.

the anisotropic viscoplastic behaviour of Zircaloy-4 tsibeournal of Nu-
clear Materials 238, 135-162.
Nanomécanismes de déformation degmgoks semi-

2011, it was shown that the approach enables the description cristallins. These de doctorat. Université des Sciemtetechnologie de

of the mechanical response over a wide range of hygrotherm%Iu

conditions. A temperature-humidity equivalence prineiphs

Lille. Lille.
paix, R., Boyce, M., 2007. Constitutive modeling of thétérstrain behavior
of amorphous polymers in and above the glass transition. hitécs of

been underlined since the gap between the temperature @and th materials 39, 39-52.

glass transition temperature appears to control the sétysit

of the time-dependent behaviour to both temperature amd rel

tive humidity. This principle has been experimentally assel

with DMA, monotonic and complex loading-unloading tensile

tests. Itis valid for temperature ranging from 23 to 2€0and

relative humidity ranging from 0 to 75%, that is to say for tem

Ellis, T., Karasz, F., Brinke, G., 1983. The influence of thal properties on

the glass transition temperature in styrene/divinylberzeetwork—diluent
systems. Journal of Applied Polymer Science 28, 23-32.

Fotheringham, D., Cherry, B., 1978. The role of recovergésrin the defor-

mation of linear polyethylene. Journal of Materials Sceed8, 951-964.

Gueguen, O., Richeton, J., Ahzi, S., Makradi, A., 2008. Wieechanically

based formulation of the cooperative model for the yieldav@r of semi-
crystalline polymers. Acta Materialia 56, 1650-1655.

perature gap® - 7,,(H) from -40 to +80°C. Such aresulthas guerin, B., 1994. Polyamides. Techniques de I'ingéniBlastiques et com-

a strong interest regarding the non-linear mechanicabdtar-

posites 2, 1-22.

|Zat|0n Of polyamlde matrlx Compos|tes for a broad range 01Kett|e, G., 1977. Variation of the glass transition tempm-aof nonn—6 with

hygrothermal conditions, which is required for reliablédae
design.
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