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In the automotive field, it is important to predictaterials behavior and thereby the components
behavior with high accuracy. The first part of pap#eals with a complete experimental
characterization both for quasi-static and dynalbégings. In quasi static, we carried out trials at
three different temperatures (-40°C, 23°C and 8GdC)which, each time, three different levels of
hygrometry (RH=0%, RH=50% and RH=85%) have beerosed. In dynamic, we tested the fabric
for four different levels of strain rate (from 38 up to 400/s) at the ambient temperature (23f@) a
for three same previous levels of hygrometry. Tdwoad part of the paper deals with the writingrof a
adapted constitutive law for the fabric. Thank§lt@], we developed and implement a new law which
is able to take into account the evolutions oftaasrains, irreversible strains and damagesstian

rate sensitivity and the hygrometry effect.

1. Introduction

Due to the public authorities, the current economie ecological contexts impose to the car
manufacturers to reduce the fuel consumption af thehicles, which leads to reduce the weight of
these ones. At the end of 2013, the European Ratiaand the Council of the European Union
proposed two regulatory proposals on,@missions by 2020: a limitation of the averagessioins

for the new passenger car standards at 95 g/knOgfa@d a limitation of the average emissions for
the new light-commercial vehicle standards at Z4wmgf CG [3].

To achieve these objectives of weight saving, soree solutions related to materials must be
identified: composites ones appear to be good dates to meet these expectations, especially fibers
reinforced thermoplastic resin. These type of cogitpe are excellent composite materials which
combine high levels of mechanical performance amwd density; they are both less expensive and
easier to process. In the automotive field, the pasite materials are an essential issue. Thateis th
reason why IRT Jules Verne is driving the COPER$bject whose aim is the modelling of a Glass-
PAG66 fabric composite for crash studies. Indeet$ vell known that thermoplastic resins are highly
sensitive not only to physical environmental par@rsesuch as temperature and relative humidity but
also to strain rate which can strongly affect theiechanical properties [4-6]. These physical
phenomena were confirmed by the various mechamesis that we carried out on the material.
Moreover, these various influential parameters fterature, relative humidity, strain rate) are dpse
bound up to one of a particular property of thertasjic materials namely their glass transition
temperatureT) [4,5,7]. So that, the mechanical properties dfmer matix composites can change
dramatically in a temperature range around and ebgvin the context of severe certifications for
vehicles, it is important to have knowledge andrderstand its behavior with a view to model it and
integrate the work within a commercial explicit sadre (Abaqu®). To satisfy the demand, a first
requirement is to possess a methodology of expataheharacterization to investigate the composite
material behavior used. A complete experimentatattarization both for quasi-static and dynamic
loadings are performed to investigate the influesfidemperature, relative humidity and strain rate.
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The second requirement is to have an adequate mat@odel to simulate the automotive parts.
Following an analysis of the experimental tests arbliographic study on the models found in the
literature and on the models available in the corsiakcodes, it was decided to develop a new model
of behavior inspired by the works of A.F. Johnsbale[1], P. Rozycki [2] and S. Marguet [8]. Thss

a model initially suggested for glass/epoxy fahrighose approach to describe the behavior is based
on the many studies conducted by P. Ladeveze ¢9,40] on unidirectional composites. The new
model is able to take into account the evolutidnslastic strains, irreversible strains, damagestha
strain rate sensitivity adapted to any couple teatpee/hygrometry. It has been implemented in
Abaqus/explicit as an user subroutine VUMAT. Thdlinas of the paper are as follow. Section 2
presents the material of this study, the experiaigmtocols and the results. Section 3 presemts th
theorical formulation of the model and the numdriossults obtained with the user subroutine
implemented within Abaqus/Explicit. Some conclusi@md outlooks are given in section 4.

2. Experimental analysis

A complete experimental characterization of fouemtations of the fabric (0°, 45°, 90° and 30°)Hot
for quasi-static and dynamic loadings have beemiechrout. A 2/2 twill woven glass fabric
impregnated with polyamide 6,6 resin is choosethassubject material in this paper. The glass fiber
reinforcement has a weight of 650 g/m? and is laddnin both warp and weft directions; the
behaviors are thus equivalent in the two directidie material was provided as plates of 2 mm thick
and two types of rectangular specimens were caguebrasive water jet cutting process: static temnsi
specimens with dimensions of 250 x 25 x 2 mm anthdyc tension specimens with dimensions of
80 x 19 x 2 mm.

In quasi-static, a series of monotonic tensile eyalic shear tests were performed on the composites
specimen :
- monotonic tests carried out on specimens oriertt®d and 90° to determine properties in the
warp and weft directions and to check the balamteden the warp and weft directions.
- cyclic shear tests carried out on test specimeiented at 45° to determine the shear
properties.
- additional tests carried out on specimens orieat&° for verification and validation.
We carried out trials at three different temperesuf-40°C, 23°C and 80°C) for which, each time,
three different levels of hygrometry (RH=0%, RH=5@%d RH=85%) have been imposed. The data
analysis highlighted the strong influence of botmperature and relative humidity (RH) on the
composite behavior. It leads to define new typeewblution law for the shear damage and the
evolutions of elastic and failure quantities hawem estimated. This influence of hygrometry and
temperature observed on the behavior of our stuatemal is corroborated with the conclusions of
Launay et al. on a similar material, in particutdrort glass fibre reinforced polyamide [2]. Indeed,
Launay et al. had also demonstrated that temperatud hygrometry affect the mechanical behavior
through the modification of the glass transitiomperature.

In dynamic, we tested the fabric for four differéenels of strain rate (from s up to 400/s) at the
ambient temperature (23°C) and for three same quevievels of hygrometry. The data analysis
shows a sensitivity to the strain rate which istejairiginal: as the strain rate induces a loca ob
temperature, the behavior changes drastically spaet of the glass transition temperature of the
PAG6.

Only a part of the experimental results is preskirtehis paper.
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Figure 1. Quasi-static tensile tests for the 45° fabricdifferent temperature and RH.
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Figure 2. Dynamic tests for the 45° fabric for differentjgerature and RH.
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3. Numerical analysis
3.1 Theorical formulation of the behavior law

Following an analysis of the experimental testage model of behavior inspired by the work of AF
Johnson et al. [6] and of P. Rozycki [7] is formathin order to take into account the evolutions of
elastic strains, irreversible strains and damageddfze strain rate sensitivity.

The model is written at the mesoscale of the layekrin plane stress staldie model is implemented in
two versions:

- adamage elastic-plastic model (quasi-static model)

- astrain rate dependent model (dynamic model)

The quasi-static model is formulated within thenfeavork of thermodynammics: it is postulated the
existence of a thermodynamic potential (Helmotz femnergyy) from which the state laws are
derived. A continuum damage mechanics formulatousied in which ply degradation parameters are
internal state variables. These latter are goverbgddamage evolution equationg;; {ij =
(11,22,12)}. The potentialy is defined as the sum of two stored energiestielparty, and plastic

partiy,,.
Y=+ lpp (1)
With

2pp. = CP1(1—di)(ef)? + C2(1 — dp)(e55)? + 2v1, (P, (eF1€55) )
+G15(1 — d12)(2¢f,)?

Py, = %pﬁ“ ©)

Variablesy ; called thermodynamic variables are introducedyTdre deduced by derivation of the
elastic strain energy with respect to the damagahiasd,;:

oY,

Yy =—p )

The evolution laws of the variables of damage hea defined according to the thermodynamic
variables:

di; = fij(Yij) (5)

Functionsf;; are approximation functions adapted to experimestiabrvations.
The evolution of the variabled,; andd,, is described by one linear function while the etioh of
the variabled,, is particularly described by two coupled functiofmhe linear function and one

logarithmic function) .
¥ = Supese ( [1,0) ©
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Irreversible shear behavior is obtained by coupltiatyveen plasticity and damad,,. This coupling
is realized through the introduction of effectivear stress in the expression of the plastic yield
surfacef:

B andm are two material parameterB, the initial threshold value for inelastic straighavior. It
follows from the normality requirement thét= 0, f = 0, which leads to the condition:

e =1L p=—iL (8)

0012 p OR

wherel > 0 is a proportionality parameter to be determinaths8tuting (Eqg. 7) in (Eq. 8) leads to
A= p and hence:

(9)

. p
éfz = 1_;;12 giving p = foglz(l - dlz)dgfz

The dynamic model is an extension of the quasiestaddel by introducing a strain rate function
FE,(Y) for each mechanical propenty¢) sensitive to the strain rate. This function ald@ainto
account hygrometry sensitivity of the propertied andefined indirectly according to the current

strain rates.
. a
&
v = ( ) (10)
gref

V(&) = ¥(Erep)-Fy (V) (11)

With
* y(&) represents the mechanical properties at the custein rates.
*  y(&.s) represents the mechanical properties at the referstrain rate (quasi-static strain
rate)é, ;.

It is later implemented in abaqus/explicit as wwdroutine called VUMAT and includes sixty-three
parameters.

3.2. Experimental and numerical correations

The user subroutine is used to reproduce numeyiakithe mechanical tests defined in section 2.

In quasi-static loading, this involves simulatingeat specimen subjected to a monotonic tensite tes
and a shear test. A very good correlation is obthilbetween the numerical results and the
experimental results for all test configuratioresr{perature and hygrometry).

In dynamic loading, the validation phase considtaumerically simulating the experimental tests

using the experimental average strain rate detexfior each test configuration. The model perfectly
reproduces the evolution of the mechanical properas observed experimentally: increasing or
decreasing properties according to the strain rate.
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Figure 3. Localization of damagé&i,,) in test specimen — shear test.
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Figure 4. Comparison quasi-static experiments/numericaliitions for the 0° and 45° fabric at
80°C and RH=85%.
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Figure 5. Comparison dynamic experiments/numerical simortestifor the 45° fabric at 23°C and
RH=50%.
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4, Conclusons

A complete experimental characterization both feasy-static and dynamic loadings are performed to
investigate the influence of temperature, relathuemidity and strain rate. The data analysis
highlighted the strong influence of both temperatand relative humidity (RH) on the composite

behavior and its sensitivity to the strain rate.

We have proposed a quasi-static and dynamic neadibehavior law formulation to take into account

both hygrometry and velocity sensitivitythis model is implemented in abaqus/explicit asr use

subroutine and is used to reproduce numericallghallmechanical tests defined in section 2

Finally, numerical simulations of experimental awerization testing show good correlations and
offer some new future prospects such as formaikirig the temperature, HR and strain rate.
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