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INTRODUCTION



Nowadays, one of the main issues addressed tonthgstry of transportation consists into the
development of lightweight materials aiming to reelduel consumption and increase the autonomy of
the vehicles. This problematic is also pertinenthi® military industry for strategic purposes. lede
the higher the autonomy of the vehicles is, thgdatheir area of action will become. Therefore, th
development of lightweight protective materials ewmerently under investigation. This work concerns

more precisely light structures submitted to extraranditions undergone during an impact loading.

This study aims to develop a numerical model (USBAQUS®/Explicit) allowing the evaluation of
the dynamic mechanical response of a sintered polynetal multilayer composite due to high velocity
impact. Both materials have been sintered usingkSpPéasma Sintering process (SPS) and are
developed at the French-German Institute of Saintid (ISL). This work has for objective to evaluate
their protective potential. The metallic materigla sintered 7020 aluminum alloy [1] which can be
compared to the commercial AA7020-T651 aluminurayalivell-known for its efficiency as a ballistic
protection. The polymer is a thermoplastic amorghsintered polyimide [2]. The polyimide presents
very high mechanical properties (for a polymer) dineérmal stability with a temperature of glass
transition around 310 °C. The density of the sedgyolyimide is around half of the one of the aluamn
alloy; leading to high potential improvement to sasduction. The sintered aluminum alloy and
thermoplastic polyimide layers are assembled t@getising an epoxy resin. Besides, the multilayer
composite has to be designed in order to keeplaléigl of mechanical performances for diverse kind
of solicitations encountered during an impact logdB]. For this purpose, the stacking sequendbeof
layers, their number and their respective thickeg$sve to be numerically investigated to optirttize
efficiency and the cost of the study by keepingakperimental impact tests for the validation & th
numerical model. The mechanical behavior of thexgpesin interface is addressed by considering the

presence of this material as an interlayer possg#si own material properties.

Such an approach has already been followed initdrature (with spaced layers [4, 5], with stacked
metallic plates [5-8] or with stacked polymer p&af@]) but the use of SPS sintered materials ang:mo
particularly the involvement of such polymer inratective architecture can be considered as inhavat
ideas. As a first step, the different materialsehbegen separately studied and then a numericallmode

has been built from the consideration of the meidaaproperties of each layer.

This work aims to present a methodology to devslagh predictive numerical model which might be
adapted for other kinds of materials. The numettiocal would then offer the possibility to optimize
multilayer composite structures to reach the tadjspecifications (weight, volume and performances)
but which is not the purpose of this work. Thetfalsapter of this manuscript aims to explain thénma
strain and failure mechanisms occurring in metats amorphous polymers. The modeling of metallic
materials is also discussed and is generally paddrusing analytical expressions such as the Johnso

Cook [10] or the Mechanical Threshold [11] moddalmncerning the mechanical modeling of the



polymers, models such as Ree-Eyring [12] or codipperfl3] models (for the yield stress) coupledhwit
a hyperelastic expression (e.g. 8-chains model [kéht model [15] ...) can be employed. The choice
of the constitutive expressions has to be donetwéltonsideration of the different mechanism beirav
leading to the strain of the material. This canydm carried out through experimental mechanical

characterization tests.

Therefore, the second chapter of this work concérmexperimental characterization of the mechanica
behavior of each material (sintered 7020 aluminlloyathermoplastic polyimide and epoxy resin).
Such sintered materials can be studied over thifgeraht scales which are the macroscopic scale
(sample size), the mesoscopic scale (powder gsaale) and microscopic-nanoscopic scale (crystal fo
metals and chains for the polymers). The mecham&sgponses of the stress and failure behaviors
(including damage evolution) have to be investidateorder to understand the phenomena leading to
the strain, strain rate and temperature senségvitf each material (including epoxy resin). Inddkd
phenomena leading to the deformation of metallitemi@s and polymers are very different due torthei
respective microstructures: crystalline latticethvaropagation/multiplication of dislocations [1&jd
entanglement of cross-linked long molecules (chaitgch crawl and slip between each other [17].
The identification of these different phenomenawd a better and more efficient development of

constitutive modeling of the mechanical behaviothef materials.

In the third chapter, a new approach to developstitoive models describing the level of stresEGC
metals according to the temperature, strain aminstate is suggested. The resulting model allaws a
accurate modeling of the mechanical behavior of 2020 aluminum alloy from quasi-static up to
ballistic conditions and takes into account mianastiral phenomena such as the dissolution of the
precipitates [18]. The constitutive modeling of #ietered polyimide is based on the expressiohef t
cooperative model [19] coupled with the hypereta§tent model [20]. The failure behavior is modeled
with two coupled phenomena: the evaluation of tastjt strain at initiation of failure (with thease

of stress, temperature and strain rate) and thegemnergy evolution. Specific analytical exprassio

are suggested to take into account the observiedediehavior with an improved accuracy.

The last chapter of the manuscript consists inrtiementation of the identified constitutive maglel
in a Finite Element Software ABAQUS®/Explicit byettdevelopment of VUMAT subroutines in
FORTRAN. The simulations are performed by modelimgexperimental setup used for impact tests in
order to keep the same boundary conditions fortitatise model validation. Comparison between the
simulated and experimental data, acquired durieg sall impact tests, is performed in order tadatk

the development of the numerical models.
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The present study aims to develop a numerical mofleigh velocity impacts on a metal/polymer
(sintered 7020 aluminum alloy and sintered therasipd polyimide (amorphous)) multilayer composite
assembled using a thermoset epoxy resin (amorphdasaddress the problematic of this work, the
mechanical behavior of each material has to bestigeged in order to obtain the experimental data
required for the simulations. However, before stgrithe experiments, it is important to have an
overview of the mechanical phenomena of each nateoncerning the strain mechanisms leading to
their mechanical resistance and the failure meshaieading to their limits under different loading
This first part of the report aims to provide scemplanations about the mechanical behavior of etal
and polymer materials by describing the differdrgmmena, which are responsible of their mechanical
response. Some models from the open literatureasireell discussed to understand their range of

application and their limits.

A.  Description of strain mechanisms

1. Elasticity and plasticity strain domains

The understanding of mechanisms linked to thersaee mandatory for any constitutive modeling of
the mechanical behavior of the material. Indeeel résistance of all materials is always a resptmse

the strain imposed by a loading.

The first part of this chapter focuses on the dpgon of the different mechanical phenomena oleserv

in metallic and polymer materials under thermomedat® loading.
a. Elastic behavior

Elasticity is a reversible strain mechanism angbrissent for all materials as a first step of strain
Therefore the evolution of the internal thermody@awariablesV;, is neglected. Concerning metallic
materials, at low strain, the mechanical resistancis directly function of the elastic strain tengpr

following a linear relation called the Hook law (EdL) [1].

O = CL]le=e (11)

With C,, the stiffness matrix of the material.

The generalized Hook law can be considered fordrigtrain ranges and is described by the Eq 1:2 [1]

E v

"=6=m(€=e +1—2vTr(€=e)I=)

(1.2)

With v the Poisson'’s ratio of the material.
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Another type of elasticity behavior can be encowgttethe viscoelasticity. It concerns generallyt sof

materials such as polymers.

Viscoelasticity is, as linear elasticity, a revblsi mechanism. It is based on the Boltzmann’s
superposition principle which states that the dveracoelastic behavior is the superposition ofnyna
independent linear elasticity mechanisms. Theretbeemodeling of the elastic straipis performed
through an integral equation (for small strain) ethuses the Heaviside step time functitfn) defined

by Eq 1.3 [2]:

0, ift<0
1
Hit)=4=, ift=0
®©=12 i (1.3)
1, ift>0

The functionH (t) is then used as follows (Eq 1.4) to compute tragrsin function of the time:

ge(t) = H(t) (1.4)

With gy = L0 the applied strain jump a t) the stress relaxation modulus.
° = o pp jump

The model can be then generalized for an infinibmiper of steps to get an arbitrary strain histbyy,

decomposing it into a sum an infinitesimal straeps (see Eq 1.5):

eo(®) = ) AgH(t —17) (15)
i=1
With Ag; the strain increment applied at the timpeThe stress is computed as follow (Eq 1.6):
o(t) = z AesE(t — 1) (1.6)
i=1
The integral form of the viscoelastic law (Eq 1c@h be written from the previous equation:
t t de(7)
o(t) = J E.(t —1)de(t) = f E.(t — 1) It dt (1.7)

t
With E,.(t) = Eqe o (fort > 0), E, being the instantaneous Young’'s moduluszyttie characteristic

relaxation time.

In the case of a monotonic loading response, thbegpstrain increases linearly with the time aad c
therefore be written as follow (Eq 1.8):

0, ift <0

e) = {s’ot, ift>0

And the stress becomes Eq 1.9:

(1.8)
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_e®
O-(t) = Eoéo‘[o [1 —e éT0:| ( 19)

b. Plasticity criteria

i. Construction of yield surfaces

In case of plastic deformation, the variation démal thermodynamic variabl& can be neglected.
Indeed, phenomena such as dislocation motion, thvenation of voids or thermoactivated
microstructural changes lead to the evolution efrtiodynamic variables such as the entr®py the

plastic stress,. For simplificationg,, will be written ass for the rest of the manuscript.

The threshold level valug of a thermodynamic criterion is most commonly usednathematically
model the transition of an elastic behavior to aspt behavior for a particular microstructural

mechanism (as kinematic hardening) [3, 4].

The consideration of §, criterion associated with thermodynamic variablgsallows to apply the

following mathematical modeling:

- fx(a,A) <0, elastic behavior
- fx(a,A) = 0, possible evolution of thermodynamic variabifgs

- fx(a,Ay) > 0, impossible for a non-time dependent behavior

17



Flow
direction

f<0

Loading surface o

Figure 1 - Exemple of loading surface

The Hill’s principle (or principle of maximum digstion) imposes two conditions on the criterfon

- The loading surface is convex (Figure 1).
- The flow of normality rule over the loading surfaseverified (Figure 1, only for metallic

materials) and corresponds to the following mathemmbexpression (Eq 1.10):
v, = ,ik;Tfk if £, = 0 andi, =0 (1.10)
With 4, a multiplicative coefficient of plasticity, damageorresponding to th&, thermodynamic
variables) andi;, = —p% with i = e — Ts the specific free energy the mass density of internal
k

energy,s the mass density of entropy aidhe temperature).

This normality corresponds to a physical realityrfeetals for which the surface of the flowing matler
is normal to the sliding speed which is collineathe force applied. However, for polymeric matisria
(and more generally, materials for which interrar@py tends to change greatly), the normalityhef t

flow with respect to the load surface is no longaid. Another function called dissipation potehiga
then introduced and is denoted¢yEq 1.11):

@ =@(0,A,,grad T) (1.11)
The law of evolution of thermodynamic variables fjotymer materials is then (Eq 1.12):

. k] . .
Vk=£|ffk=0andfk=0 (1.12)
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The thermodynamic system can therefore be defioed plastic regime from the following functions

[4]:

- The thermodynamic potentiahé = pTs +G:é — AV or p¥ = —psT + 5:€ — AV,
- The dissipation potential (for polymerg):= ¢(&, A, grad T)

- Loads criteriaf, = fi(d, Ax)

The construction of the potentials is performeatigh experimental observations by conducting well-

chosen experiments to uncouple each contribution.
ii. Von Mises yield criterion for isotropic materials

In the isotropic case, only the stress tensonislied in the expression of the load test. The bamy

field of flow stress is then written in the generate with Eq 1.13 [3]:

f(op, 011,001,05) =0 (1.13)
Using these criteria provides a good approximafitmrmost mechanical problems involving materials
with low anisotropy. These expressions are alsd irsBnite element softwares. It is therefore esisé
to choose and define the proper charge criteriothi® concerned materials if a predictable numérica

calculation is desired.

For materials insensitive to hydrostatic stressesfar moderate strain rates, the expression can be

simplified in this manner (Eq 1.14):

f (o, 011,05) =0 (1.14)
The Von Mises criterion is suitable for metallictar@als in the sense that it is based on the ceresiidhn
of shear energy as the slides of crystal planesmged by the shear stresses. The yield streskisde

to the shear energy. This latter is given by E¢1.1

we=f5:g= (1.15)
By separating the magnitudes in terms of spheacal deviatoric parts, the following equation is

obtained (Eq 1.16):

&

1 /= 1 -2
w, = f (@ + ETr(&)I) : (sD + §Tr(s’)l) (1.16)
0
The shear strain energy (or distortion) is (witthe Lamé coefficient) describes by Eq 1.17:

Wp =—35:0p (1.17)
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The Von Mises criterion expresses the fact thatnathe distortion energy,, reaches a threshold value
in the material, dislocation movements are initlaaad the flow begins. The criterion can then higevr
(Eq 1.18):

fwp,05) =0 (1.18)
For a simple case of tension or compression, onencde Eq 1.19 (withss the yield strength of the

material for the corresponding level of strain lesnidg):

_ 2
5:0p = 505" (1.19)

Then by using the equivalent stress flow threskigtfi1.20):

Q

Oeq = |50p:0p (1.20)
The following yield criterion is considered (Eq 1.2nd 1.22):

f = Oeq—0s (1.21)
(011 — 022)* + (022 — 033)° + (033 — 011)% = 205° (1.22)

This is the equation of a circular cylinder whith axis is the trisector of the orthonormal cooatin

system(oy, 07, 077;) and of radiuR = Eas

2. Strain mechanisms in metallic materials

The current section aims to describe the diffeqgmtnomena which are encountered in metallic
materials and impact the deformation of the megaj.(structural strain hardening, temperature and

strain rate sensitivities ...).
a. Internal stress and structural strain hardening

Generally, metallic materials harden with the straihis strain hardening is caused by the elevatfon
the density of dislocations in the metal. The stressulting from the evolution of the density of
dislocations is called the internal stress. Indéeslinternal stress,,, and the plastic strai, are linked
by two relations referring to a single variable @rhis the density of dislocations (Eq 1.23 and J1[24
7].

Ome = @Eb [pg (1.23)
gy = bdpy{ (1.24)
With « an empirical parametek, the Young's modulush the Burgers’ vectord the dislocations
spacing{ the average distance crossed by the dislocatignshe density of mobile dislocations and

pq the density of stored dislocations.
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The evolution ofp, is specific for each lattice structure (FCC, BCGR...) and leads to specific

hardening behaviors [8, 9] and is directly linkedtie value of density of mobile dislocatigns and
their associate propagation velocity [6, 10]. Ammmple of evolution op with the strain is given for
the FCC metals in the Figure 2. For instance, BG(enmals generate nearly no forests of dislocations
and a homogeneous germination of dislocations (kdinogeneous hardening) contrary to the FCC
metals for which the propagation of forests of alistions takes generally the major part of thel tota
density of dislocations [11] (heterogeneous hampniSome sources of mobile dislocations can be

enounced such as the Franck & Read sources [@r1B¢ grain boundaries [6, 13].

The meeting of two mobile dislocations leads tarthanihilation. Therefore, the greater their dgnsi
is, the higher the probability of annihilation wide and the density will grow slower and slowerisTh
phenomenon can be seen as an asymptotic behawioe sfress at high strain. However, since forest
dislocations are not mobile, this last phenomermsogreatly delayed for metallic materials presenting

lattice structures such as FCC and HCP.

3.50E+015

Model Computations

3.00E+015
2.50E+015

2.00E+015

—10*/s
—10%/s
1/s

10° /s
FCC metal —_10%/s
T=293K —10%/s
Isothermal Condition —10°/s
——5.10° /s

1.50E+015

1.00E+015

Density of Mobile Dislocations (m™)

5.00E+014

0.00E+000 +———TF———T7T— T T T T T T
00 01 02 03 04 05 06 07 08 09
True Equivalent Plastic Strain (-)

Figure 2 - Evolution of the density of mobile desltions with the strain plastic strain computed darandom
monocrystalline FCC metal with Matlab®

The velocity of mobile dislocations increases witle temperature [6, 10, 14] (thermo-activated
phenomenon) causing an augmentation of the pratyabil annihilation of mobile dislocations. This
can be observed directly on the internal stred3Qff metals for phenomena such as adiabatic heating
leading to the softening of the material at higlaistor at elevated temperatures where the stgess i

generally decreasing (in the absence of othertstraichardening phenomenon such as precipitation).
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The strain hardening is macroscopically dividetbur stages when increasing plastic strain (Fig)re
[5, 6]. Stage | corresponds to the “easy glide’cpss at the beginning of the stress. No multipbcat
happens and the dislocations are only gliding atbedowest energy paths until reaching a “dead-end
requiring higher energy and therefore multiplicatitt essentially depends on the lattice orientatiod

is not observable anymore as long as differens systems are involved (polycrystalline metal)thA$
point, stage |l starts, the multiplication of thisldcations is very quick in all directions, (theseno
saturation) leading to the steepest part of thddrang. Stages | and Il correspond generally tdlsma
ranges of plastic strain and are only dependeth®slip system orientation and on the shear madulu
However, stages Il and IV show an important matetependency. During stage lll, the saturation in
dislocations of the lattice starts to appear aredhidwrdening is slower with the strain than for stig
Stage IV shows an asymptotic behavior: it contiralpincreases until its gradient becomes zero at
infinite plastic strain. During stage IV, the satiion in dislocations is nearly maximal and theerat
multiplication is very low due to the high rateastnihilation.

" —
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210 , vd
— Cu 99,999% /

- Blewitt, Coltman, 11
Redman L 200°K
8 -11955] /"“
90°K
/
5 "/ 300°K
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u 99,98%
” Diehl, Mader,
Seeger
2 7 [1955]
0

0 0,2 0,4 0,6 0,8 1,0
__.._.-—_’.fy

Figure 3 — lllustration of the different hardenistages which might be observed during yielding @ 899% pure single
crystal copper (the asymptotic stage IV is not pnes[5]
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b. Effective stress and overcoming of Peierls’ basrier

The Peierls’ barriers are considered as the lisbart-range obstacle (thermo-activated phenomenon)
with the biggest impact on the effective stress [11, 15]. The effective stress corresponds tqtre

of the stress which is not dependent on the lelvplastic straire,. A Peierls’ barrier consists in the
energy required for a dislocation to move betwaeangositions of equilibrium. This energy is genbral
low for FCC metals and high for BCC metals. Thehbigt the Peierls’ energy [16] is, the stronger the

resistance of the metal to the strain will be in@or and this will result in a high effective sges

Besides, strain rate and temperature sensitivifiglie effective stress exist. The strain rate itigitg
of such thermo-activated phenomenon (Figure 4aused by an increase of the Peierls’ energy (which
is quasi nonexistent for FCC metals). The effecsivess follows an exponential relation with thaist

rate and can be modeled by an expression such A25&§17]:

1
q

1
kT [£\\P 195
Gers = r 1_<goﬂb3ln<§>> ()

With Y, a reference value of the effective stress. @nd0 K, p andg empirical parameterg,the shear

modulus angy, a dimensionless energy inversely proportionah&Reierls’ energy.

Furthermore, the elevation of the temperature srimpre energy to the system, consequently, the
amount of energy required to move the dislocatisn®duced. This decrease of the Peierls’ energy
leads to the thermal softening of the effectivesgtr(Figure 4).

Other linear short-range mechanisms can be foumdeitallic materials such as cross-slip or Cottrel-
Lomer [10, 18] or localized obstacles such as satttms creating stress fields [10, 19-21] or rspel
dislocation trees [10, 22]. However, this manugcnil exclusively assimilate the contribution dfet

Peierls’ barriers as all short-range obstaclesifoplification.
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Figure 4 - Evolution of the normalized effectiveess with the strain rate

c. Athermal stress

As stated by its name, the athermal steegg corresponds to the part of the overall stress hwksc
considered independent to the temperature. It nemgdly generated by the presence of inherent and
conditional long range-obstacles [10]. The inhedtacles (Fisher's SRO [10, 23] or cutting APBs
[10, 24]) are directly linked to the chemical comjion of the metal and the conditional obstactes t
the level of density of dislocations (cutting attige junctions or long-range stresses). These last
obstacles lead technically to thermo-activated rapidms but the energies involved along such long
ranges (grains size) are very important. Theretbee thermal sensitivities are so small that the

mechanisms generated by the conditional long-rabgéacles are supposed athermal.

As for the thermal stress,;; is composed of an initial effective strégsand of a hardening internal
part corresponding respectively to the inherent@mdlitional contribution of the long range-obstacl
[10]. The conditional part of the athermal stresgénerally neglected in FCC and BCC metals (the
internal thermal stress of this last being considdgemperature independent) but is present in other

lattice structure such as HCP. An AZ31B-O magneslloy is taken as an example (Figure 5).
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d. Strain rate sensitivity of internal stress and eiscdrag effect

The evolution of the density of dislocations représ the strain history of the metal. If only tlemsiity

of mobile dislocations is considered, the histoil} ke identical whatever the strain rate becalse t
statistical mean path of propagation of mobile atiations stays the same for any value of strain.
However, if the density of stored dislocationsaken into consideration, the impact of the straie r
on the internal stress can be important [25] (ddjmgnon the density of initial dislocations and

amplitude of slip plane activation stress).

Consequently, FCC metallic materials present gdgeagpositive strain rate sensitivity of the strai
hardening [26, 27] (Figure 6) (contrary to the B@€tals for which it is null). However, this sengity

is not always monotonous. Indeed, phenomenon sactyaamical strain ageing (DSA) can be
encountered in metallic alloys. DSA effect causegg@ative strain rate sensitivity due to the presen
of specific precipitates preventing a smooth motbthe dislocations in their neighborhood [28,.29]
Many dislocations are therefore stacked in a sspdice causing a high rate of annihilation which

increases with the strain rate.

At high strain rates, viscous drag mechanisms fggEendix D for detailed information) start to be
preponderant on the thermo-activated phenomena.srhen rate sensitivity of the stress becomes

exponentially important with the rate of deformat{da0].
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Figure 6 - Normalized strain rate sensitivity oétimternal stress of a AA7020-T651 aluminum alloy

¢. Temperature and strain rate coupling

It has been reported many times in the literathed the thermo-mechanical behavior of metallic
materials is greatly dependent on the strain hatleed, the mechanical response of the metalsdasese
with the rate of deformation for a given temperatur

This behavior is mainly caused by the fact thatatietmaterials do not follow a thermal softening
based on a fix reference temperature (generallgntads the melting point). Indeed, the reference
temperature, called critical temperatlire can be lower or higher than the melting point srfdnction

of the strain rate as shown (Eq 1.26 and 1.27)3@Q131]:

—kg . (Ep\\
_ ) 1.26
fe ( G, (s’m)) (1.26)
&n = b dppwy (1.27)

With kg the Boltzman constant, the total energy which is required to overcomeaib&tacles through
thermal activationg,, the athermal transition strain rate,the Burgers’ vectord the dislocation

spacingp,,, the density of mobile dislocation ang~10%? /s the attempt frequency. The evolution of

the critical temperature for different metallic maal is shown in Figure 7.

Furthermore, in the case of metallic alloys, a konfmay appear between rates of deformation and
kinetics of microstructural changes at very higlistrates (high speed impact ...) and a modeling of
such phenomena might be needed in some cases.
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Figure 7 - Theoretical evolution of the criticaht@erature with the strain rate for several metals

f. Microstructural changes

Most of metals and metallic alloys presents mictastiral changes with the temperature. The only
possible change for pure metals is the variatiothefgrain size but it is much more complex in the
cases of multiphasic alloys. Indeed, the thermodyoaequilibrium of the different phases is
temperature dependent and these lasts interacebeteach other. This lead to phenomena such as
dissolution or precipitation of phases in a domtrmaatrix (for instance, the MgZmprecipitates in the
AA7020 aluminum alloys follow a dissolution procésghe aluminum matrix around 490 K [32, 33]
(Figure 8)). Besides, the specificities and amafnthe phases present in the matrix, condition the
mechanical behavior because of their huge impacthengeneration and motion of dislocations.
Furthermore, for each metallic alloy, many phasesexist outside of the thermodynamic equilibrium:
the metastable phases and can be computed udiegedtfdedicated software. The Figure 8, shows the
evolution of the calorific ratio [34, 35] which csists into the normalized isothermal thermal ste¢ss

given temperature and strain rate (here at roorpéeature).
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The two main phenomena which can lead to a sigmifichange in the mechanical behavior are the
dissolution of a phase or the precipitation of aggh The dissolution causes a sudden drop ofrémssst
due to the annihilation of the dislocations arotimese phases. The precipitation phenomenon leads to
a sudden jump of the stress due to the appearipgasfes with hardening potential (such as some high

strength steels or nickel-based alloys [36-38]).

To fully understand the thermo-mechanic behavia wfetallic alloy over a wide range of temperature,

its phase composition has to be investigated aedtaally modeled.
3. Strain mechanisms in amorphous polymers

Polymer materials can be sorted in two categoaiesirphous or semi-crystalline. Amorphous polymers
are assumed composed of a unique phase of rana@ssgynbled molecule chains. The semi-crystalline
polymers are bi-phasic structures, one is amorpljasidor the previous category) and the other is

crystalline (the molecule are sorted in a latticaciure in which slips and strain hardening ocgurs

In this work, only assumed amorphous polymers turéied (Polyimide and epoxy resin). Therefore,

only strain mechanisms related to amorphous polgraer explained in this section of the manuscript.
a. Structure of amorphous polymers

i. Molecular chains

The amorphous polymers do not have an orderedtsteuas other types of materials possessing a

crystalline microstructure [4, 39].

28



The main concept to be retained concerning thetstrel of an amorphous polymer is the molecular
chain (see Figure 9). An elementary segment [AB&nselement of the macromolecular skeleton
containing a single rotatable link and is charapgel by its lengthi as well as by the ang& which it

makes with the adjacent elementary segments [B€$e two quantities being considered as constant.

A polymer molecular chain is a succession of eldargrsegments (which may be different) and have

branches. This chain is characterized by varioapgaties such as the molar magr its tortuosity.

C

Figure 9 - Schematic representation of a polymeaxich

ii. Random coil

The tortuosity of a molecular chain arises fromphabability that an elementary segment is in astra
left + or - conformation. At each node of elemepts@gments, the main skeleton of the chain tales th
direction imposed by the configuration defined g tollowing segment (trans = locally straight ef)ai

The end result is a string in the form of a randmih

The average distance between the ends can easigtdugated by calculating the modulus of the vecto
OM (Figure 10) (Eqg 1.28) [2, 4, 39, 40]:

2

N
r2 = (OM)? = (Z al-) (1.28)

i
With a the length of the!"® elementary segment and N the number of elemesegynents in the

molecular chain. If one considers a molecule dt(iestropic), for a sufficiently long chain, thara of

scalar products;.@ vanishes and one can then write Eq 1.29:

N
= (0M)? = ) o (1.29)

i
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Figure 10 - Schematic representation of the ranaofhin an amorphous polymer

If [ characterizes the average length of an elemesgayyent, one can write Eq 1.30:

r2 = N2 (1.30)
Note that the average distance of the two endosoptional to the square root of the "deployedijlé

of the chain.
It is then possible to define the characteristiioré,, of the chain defining a quantity closer to reality
(Eq 1.31):

Co = lim <r—2> (1.31)

N—oo \ NI?
The lower the&l,,, the more compact the statistic ball will be, cading a great tortuosity of the chain

(generally between 1 and 20).

iii. Chain entanglement

When the chains become too long (usually correspgrid a critical molar mas¥. of several kg /
mol), the macromolecules are assembled into atateigvhich has a very important influence on the
thermomechanical behavior of the material [4, 41, #his critical molar mass defines the beginning

of a critical entanglement of the polymer molecy# 44].
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Figure 11 - Evolution with the molecular mass oft{&) viscosity, (b) the rigidity and (c) the eneafypropagation of the
chains [4]

It is noted that beyond this critical molar massiegal mechanical quantities change suddenly imeg
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- The viscosity for the melted stajeincreases much more rapidly with the molar mage e
this critical molar mass (Figure 11.a).

- The modulus of elasticity (at a temperature aligyealso increases much more rapidly beyond
the critical molar mass and tends towards a fifiitealue (Figure 11.b).

- The propagation energy (critical rate of restitution of the elastic engrgxhibits the same

tendency as the modulus of elasticity and tendatdsva finiteG - value (Figure 11.c).

These large increases in mechanical magnitudemairdy due to the multiplication of intermolecular
interactions (increase in cohesion energy) caugeddbentanglement of molecules (Debye interactions
London, Hydrogen bonds, etc.). Indeed, the longemtolecules, the more they create links with other
molecules, so that they can all become linked ® amother (extreme case causing infinite viscasity)
In an intermediate case, it is easy to see thanhtilecules thus entangled have more difficulty tiven

by crawling than weakly bound molecules leading tagher viscosity. In the end, this leads to atge
cohesion of the molecules between them, leadingntdancrease in the modulus of elasticity and

toughness of the material (through the increaskeopropagation enerd3).

iv. Temperature of glass transition

The glass transition temperatigmarks the transition from a thermodynamic statecpfilibrium to
an unbalanced state (transition from glassy statettiber state). This is the vitrification statetioé
polymer [4, 40, 45].

This condition occurs when the cooling of a polymeaterial is too fast in response to the rate of
conformational changes imposed by thermodynamibg dhains thus remain in the configuration
which they had just before the cooling. This pheanan can be compared with the quenching of metals
which pass to a metastable state outside the tligmmamnic equilibrium by retaining the crystallograph
structure which they had at high temperature. Towes the polymer was cooled, the closer its stmect

was to thermodynamic equilibrium [46].

One can define four temperature domains definimgawolution of the molecular structure without

thermodynamic equilibrium [4, 46]:

- If T > Ty, the polymer reaches very quickly thermodynamigildarium.
IfT, > T> T, — AT, (AT corresponds to a few tens of degrees) this dorisicalled
"annealing”. The polymer may reach thermodynamigldxium after a specific duration.

- Ty — AT > T > T, this domain is called "physical aging". The staue of the polymer
evolves but will never reach the thermodynamic ldajiiim (even over very long durations).

- If T <Tpg, the polymer material does not see any evolutidtsistructure.
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It is important to know that the glass transiti@mperature is a very difficult quantity to evaluate
experimentally because it depends on many parasieh as cooling rate and measurement frequency
(to not miss the transition of thermodynamic bebgviThis is why the values found in literature are
those measured under industrial conditions sdliegtare relevant (in most cases) under the camditi

of use of engineers and researchers.

The value ofT; strongly depends on the strength of cohesion kestwbke chains (intermolecular
interactions), the static rigidity of the mater@aid on the density of patella (particularly in grese of
aromatic cycles). However, the influence of thesangities may also greatly varies with the level of

entanglement of the chains, therefore, the molecnéss plays also a major role in the valug,of

b. Physical signification of the yield stress in anfwps polymers

i. Chain motion

The movement of the molecular chains is inducedilphenomenon of crawling of the latter. The
intensity of this phenomenon increases with the instemperature. To understand its origin, we must
consider the different conformations of the secondaoups around the axis of the main skeletomef t
macromolecule (representation of Newman). Thestoomations are defined as a function of the steric

hindrance of the secondary groups [4, 40].

In general, the conformation trans (0°) is the mibtrmodynamically stable contrary to the left
conformations (£ 120°). Indeed, the energy is tiermost important. The energy necessary to stabili
this conformation is therefore the lowest. Consetlye the energy necessary to achieve a
conformational jump increases with the gap of #uvation energy (Figure 12). However, raising the
temperature makes it possible to increase the pildlpaof a conformation jump and is defined by the
relation (Eq 1.32) [39, 42]:

p = e RT (1.32)
With U the energy to be crossed to accomplish the comfttomjump,R the perfect gas constant dhd

the absolute temperature (K).

It is noted that i > RT, the jumps are rare events characterizing a dgaln. However, i < RT,
the jumps have a high probability and the conforomal changes are numerous then producing

significant motions in the molecular chain and tleaaosing its breakdown.
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Figure 12 - Potential energly, of secondary groups according to their spatial foomation [4]

There are several critical temperatures for eagl of polymer molecules defining the transitiomfro
a low probability of conformation jump to a highopability because not all conformation sites

necessarily have the same secondary group contfigiira

These temperatures are called the transition teatypeslg, T), ... and correspond in general to the

secondary relaxation mechanisms of the followiraugs (A, B and C) (see Figure 13):

-P’# - \"\
(8]
Figure 13 - lllustration of the different mechansiaading to the crawling of the chains [4]
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Another phenomenon may be responsible for the mexewf the polymer chains, it is the slipping of

these chains induced by an external stress (séegHpeory in the next section about the yieldssye

Another characteristic aspect of amorphous polycaer be enounced: the free voluie[47-49]. It
corresponds to the volume of the polymer whichas occupied by the chain segments (occupied
volumeV,)) and is consequently composed of voids. The freleme increases linearly with the
temperature up to the glass transition temperdiueemperature of activation for jumps of full chain
segments) above which its sensitivity is much gjesr{Figure 14). The higher the free volume is, the
easier the flow will be. Therefore, at high tempera (above, ), the yield stress is much smaller than

at lower temperature. At a given temperatiréhe fraction of free volumg(T) can be written by Eq
1.33.

="
r =ty (133)

specific volume
N\

free volume
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Figure 14 - Evolution of the free and occupied watuwith the temperature

ii. Yield stress

The theory developed by Eyring aims to model ymigss [50, 51] . This one is based on the state
transition theory. This theory makes possible todehoall the thermo-activated phenomena in
amorphous polymers. The primary concept considtsijumps of the segments of the macromolecules
from one configuration to another (causing the matiecule to break). The energy provided by a

constraint will allow such jumps. It is assumedtthiach phenomena start when the stress reaches the
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flow constraint (even if it is a simplification bamase other phenomena exist such as adiabatic §eatin

expansion effects, etc.). Eyring posed three hygsmh:

- In the absence of stress, the ends of the chairtheoimacromolecules are in a state of
thermodynamic equilibrium.

- The deformation of the polymer materials involvas displacement of the chain segments from
one thermodynamic state of equilibrium to another.

- The displacement of the polymer chain segmentsov@l a stochastic process.

The existence of energy barriers is due to thegmass of neighboring polymer chains.

The basic deformation process can be either intecutar (chain slippage) or intramolecular (chain
conformation change). In the absence of stresssybem is in thermodynamic equilibrium and the

chain segments move with an oscillation frequenbgtween the equilibrium positions (Eq 1.34):

_AH
v =vye kT

(1.34)
With v, the fundamental vibration frequency of the chaiti, the activation energy required for
molecular displacemeri,the temperature arikg the Boltzmann constant. It is assumed that théexpp
stresso is responsible for the variation of a symmetrigHbet of the activation energy{. Indeed,
under constraint, the frequency of conformal juimgseases in the direction of application of théela
The activation energy thus tends to decrease sndinéction by an amount corresponding to the work
performed by the displacement of the chains byirgjidThis work is expressed by the following

expression (Eq 1.35):

W=% (1.35 )

With ¥ an activation volume (or Eyring volume) represegtihe volume in which a polymer chain
must be able to move to activate the flow. Thedia&f2 is explained by the presence of two chains f
each equilibrium position. Whenever an equilibriposition changes, two polymer chains will move.

The frequency of the flow is given by the following expression (Eq 1.36):

AH |, oV
vp = vge kT 2kpT (1.36 )

Symmetrically, the probability of molecular charigehe opposite direction to the direction of séres
application decreases. The flow frequemgyin this backward direction is expressed by théofaihg

expression (Eq 1.37):

AH oV

The rate of deformation of a polymer chain beingpoirtional to the difference of the two frequencies

v¢ andv,, one has in the direction of application of thesteaint (see Eqs 1.38 and 1.39):
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AH oV aV
X vp — vy =vge kT | e2kpT —e ZkpT (1.38)

o v ) (1.39)

s = g0 RoT s h(
&= §gye sin 2,7

With the consideration of the limited expansiontaf first order, one can write the flow constrgigs

1.40 and 1.41) with the following expression cgoading to the linear Ree-Eyring model [50, 51]:

sinh ! x = In2x (1.40)
_ 2AH 4 Zkal (Zé) (1.41)
oy == ;I % .

The effect of the hydrostatic pressure on the ahmrp polymer can be implemented in the Ree-Eyring
model by simply writing (Eq 1.42):

AH—oV+PQ
é=2¢pe T (1.42)
With P the hydrostatic pressure afid= a,,V the activation volume under pressurg (s a coefficient

modeling the sensitivity of the polymer to presgure

c. Strain softening and relaxation of the chains

After yielding, the polymer presents irreversiblierstructural changes which can be interpreteghas
increase of the internal entropy of the materiadieled, once the molecules start to slip, the coxitple

of the chain network can be observed. On one hastong friction, influenced by the local state of
stress between the chains, increases the strehtita material with the strain. On the other hahe,
chains are not yet in tension and an importantdfsee of motion of the chain segments is present,
leading to a decrease of the resistance of thenmlyf52, 53] (depending on the entanglement, the
length and the tortuosity of the chains [54]). Bt@in softening can be seen as the slow extemion
the chain fragments (Figure 15) [2]. This relafnez motion of the chains lasts until a majoritytuise

chains starts to be locally strained due to exeedeinsion, causing the hyperelasticity phenomenon.
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Chains
movement

High entanglement/low plastic
strain = low back stress + high
chain mobility

Figure 15 - lllustration of mechanisms and resultsimess of strain softening phenomenon

The relaxation of chains is a phenomenon whichbzaabserved when the tension on a chain segment
is locally released. The hyperelasticity being\aersible phenomenon, the chain segment springs back
to an energetically optimal position in the chagtwork depending on the available local free volume
[52]. The corresponding time of this phenomenoraked the characteristic relaxation time of the

polymer [2].

d. Hyperelasticity phenomenon

The hyperelasticity phenomenon is caused by theativesistance to the applied strain of the polyme
chains network and results in a back stress [2, B% higher the strain is, the higher the baoksstr
will become. This increase of the hyperelasticsstigan be microscopically explained by the aligntmen
of all the chains, which can be considered asgsrim the direction of the highest local equivalen
strain. Therefore, at macroscopic level, the bass will be highly dependent on the state ofsstre
which will condition the alignment behavior of ttleains. Thermodynamically speaking, hyperelasticity
is associated with a decrease in the entropy ahatanfiguration during the extension of the materi

and an increase during the compression (Figure 16).

The back stress is generally computed from an gndemsity of deformation functidd’. Two
hypotheses are made [56]:
- The strain energy density is a function of theistgaadient.

- The intrinsic dissipation during the deformatiorzéso.
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The energy density of deformation can be writtey @wnsidering the two first principles of

thermodynamics) with the following expression (E43):

w(Esp) = %(Tr(E=GL))2 +2Tr (B ) (1.43)

With E,, the strain tensor of Green-Lagrange andndy are elastic constants of the hyperelastic

material.

Low entanglement/high strain
= high back stress + low chain
mobility

Chains
movement

Figure 16 - lllustration of hyperelasticity phenono& and resultant stress

B.  Constitutive modeling of mechanical behavior

1. Constitutive of mechanical behavior

The necessity of using constitutive mechanical isvf the upmost importance. There are several
analytical methods to address the problems of rméchial he first historically uses the concept atéo
while newer methods use the energy or power coacépts last is the most practical to use (sinee th
force can be directly measured through force éatljnodeling of complex mechanical systems and is

becoming one on which is based the finite elemearthod widely used by simulation softwares.

The virtual power is expressed (Eq 1.44) in terrhshe velocity fieldv and force¢ which may

correspond to any type of action (internal or exaér For a systeri [4, 57]:

P=J¢>-vdm (1.44)
Z
With dm an infinitesimal fraction of the systein

The action which may be encountered:

- ExternalP, if there is an exchange of energy with the ouget pfX (contact or remote)
- Interior P; if the action concerns interactions between gadiwithin the system. The power of

deformation is opposed to the power of internabastand is expressed as follow (Eq 1.45):
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Paer = =P (1.45)

- The acceleration actiory corresponds to the volumetric fielgpy with p the density angt

the acceleration.

Assuming that there are at any time and for anyanm®nt a Galilean space in which the sum of the

virtual power related t& vanishes (especially when considering euleriasdesystems):

P,+P+P,=0 (1.46)

The principle of virtual power is stated entirely equation (Eq 1.46).

If we consider the eulerian Cauchy strain tes@s considered (Eq 1.47), the tensor of the astatia

constraints, also eulerian, is called Cauchy sterss01G.

5::%@7v+ﬁ@ (1.47)

Assuming that the systekis subjected to forces only on a parid@f: and the displacements on the

complementary padX, to be zero. The motion is considered kineticatlynasible to zero. We then

find (Eq 1.48):
Pdef = fg

z
With dV an infinitesimal volume fraction of the syst&m

Sl

dv (1.48)

By considering the strength of external actions, firces of volume actions (always related to the
densityp) have to be taken into account separately fronstintace forces exerted odZg. If coupled

masses are neglected, we get Eqgs 1.49 and 1.50:

P, = fpf.vdV+ JF.vdS (1.49)
= oZp
With:
P, = —fpy.vdV (1.50)

z
We can then write the full form of the virtual pawginciple (Eq 1.51) [58, 59]:

f&ﬁdV— fpﬁvdV+.medS +Jp%vdV=0 (1.51)
b b O%p b

Considering the expression of the Cauchy straiscel and the symmetry of, the formulation

becomes Eq 1.52:
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fﬁ:?vdV— fp(f—y).vdV— fF.vdS=0,\7’v (1.52)
5 b o%p

By integration by part of the first integral andngsthe Ostrogradski relationship, we get Eq 1.53:

doj;
i

b ozp 0Xp
Virtual movements are random, if anyare taken itk and ifv is considered null 08X, then the first

integral should be zero regardlesydEq 1.54):

i ko) =0 (154)
axl l l

Eq 1.38 is also called the indefinite equationmotion (3 in number) or of equilibrium #f is zero. A

more practical expression (Eq 1.55) [59]:

dive+p(f—y)=0 (1.55)
The virtual movement being always random, a seaquhlity comes from both remaining surface
integrals orX; (Eq 1.56):

oijn; =Fi or on=F (156)
These three equations (given by Eq 1.39) from akterl formulation give the boundary conditions of

the principle of virtual power and raise the unknewef the problem.

These formulations allow the determination of th&ue of the Cauchy stress tengdor all the system
according to the deformation and also to be ablentiw the power levels and thus the energy of the

system.

The discretization in small elements is easy tamib allows very precise computations across complex
systems. However, the calculation time is very ldRgr this reason, the finite element method and
diverse algorithms have been created (size ancestfahe surface elements or discretization volume
for example). Conversely, the finite element metbad be used to solve other problems from thermal

to magnetic ones (with integral formulations frother principles than the one of virtual power).

A summary of all the equations available after pesing the principle of virtual power can be foimd
Table 1 [4].
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Table 1 - Bilan of the virtual power system of epres [4]

Scalar unknowns _ Scalar equations
Unknown Equations
number number
Displacement u <) - 0
. 1 /= —

Strain 6 (symmetry) E= > (Tvp + vv) 6

Stresso 6 (symmetry) dive+p(f—y)=0 3

Density p 1 Equation of continuity 1

There is a gap of six equations to fully determtime mechanical problem. These missing equations
come from the study of the behavior of the mateaia requires the establishment of behavior laws.
These are well known in the regime of elastic defition of materials but these laws become more
complex and difficult to establish for plastic esaoplastic domains of deformation (excluding speci

regimes for certain types of material or underaigrstress conditions).
2. Constitutive modeling of metallic materials

Metallic materials being purely crystalline, thfatenation mechanisms of the material are governed,
in addition to the elastic behavior, by two mainchnisms: the evolution of the dislocations density
regarding the configuration of the lattice systémefnal stress;,;) and the crossing of Peierls barriers
(effective stress,r). Furthermore, separation of athermag])(and thermaldy,) [7, 17, 60] stresses
has to be taken into account for bety), ando.sr [7, 17, 60, 61] in order to model efficiently the
mechanical behavior of the material. Many otherngineena are responsible for variations in the
mechanical behavior such as dissolution or pretipit caused by temperature changes, micro-inertial
effects leading to a very high sensitivity in thghstrain rate domain. The overall stressf the plastic

regime can therefore be written as (Eq 1.57):

o= Geffa(ép) + aeffth(ép’T) + Oine o (8p, €p) + Uintth(sp’ &y, T) (1.57)

The athermal stress is generally considered ag st independent in most models.
a. Phenomenological constitutive models

Constitutive models for metallic materials can loasidered as phenomenological if no elementary
physical considerations are taken into account ssce lattice structure or the decompositiorhef t
stress in athermal-thermal parts and the thermmabkstin effective-internal parts. Therefore, those
models generally shows a lack of predictability roavide range of temperatures and strain rates and
are considered as descriptive models. In this mecteveral well-known models are presented and

discussed.
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i. Johnson-Cook model

The Johnson-Cook model [62-64] is probably the mest due to its simplicity and implementation in

most of finite element softwares. This model is posed of three multiplicative parts:

- The strain hardening defined by the parametérghe reference yield stresB, the plastic
modulus andk the hardening coefficient
- The strain rate sensitivity defined by the paraméte

- The temperature sensitivity defined by the paramete

The strain hardening parameters have be determahdtle reference strain raig and reference
temperaturd,.. The expression (Eqg 1.58) of the plastic stressriteed by the Johnson-Cook model is

shown below.

o= (A+ Be,") (1 + Clogi—i) (1 - (Tfn_—T;‘r) ) " (1.58)

The strain rate sensitivity suggested by the Jaim@mok model consists in a linear relationship with
the logarithm of the strain rate and can therefodg model thermo-activated phenomena. The viscous
drag phenomenon cannot be taken into account witieucomputation of two values 6f(one for
guasi-static and one for dynamic domains). Besittestemperature and rate sensitivities are applied
on the effective stresé and on the internal streB8s,,™ which have generally very different responses
to these experimental variables. Indeed, FCC an@ Btetals have opposite strain rate sensitivities
(negligible for the effective stress of FCC and tfeg internal stress of BCC metals and important fo
internal stress of FCC and effective of BCC metadg)sing the Johnson-Cook model to be not suited
for a large panel of materials. It can be notetltti@Eq 1.58 is slightly different than the onggested

by the authors. Indeed, the parameteis out of the parenthesis and allows the moddiet@ble to

compute values of stress bel@w
ii. Molinari-Clifton model

The Molinari-Clifton model [65] shows a similar ntiplicative structure as the Johnson-Cook model,

with simpler expressions, corresponding to:

- The strain hardening defined by the parametgrghe plastic modulus andthe hardening
coefficient.
- The strain rate sensitivity defined by the paramete

- The temperature sensitivity defined by the paramete

The strain hardening parameters have to be detedrah the reference strain ratgand reference
temperaturd,. The expression (Eq 1.59) of the plastic stressritged by the Molinari-Clifton model

is shown below.
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s m v
0 = 0p&p" (Z—z) (Tlo) (1.59)
The main advantage of the Molinari-Clifton modelits high simplicity of use due to very few
parameters. However, the simplicity of the expssused for the different sensitivities is mearsvhi
an important drawback. Indeed, the lack of yietdst modeling leads to a null initial value of piestic
stress and therefore to a huge physical inaccurasyhermore, the model is valid for a narroweigen

of temperature than for the Johnson-Cook modelRepge 8).
b. Physically-based constitutive models

Contrary to phenomenological models, physicallydodasmodels take into consideration the

decomposition of the stress into thermal and athkmstresses and also generally in internal and
effectives stresses. The differences between theslels come from the mechanisms considered in for
the modeling of each stress contribution. The maksi-based models present generally different

expressions according to the lattice structureaorhe easily modified to take this latter into asto
i. Zerilli-Armstrong model

The Zerilli-Armstrong model [64, 66] is based or Browan relation for the dislocation motion [67].
Different relations have been developed for théedsht lattice structure systems (BCC, FCC [9, 6]
HCP [68]) due to the fact that the multiplicatiohnoobile dislocations and the creation of foredts o
dislocations are largely dependent on the lattardiguration [69]. This model is implemented in few
finite element softwares. Only the expression fGCHNetals (aluminum alloys) is presented here (Eq
1.60).

0 = 0q + ByVePe (@o—aInENT (1.60)

With B, the plastic modulus ar, anda; material parameters.
The athermal stress is modeled by Eq 1.61 (Halt¥Pexpression):

k
o, =0y +— 1.61
a 0 \/H ( )

With g, a stress representing the overall resistancesodrystal lattice to dislocation movemehthe

locking parameter andl the average grain diameter.

In this model, the effective stress is considertbéranal, rate independent and equatjdor the FCC

metals. The thermal stress only consists in tregrial stress (Eq 1.62):

O-th = Oint = Bo\/s_pe_(ao_al ll’lé‘p)T ( 162)
The Zerilli-Armstrong model presents a temperatate/coupled expression but a few drawbacks can
be enounced. Firstly, the hardening coefficienbissidered equal to 0.5 (square root) for all FGtats

and this expression does not model the kinematideiméng specific to FCC materials. This modeling
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problem can easily be corrected by using a hardeoiefficientn instead of the square root of the
original expression (Eq 1.44). Secondly, the exptiakterm shows mathematical inconsistency at
extreme temperatures and strain rates. Finallyotiiggnal Zerilli-Armstrong model follows the theom
activation of dislocations motion and no viscouagdeffect modeling is present, leading to a lack of
predictability at high strain rates. Finally, thedel does not allow the stress to go down the \aflug.

Therefore, the model becomes more and more inaeowith the temperature softening of the materials.
ii. Modified Rusinek-Klepaczko model

The modified Rusinek-Klepaczko model (MRK) [70] Haesen developed from the original RK model
[60, 71] for the characterization of FCC metalsisTimodel aims to model the overall stress of the
materials through the evaluation of the internaésslo* and the effective stresg (Eqgs 1.63 to 1.65).
An additional study as also provided to the modghaplified expression of the viscous drag steggs
[28].

E(T)

0o=— (O'#+O')+O'VS (1.63)
With:
o, =Y
1
. T > m
0*(p, €, T) = B(,, T)e, &) |1 — Dyz—In (%)] (1.64)
ovs(&p) = x(1— e )
And:
* Tm
E(T) = E, [1 - 139 (1_T)]
& -V
{ B(£,T)=B, (—m ’:‘”‘) (1.65)
14
n(sp,T) =n, (1 - DZT—ln( “ ))
mm

The parameter corresponds to the yield stress of the m&alD,, m, v, « andy are material constants.
B is the plastic modulus arifj the elastic modulus at OK,,,,, is the upper limit of the strain rate level

of the material is generally taken&s,, = 107 /s. €y, = 107° /s is the lower limit [60].

The decomposition of the overall stress in inteanad effective stress is a very important aspect in
mechanical modeling. It allows to separate seritiits/of each stress component to the temperahde a

strain rate which are inherent material properfldge suggestion of an expression of the viscoug dra
stress is interesting and allows here a potentiidiity of the model over a wide range of straitera

However, this last expression does not dependetethperature. Another limitation of the MRK model
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could be the expression describing the structaldming trough an isotropic homogeneous hardening

coefficientn which might not be suited for heterogeneous hangesis exhibited by FCC metals.

iii. Mechanical Threshold Stress model

The Mechanical Threshold Stress model (MTS) [17,681 72] has been developed for FCC and BCC

metals from the physical assumption of the separabf the thermal stress into internal ) and

effective @;) parts corresponding respectively to the evolutbthe density of dislocations with the

strain (structural hardening) and to the overconuhghort-range obstacles such as Peierls’ barriers

(independent from the strain). The global expraessitthe model is the following (Eq 1.66):

E)
Eo

The parameteo, refers to the athermal strest. and S; are dimensionless factors modeling the

0 (.9, T) = 0o + (0c(8p, €5, T)Se (8,9, T) + 0:Si(8, 6, T)) (1.66)

evolution of the internal and effective stressepeetively with the thermal activation of the respe
phenomena (coupled with the strain rate). The facip are generally computed using the Kocks

expression (Eq 1.67):

1
——

. — |pj
5= [1- (225 () (167)
ng:ub3 Ep

With k;, the Boltzmann constany the shear modulus) the Burger vectorg, a normalized

characteristic energy of the phenomene‘)@j, a reference strain rate amg and p; parameters

corresponding to the shape of the obstacles.

The structural hardening is modeled through themgation of a hardening ra&(sp,s‘p,T) (see Eq
1.68).

dag(sp, s'p, T) _

60(ep, &y, T) = P

0[1—F(X)] (1.68)
p

With 6, the initial hardening rate.

A lot of expressions fof depending on the strain rate and sometimes otethperature can be found

in the literature.

Many F (X) functions exists in the literature for FCC metalsh as the Voce expressioX) = (2)

Oes
: o—0g
or the expressiof(X) = —=

Ogs—0q
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With @ an empirical parameter ang.; the thermal saturation stress modeling the ewniutf

microstructural texture state of the metal and ryibg Eq 1.69:

In <é€S°> _ b geso In (=) (1.69)

&p kpT Ocs0

With g.,, @ normalized characteristic overall energy of gihenomena responsible of the texture
evolution, &, a reference strain rate ang,, the value ob.s at 0K corresponding to a non-existent

hardening rate.

The MTS model is widely used in many advanced itrilsases. Indeed, its physical approach allows
a validity of the modeling over a wide range of pamatures and strain rates for most FCC and BCC
metals. However, the “as proposed” model doesakat into account viscous drag effect (only thermal
activation at low and medium strain rates) andviseous stress needs to be additionally computed.
Another drawback of the MTS model is its non-lingaleading to a complex implementation in Finite

Element Software and to a longer computation tinag tinear models.
c. Models comparison

A comparison of the constitutive models for metathiaterials is presented in this section (Figure 11
The Mechanical Threshold Stress (MTS) [17], JohASonk (JC) [62], Molinari-Clifton (MC) [65],
Zerilli-Armstrong FCC (ZA) [66] and Rusinek-Klepdaz(MRK) [60] (without viscous drag extension)
models are compared over wide ranges of tempegaffram 293 K to 786 K) and strain rates (from
0.001 /s to 17500 /s) (see Figure 17). The testatbnal is the AA7020-T651 aluminum alloy (the
model parameters can be found in the APPENDIX E).

In quasi-static and room temperature conditiongufé 17.a), all the models are in good agreemeht wi
the experimental data (except the ZA model whictiemestimate of 20% the stress). However, when
the temperature increases (Figure 17.b), all thdetsohave high difficulties to correlate with the
experimental data. The ZA model cannot get a viawer thano, = 400 MPa due to its mathematical
construction, and needs modification to be validchigher temperatures. At 473K, the other models
greatly overestimates the stress: 25% for the MAIGGMRK models, 20% for JC model and 10% for
MC. This mismatch is mainly due to the fact tha #&A7020-T651 aluminum alloy is subjected to a
change of microstructure around this temperaturieiwleads to a drop of the stress. The models to no
take into account this phenomenon (see Figure Bjodm temperature and high strain rates (Figure
17.c and 17.d), the models are all in good agreemih the experimental data. However, it can be
seen that the MRK expression needs the viscousektmpsion expression to be able to fit with the

experimental data for the higher strain rates (feidwr.d).
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Figure 17 — Comparison of the different constitetimodels at (a) room temperature and quasi-stati@dions,

(b) 473 K and quasi-static conditions, (c) room tenagure and high strain rate conditions, (d) rooemiperature

and very high strain rate conditions, (e) 508 K (abe of microstructure) and high strain rate cormtits and (f)
786 K (athermal plateau) and high strain rate coiufis
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The main drawback of the presented models corisistgheir inability to model the thermal behavior
at high temperature due to phenomena which ar&aken into account (e.g. change of microstructure,

athermal plateau).

At higher temperature and high strain rates, (Fduf.e and 17.f), the correlation of the model$ wit
the experimental data is highly variable. Indeags th the absence of modeling of phenomena such as
the dissolution of the precipitates (around 49G&g Figure 17.e) which is followed by the athermal
plateau (Figure 17.d), the accuracy of the models fthe literature is, in most cases, insufficidiite

ZA model cannot go down belowy, = 400 MPa and is therefore not suited for these applicatidhge
MTS, JC and MRK models overestimate the stressjtest the temperature of change of microstructure
(Figure 17.e) and then underestimates it at higgreperatures (Figure 17.f). Concerning the MC model
the same observation can be done even if the nmpdati 786 K (Figure 17.f) is satisficing. However,
this accuracy is caused by the mathematical funatidhis model for the temperature sensitivity evhi

is much slower with increasing temperatures (itsdo®t become zero even above the melting

temperature) and the good correlation can be obdemly for this temperature.
3. Constitutive modeling of amorphous polymers

Polymers being composed of macromolecules andfraoystals, the mechanisms of deformation of the
materials are, in addition to the elastic behawgoxrerned by laws of hardenifgcompletely different
from metals (for semi-crystalline polymers [73Rndeed, the equivalent of the hardening mechanism
for amorphous polymers is a rearrangement of maalexules by decreasing the radius of crawling
tubes of these latter. Then the molecules losel@mmeof movement and the viscosity of the material
increases. The yield stresg is also directly linked to the initial free volunoé the macromolecules.
The higher it is, the smallet, will be. The relaxation of the chains after yielglis due to the increase
of the free volume caused by the augmentationettawling activity of the lateral sub-molecules of
the macromoleculeg (transition). A decrease of the stress is therefbmerved and is qualified as the
strain softening [47]. Another specific mechanism to polymers is ttyperelasticity. It ensures the
overall cohesion of the material and has to bertahki® account (especially for large deformatioas)
the Langevin spring@ acting in parallel to the other mechanisms [2,. 58] polymer materials
presenting a relatively low viscosity all the mechanisms are greatly temperature arinhstate
sensitive. The overall stressof the viscoplastic regime can therefore be writie (see Eq 1.70) [73-
75]:

0 =0y(¢,T)+H(ep, ép,T) + S(ep, 65, T) + B(p, €, T) (1.70)
The polymer materials, studied in this work, asuased amorphous. Therefore, only models dedicated

to amorphous polymer are presented in this seemehthe model extensions for the semi-crystalline
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polymers are not treated (= 0). In this manuscript, only the expressions modgthre yield part are

presented.
The constitutive modeling of polymers can be penked with two different methods:

- A phenomenological method aiming to evaluate thellstress in the material by using a unique
expression which takes into account all the difierehenomena occurring during the
deformation.

- A physically-based method which models separatbly different phenomena and the

contribution are summed after.

The second method gives generally more predictedslelts over a wider range of temperatures and
strain rates than the first method.

a. Phenomenological constitutive models for comple¢eimanical

behavior

The phenomenological approach does not aim toviodoy physical consideration but to provide
expressions allowing a good fitting of the stretsais curves. Many models even propose a modeling
of both elastic and plastic parts in one expression

i. G'Sell-Jonas model

The G’Sell-Jonas model [76] is a phenomenologicaistitutive law for the mechanical behavior

specifically developed for glassy polymers. It detssin four multiplicative terms corresponding to:

- Theyield stress defined by the paraméter

- The thermal sensitivity defined by the parameter

- The strain rate sensitivity defined by the paransetg c, andc; (modification of the original
model for a larger range of validity)

- The hyperelasticity phenomenon defined by the patarsh andn

All the parameters (excep} have to be determined at the reference stra@régailhe full expression
of the plastic stress is the following (Eq 1.71):

n & €p\" €p
o =Ke"r eT <1 +c (—) +c31n (—)) (1.71)
€o €o

The G’Sell-Jonas model uses an exponential forrthihyperelasticity behavior which is thereforé no
physically modeled and can lead to high inaccusaatehigh strain rates and temperatures. Another
drawback of this expression is that the strainesifig caused by the relaxation of the polymer chain

is not modeled at all due to the exponential fofrthe hardening.
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ii. Mastuoka’'s model

The Mastuoka’'s model [77] has been developed tavathe evaluation of the stress response of glassy
polymers. The expression is the following (Eq 1.72)
e\B
o = Ege~Cc ¢ e () (1.72)

With 7 an effective relaxation time linked to the tempera. E,, § andC are materials parameters.

The Matsuoka’s model takes into account of theogkasticity, yielding and strain softening phenomen

in the same expression.
b. Constitutive modeling of the yield stress

The physically-based approach of constitutive miadedf polymer materials aims to take into account
each contribution to the stress separately thraighomechanical considerations such as crawling tub
or free volume. Therefore, this kind of modelingpyades expressions for the vyield stress, the
hyperelasticity, the strain softening and evenyuddir the structural hardening (semi-crystalline

polymer) have to be modelled separately.
i. Argon model

The Argon model [78-80] takes into account thermigecular resistance during the shearing of the
polymer material. Argon proposes a representatidhe shear deformation involving the rotation of

the chain segments of lengthn a cylinder of radiug. The rotation of the chain segments is achieved
by the generation of two structural anomalies sapdrby the distance of the chain segmefiorming

an anglew with it. The Argon model is only valid for low terarature (below the glass temperature

transitionTy).

The free energy variationGy required to produce such a phenomenon is givetheyfollowing

expression (Eq 1.73) (calculated from the theorgtis€linations [81]):

5
3tGw?ad 5 /T\g
AG; ~ ——— | 1 —8.53(1 — E(—) 1.73
With u the shear modulus,v the Poisson coefficient andr the shear stress.

If we consider a thermally activated mechanismthvez have a relation of the type (Eq 1.74):

AG}
y =voe AT

With y the rate of deformation in shedr,the temperature angkl the constant of the perfect gases.

(1.74)

Finally, the limit of elasticity in shear, is set (Eq 1.75):
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Q

6
T_y 0.076 1 16(1 — v)RT (}/_0) 5 (1.75)
G 1-—v 3nGw?ad y

The shear stress is more often takerba(gir& T, = tp) So that it leads to Eq 1.76:

6
_ RT f’o))g (1.76)
T, =t (1 tOAln()’/
With Eq 1.77:
tod T8
6
_ —%(1—(%) ) (177)
Y =Yo€
And Egs 1.78 and 1.79:
z 2.3 2.3
A= 65Tw-a o 39w a (1.78)
5 16
6
2\5 G 0.077G (1.79)
to = (-) ~ .
17/ 1—v 1—-v

The coefficientd has the dimension of a volume. The approximafioa constant is often used for
this model.

However, this model is only effective at low tengueres because the intermolecular energy barriers
are predominant compared to the intramoleculae®wehich the most important at higher temperatures

(around the glass transition temperafye

With the following relations (Eqs 1.80 and 1.81)sipossible to get the values of the equival&nairs
and stress [3]:

ay=ry\/§ (1.80)
7
(9—\/§ (1.81)

ii. Ree-Eyring theory

The Ree-Eyring theory [51] takes into account amig thermally activated phenomenon. In order to
model the behavior of the amorphous polymer ovelewanges of strain rate and temperature, we must
consider all the phenomena and construct a motembtaodel. The validity of the Ree-Eyring model
[50] is assumed correct for low and medium rande®mperatures and strain rates. Concerning the
temperature abovE, and at high strain rates the accuracy of the msdesumed less predictable (see

Figure 18). The general expression (Eq 1.82) ighef following form (for N thermoactivated
phenomena):

52



o & AH;
y EA sinh™ < eka> (1.82)

With 4;, C; andAH; constant. In general, two phenomena are sufficeembodel the behavior of the

flow stress over a wide range of strain rate amtpberature. The phenomena generally modeled are the

relaxationsx andp of the groups of the macromolecules. The fornnefrhodel then becomes (Eq 1.83):

Qa

o 7
2 =4, (ln(ZCay) + —) + Ag sinh™* <Cﬁ)'/eka> (1.83)

T k,T
With @, and@Qy the activation energies for the relaxation phenuaeeandp respectivelyC; are the
activation parameters. The phenomenon of relaxatigenerally refers to low strain rates and high
temperatures. The phenomenon @frelaxation generally refers to high strain ratexl dow
temperatures. However, this model only makes isips to determine the limit of flow of the matéria
and does not make it possible to obtain directtyrass/strain curve. The relaxation phenomehdim
often attributed to the secondary relaxation meignamf the peripheral groups along the main chain.
The phenomenon of relaxatian is linked to the concept of increasing the freéuree (William-

London-Ferry equation [48]) and is in no way linkedx rheological mechanism.

iii. Cooperative model

The cooperative model [74, 75] is a derived fornthefRee-Eyring theory [50] which takes into acdoun
the existence of an internal stregsin the amorphous polymer. So that the effectivessto™ is

described by the following expression (Eq 1.84):

o =0y, —0; (1.84)
The phenomenon of relatigh is the only one considered (the one responsibigh® majority of
motions of the molecules of the amorphous polynigme calculations show that the flow stress can be
written (Eq 1.85):

With Eqgs 1.86 to 1.89:

( 1
n
2k, T £
oy = 0;(0) —mT + sinh —AHB forT <T,
o RT
4 2 (1.85)
_2kT é -
gy =—,;—sin a0 (1) forT > T,
éoe_We ng"'T_Tg
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O'i(O) = —B

CURCRC N A (188)
sty AHg = ARIn10
E"(T) = épe RT avec AHp (1.87)
go = " (Tyes)eRTres
(a1
RIn10
1.88
iB _ 4a(Q— Q) (188)
R
AHg = Qp
Ag(Qq — (1.89)
a0y = el =)

With Qg, Qq, A, the parameters identified for the Ree-Eyring mpdethe activation volumen a
parameter of the material designating the cooperategree of the strain-hardening of the polymer,
0;(0) is the internal stress at Ok, is a parameter of the materig},is a reference strain rate,is the
perfect gas constant, the Boltzmann constant amﬁ andcf the WLF parameters of the materials
(determined by DMA but the "universal” parametefs.: 17.44 and:fz 51.6 K can be used). We can
note that the internal stresg(T) is zero for all temperatures higher than the glaassition

temperaturdy,.

iv. Models comparison

The Figure 12 shows a comparison of the presentetkis for the yield stress of amorphous polymers
[47], it can be clearly seen that the cooperatieelehhas a range of validity wider than the Argad a
Rie-Eyring models and particularly at high temperas (Figure 18.a) and strain rates (Figure 18.b).
Indeed, the cooperative model is the only one wtikhs into account the changes of activation velum
due to the transition from glassy state to rublbatesand provides better accuracy for both mdseria
(PMMA and PC) than any other model.
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Figure 18 — Comparison between Argon, Rie-Eyring @odperative models allowing to check the domawabdlity of
each one for the PMMA and PC amorphous polymeréafothe temperature and (b) the strain rate

c. Constitutive modeling of hyperelasticity phenomenon

Network models are used to represent the entropgtamce to chain alignment during deformation.
They are essential for the modeling of the meclztiehavior of polymeric materials, especially for
high deformations. There are many models basedhysigal and empirical considerations [55].
Physical models are based on the theory of maddmglerelasticity which assumes that the mategial i
considered incompressible (although some modelswalio take into account the effects of
compressibility).

The statistical approach describes chain netwateray chains randomly oriented and interconnected
by chemical or physical bonds [55, 56].
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The guantitative expression of the entropy forrglsi molecular chain comes from the energy of the
chain networlk derived by the distance between the extremitjexf the latter. The resulting Cauchy
constraints; is then written (Eq 1.90):
ow

0i=—p+lia—/1i (1.90)
With p an additional hydrostatic pressure coming fromitisempressibility hypothesid{1,4; = 1).
In isothermal conditions, the variation of the straetwork energy/ can be written as follows (Eq
1.91):

W = O-iéi ( 191)

With: ¢; = % > A; = e®? (g, is the true strain)

There are two different statistical approaches:

- The classic Gaussian approach of the effectivenahnaidel for weak deformations, whose chain
energy function is defined by the following relatiEq 1.92):
nk,T
2
With n the number of chains per unit volunig,the Boltzmann constant afidche temperature.

W =

(B +23+2%-3) (1.92)

- The non-Gaussian approach of the chain model (KmlnGriin model [82]), valid for all strain
values, whose chain energy function is based onatdom displacement of an ideal phantom
chain, is defined by the following relationship (E§3):

A

VN

), L1 the inverse Langevin function defined byx) = cotx —%. The

,8+ln( k )) (1.93)

W = NkT ( sinh 8

A
VN
resulting constraint for a single chain then becebeing the number of rigid chains in the

With g = £
entanglements) (Eq 1.94):

oA

The macroscopic behavior of the material is diyeatlated to the three - dimensional behavior

ow vy
6= A = AkTVNL (ﬁ) (1.94)

of the chain network. The entropy of the networkakulated by summing the entropy of each

chain. We then find many models based on the phlyafproach such as the 8-chains model.
i. Neo-Hookean model

The Neo-Hookean model [83-85] is the simplest mpitia model of hyperelasticity. It is a physical
model describing the energy of the network by thiowing expression (Eq 1.95) in a case of one-

dimensional solicitation (incompressible case):
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With C; a material constarit = A% + A3 + 13

In the case of tri-dimensional solicitation, thewerk strain energy becomes (Eq 1.96):
With D; a constant of the materid], = J~2/31, andl, = J~*/3I, (Eq 1.97):
Iy = A3 4+ 25 + A3

I, = 2223 + A32% + 2372 (1.97)
J = det(F)

F is the strain gradient tensor. In the compressase, the model becomes Eq 1.98:
W=C (U, —3-2In])+D;(J — 1)? (1.98)
The back stress can therefore be computed by thenfpllowing expression (Eq 1.99):
1
o=4C, (s - ETT(S)) + 2D, Tr(e) (1.99)
The incompressible case can easily be used bydmmsydet(F) = 1
ii. Gent model

The Gent model [55, 86] is a semi-empirical modeppsing a simple expression of the network strain

energyW (for a material considered compressible) (Eq 1):100

I, -3
Jm
With u the shear modulug,, the value of; at the limit of extensibilitylf = A2 + 13 + 13), k the bulk

Weent = _%]m In (1 - ) +g(] - 1)? (1.100)

modulus ang = det(F) with F as previously mentioned.

The back stress can then be computed using treviol expressions (Eq 1.101) for uniaxial, planar

and biaxial loadings:

( , 1 Im
Oyniax u (A _I> 5 2
o= (43 3)
{ Ypvlanar — 2 1.101
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iii. 8-chains model

The 8-chains model [87-89] uses a representatidheothain network composed of eight chains of
equal length (9). This model has the property thahe case of a uniform deformation rate of the
material, the 8 chains undergo an identical retatieformation. Preferred directions are definee her

by the half diagonals of the cube.

Figure 19 - Schematic representation of the 8-chaiodel

The back stresB for the 8-chains model is modeled by the followmeatationship (Eq 1.102):

CR\/NL_1

BiB—Ch - _ 3

(Achain> ALZ (1.102)
\/N Achain

With A.,4in the equivalent locking strain of the 8-chains rtwand expressed by (in the case of a

uniform deformation) (Eq 1.103):

A2+ 2%+ 2%
Anain = /% (1.103)

If the hypothesis of incompressibility has beenal(aq 1.104):

Tr(B) =0 (1.104)
An expression of B independent of the hydrostatisgure can then be applieg (s still taken into
account in the expression) (Eq 1.105):

(1.105)

B-B_Ch _ CR\/NL_l (Achain) ALZ - Aghain
L 3 \/N
With £71(X) the inverse Langevin function [2, 89].

Achain

This model underestimates the real value of comstba
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C.  Description of failure mechanisms

The failure of materials is of the upmost imporantmechanical modeling. Indeed, these mechanisms
depict the limitation of the materials and allowiceent designs of functional parts in mechanical
systems. For this purpose, the failure behaviortbd® investigated in addition of the stress belrav
explained previously to complete the study towacdmaplete numerical model. The failure behavior of
materials can be generally decomposed in two steesnitiation of failure at which starts the dagea

evolution leading to the final fracture of the mak

1. Threshold failure criteria in yielding materials

In yielding materials, the mechanisms leading ® utimate failure of the materials can be sorted i

two categories:

- The initiation of failure (initiation of damage)

- The damage mechanisms

The initiation of failure corresponds to the Comsidtriterion mathematically represented by the

following expression (for nominal stress vs nomistaain curves) (Eq 1.106) [2]:

doy,
E =0 (1.106)

The damage mechanisms starts at the value oftnajazs; for which the Consider criterion is fulfilled.

These mechanisms can be of two different natures:

- Apparition and expansion of adiabatic shear basadihg to localized crack segments (for state
of stress below tensile condition) [90-94]
- Germination, growth and coalescence of voids (ledi0) leading to creation of cupules (for

positive state of stress) [95-100]
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Figure 20 - lllustration of the different steps ¢i#¥ag to the ultimate failure

2. Sensitivities of threshold failure criteria

a. Effect of triaxiality
i. Definition
The triaxialityc* is a dimensionless figure representing the lodaef stress. It is defined as a ratio

of the hydrostatic stresg, applied on the representative volume and the atpnv stress,, (see Eq
1.107).

o
0" =L (1.107)
Oeq

In the case of Von Mises hypothesis, the triaxialdin be computed as follows (Eq 1.108):
V2 o+ o+ o0
o = (o 1 111) (1.108)

3 \/(01 —o1)? + (o — oy)? + (o7 — 07)?

A few particular values of triaxiality can be enced:0 for pure shea% for pure tension,—g for pure

compression. Another figure can be defined to irethe deviatoric state of stress in additiotinéo
triaxiality: the normalized third stress invarignfEq 1.109).

27
) Oeq’

$ (1.109)

With /5 the third invariant of the stress tensor.
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The Lode angle is computed frgjras follows (Eq 1.109):

2
9=1—gcos_1§ (1.109)
ii. Effect of triaxiality in cohesive materials

Cohesive materials correspond to materials exhipaihomogeneous yielding phenomenon for positive
state of stress (presenting germination, growth@alescence of voids). The cohesiveness of metals
mainly depends on the shaping process of the phaterials processed using lamination or casting

methods present generally a good cohesivenessol#alglendency of the sensitivity of the strain at

initiation of failures£ with the triaxiality can be observed:

- The value ok, increases exponentially with decreasing triaxialp to a cutting value for the
state of stress of pure compression= —% below which the value szf is considered infinite
[101] (domain 1 in Figure 21).

- The value ofs£ converges asymptotically to a specific materigheselent value at high

triaxiality (domain 2 in Figure 21) [102, 103].

However, the triaxiality sensitivity of such matds is much more complex in the domain of positive

state of stress (Figure 21). A peak value{;ofin pure tension conditiow{ = %) can be observed.

1.5 O Upsetting tests
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o -— - -
: | -
= |
"g |
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Figure 21 - Focus on the triaxiality sensitivityafully coherent material [102]
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iii. Effect of triaxiality in low-cohesive materials

Some shaping processes such as sintering can rachierials with low-cohesive behavior. In those
conditions, the material can be associated to gEastructure made of aggregates at the mesoscopic
level (Figure 22). The low cohesiveness of thisdkai materials is caused by a much lower tensile
strength required to separate the aggregates thahd yielding of those lasts. Therefore, in pesit
state of stress, this is the mechanical behavidthe®tructure which is observed and not the ore of
cohesive yielding material. This is mainly due taess concentration at pores which leads to brittle
failure caused by particle decohesion (intergrarfaliture) [104-106]. This phenomenon of local sge
concentration is dependent to the grain size aagesf105] and is present under all state of sfd€s4.
Furthermore, the failure of such structures presantery brittle behavior (hardly no damage) and a

very low plastic strain.

Another particularity of low-cohesive materials d@nobserved at low triaxiality. Indeed, failurédve
the cut-off value of pure compressiart (= —%) can be observed due to the high sensitivity tegune

of structure-like materials.

[} 1 7
Intragranular :
failure

—30 pm ———

F7020 traction QS

Figure 22 - SEM picture of a profile failure of mtered 7020 aluminum alloy

b. Effect of temperature

The evolution of the strain at initiation of faituand of the material strength are closely linkedeed,
the potential mechanical energy absorbed by thenmbstays the same for any temperature (in the ca

of ductile failure involving yielding phenomenon).

Consequently, the strain at initiation of failunerieases with the thermal softening of the matgra8,
109]. However, the behavior can be much more campkcause many different microstructural

phenomena can occur. For example, precipitatiaissolution in metallic materials lead respectively
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to a hardening and to a sudden drop of the stidsxefore, a precipitation phenomenon causes a

decrease of the strain at initiation of failured andissolution to a sudden increase [36, 37].

At higher temperatures, the stress shows neartgmperature dependency (athermal behavior due to a
monophasic matrix). Finally, near the melting ppmtsudden drop of the stress down to zero. The
impact on the strain at initiation of failure is exponential asymptotic increase when approachiag t

melting point just after a stagnation of its vain¢he range of the athermal behavior.

Concerning the amorphous polymer, the failure isegally performed through the propagation of cracks
which are slowed by fibrils of polymer which prevéine Crack Opening Displacement (COD) (Figure
23) [4, 40, 110, 111]. The stress behavior of tlagemal impact significantly the propagation of the
craze by the mean of the fibrils. Indeed, the sdfie resistance of the fibrils is (low strain rated/or
high temperature), the higher the COD will be akko\io be and the crack propagation will be slower.
The main microstructural change consists in thesiten from glassy state to rubber state at thsg|
transition temperaturg,. The mechanical behavior of the material drop iigantly during this
transition leading to an increase of the straimiéiition of failure up to thel; where its value remains

nearly unchanged at higher temperature [112].

Bulk stress
g

_ Yiclding
Drawmg-1n -

Creep of

CoD .
fibrils

True steess on fibril

o =gugd
Variable slong
fibril fength and
o — o Wwith fime
Fibrillar stmeture Yichl zone

Figure 23 - Schematic diagram showing model for ergrowth and processes involved [40]
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It can be noted that in the case of low-cohesiuartafor positive state of stress, due to thedtme-
like characteristic of the involved materials, Hgndo temperature dependency of failure mechanisms

can be observed.
c. Effect of strain rate on isothermal strain at atitbn of failure

For metallic materials, the positive sensitivitythe strain rate of the isothermal strain at itibia of
failure can be divided in two domains separated tvgnsition strain rat®,.,,,s (~1000 /s) above which
viscous drag effect cannot be neglected (for thials)[36, 108, 109]:

- Belowé; s, the strain at initiation of failure shows hardly sensitivity to the strain rate and
the experimental results may show a higher dispeitsian in dynamic conditions.
- Aboveé;,qns, the normalized strain rate sensitivity followsexponential positive sensitivity

which is mainly caused by the micro-inertia effemtgountered in viscous drag phenomena.

Concerning the polymer materials, the evolutiothefstrain rate of the isothermal strain at intiatof
failure with the strain rate can also be dividedwo domains [40, 111, 113]. However, the tranaitio
strain rateé;,.,s Separating these two different behavior can be \hiferent according to the
considered polymer. Indeed, the higher the chaianghement is, the lowe,,,,; Will be: the increase

of the strain rate will lower the time during th&ain structure can accommodate to the strain wtaoh

be assimilated to the relaxation time. At low stnaite, the stress transfer is efficiently redisttéd on

the full length of the entangled chains [114] (Fe@4). If the chain structure does not have enough
time to accommodate itself to the deformation, dgenaill start to appear in the material more and
more earlier with increasing strain rate due tost@ined stress transfer via segments of entangled
chains [114, 115]. This effect is called the logkiphenomenon. Therefore, the trends is the opposite

than the one observed for the metals: the stramtattion of failure decreases with the straitera

<

Low Strain Rate High Strain Rate
Full Network Limited Network

Deformation prior to Deformation prior to
Fracture Fracture

(Efficient stress (Constrained stress
transfer transfer

and redistribution via segments of the

via full length of the entangled
entangled molecules)
molecules)

Figure 24 — Effect of strain rate on the deformipibf the entanglement network structure [114]
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D.  Constitutive modeling of failure behavior

1. Constitutive modeling of the strain at initiatiohfailure

As explained in the previous parts, the initiatadrihe strain at failure is sensitive to the traity o™,

the strain rat&, and the temperatuf@and shows a coupled effect between those twp&simeters.

The construction of a typical model which take®iatcount all the effects can lead to the following

expression (Eq 1.110) [116, 117]:

&) (0%,6,6,,T) = £,(0*,&,0) fsr(é,) fr(épT)

The functionf, models the sensitivity to the state of stressraadeling the value oig at the reference

(1.110)

strain rateg, and temperaturE.. The functionfsz aims to model the evolution of isothermal stréin a

initiation of failure with the strain rate arfg describes the temperature sensitivityg;gf with strain

rate coupling.

The expressions shown in the Table 2, 3 and 4a@trpresented in the full model in which they might

be found (e.g. the Johnson-Cook model for faildrE6]). The current presentation approach aims to

show that a model can be built from a choice of niast adequate expression regarding the tests

performed over the ranges of states of stress,amnpes and strain rates. This is why the follgwin

tables presents decomposed expressions for easitivdgnand can be assembled regarding the needs.

Different expressions for each function can be tbunthe literature, leading to different degreés o

accuracy and complexity to describe the differdr@mmena. Those different expressions can be found

in the Table 2.

Table 2 - Triaxiality sensitivity of strain at ifation of failure models

fs(a",&,0) Commentaries +/- References
Easiest model possible: constant| Accuracy
fracture strain. Not suited for
conditions other than the one used for Usage
& . o [117, 118]
its determination. Independent fron
triaxiality and normalized third stress ~ +++
invariant.
. . Similar to Johnson-Cook expression Accuracy
doe—3ca + dle3ca '
(used in PAM-CRASH®). Does not + [117]
represent the complex behavior of the Usage
With ¢ andd; material parameters _
materials. Independent from the ++
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estimation at high triaxiality.

normalized third stress invariant. Over-

Johnson-Cook expression Accuracy
Easy to use and require few N
i experimental tests, model the global
d, + dyes o Usage
sensitivity to the state of stress. [116]
However, does not represent the
With d; material parameters _ _
complex behavior of the materials. et
Independent from the normalized thifd
stress invariant.
Triaxiality and normalized third stress Accuracy
n invariantdependent. Takes into ++
C —C0" _ C —C0" _ C —Cy0” 1—¢&n .
1 (Gee 3¢ )( ¢ ) account the complex behavior of the Usage | [119, 120]
With C; andn material parameters materials for triaxiality above
compression state.
Triaxiality and normalized third stress A\Ccuracy
. o 14¢2 76 ; ; 5
{62 [C3 = () _63)(5ec (?) - 1)] - cos (?) invariant. Very few parameters. Takes s
. into account the complex behavior of
1 mon|| " . : [100, 121]
a0 +35in (%)) the materials with better accuracy than Usage

With ¢; andn material parameters

compression state.

the previous ones for triaxiality above

As explained before, the material presenting a doWesive behavior have a specific triaxiality

sensitivity above the compression state which asdxl by the structure-like behavior of the material

Therefore, the expressions describing its behaier this range of triaxiality are more suited figly

cohesive materials presenting ductile failure.

Different expressions modeling the strain rate isigitg (Table 3) and the temperature sensitivitable

4) can also be found in the open literature.

Table 3 — Strain rate sensitivity of strain at iafton of failure models

for(€5) Commentaries +/- References
€
1+dyln (8—”) Easy to use but not very accurate over ja Accuracy
0
wide range of strain rates. Models only, - [116]
, : linear sensitivity to the strain rate such as
With d, material parameter y 1> Usage
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caused by thermo-activated phenomena jand
not by viscous drag effect. o
Accuracy
(1 N g-_p)% Easy to use with a slightly wider range af -
&o validity than the expression above. No [108]
With d, material parameter viscous drag effect. Uiige
Accuracy
é PN Valid over a wide range of strain rate.
1+lvln(_—p)+v(,—p> _ _ ++
o o Modeling of thermo-activated phenomena [17]
With v, [, andn,, material parameters and viscous drag effect. Usage
i
Table 4 - Temperature sensitivity of strain atiatibn of failure models
fr(&,T) Commentaries +/- References
T\® Accuracy
(?) Very simple modeling but valid over a vety -
limited range of temperatures. Usage 169]
With a material parameter T+
|+ ds ( T-T, ) Easy to use but valid over a limited rangg ofAccuracy
Tn—Tr temperatures due to the linear sensitivityjto -
the temperature. No coupling between|  Usage [116]
With ds material parameter temperature and strain rate. ++

Inverse Calorific

U(¢,,T)

Ratio

Coupling between temperature and strain Accuracy

rate. Modeling of microstructure change

S +++

(dissolutions and precipitations). Modeliry

g Usage

of the asymptotic behavior near the melti

ng

point.
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2. Constitutive modeling of the damage evolution

The damage evolution consists into the variation ofeasurable phenomenon which will leads to the

final failure of the material (e.g. void growth,ialdatic shear bands genesis, the absorbed energy).
Concerning the modeling of the damage evoluflgdifferent approaches have been developed:

- The energetic approach which evaluates the end&giyrlbed by the material from the initiation
of failure to the ultimate failure (can be sengtio the state of stress, temperature and strain
rate) (Eq 1.111) [122].

D f i 7 d ( )
= ——=4d& 1.111
85 A(O‘ ,Q,Ep,T)

With A the damage energy, function of the state of sttkesemperature and the strain rate and

gy the plastic strain at ultimate failure.

- The evaluation of the porosity raffp= D and its evolution in the material up to a criticalue
defining the coalescence of the voids (of totalusf) and the ultimate failure. This approach
generally requires specific microscopic characéion methods which can lead to a complex
model investigation for validation. The relationtween the void rati¢f, and its evolutiory,
can be computed using the hypothesis of mass caiger for plastic incompressibility (Table
5).

Table 5 - Porosity evolution models

fo(€p) Geron) Model References
Mass
fr=1=f)& conservation [2]
principle
dR 3 Mc Clintock (123
f = — o*
fo R 0.8eV°7 dg, model
1
oo 30 yaimn(? 2 _ 3ou\| 2 Gurson model 124
e =3 (1 — f,,) sinh (2 O‘H) [1 + f,° — 2f, cosh <20‘y>] [ ]
AN 3q,0
e 2Y%H 3
—] +2 cosh -1- =0 Tvergaard
<0y> q1fv < 20, ) q3fv g 125, 126]
: : model
With g; material parameters
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The stochastic approach using the Boltzmann’sssi@atit the microscopic level and considering
a damage distribution law (eg. a distribution lawrgg the damage characterized by the number
of cavitiesN having a radiuR). This approach can be applied on different meishansuch as
the growth and coalescence of cavities (total velwfvoidl},) or the stacking of dislocations
which can lead to the brittle failure (eg. Curraadal [127], Stroh model [128], NAG model

[95]). The stochastic approach has been mainlyldped for metallic materials (Table 6).

Table 6 - Stochastic damage models

D(N,oy) Model References

Curran

With N, the threshold speed of germinati®a the tension model [127]

pressurePy, the threshold pressure of germination &ne
characteristic pressure of the material definiagénsitivity to

germination

Ve=Vi+Vy+ Vg
With V; the initial void volumey), the nucleation void
volume and/;; the growth void volume
V, = 8nN;R,°>
g Vy = ) (8Ve + BVy,)
t

| 3h(1-v)

t 2
kVG = 8mR} [EWIO((J”_UQO)Jr) _

1 NAG model | [95]

With N, the initial void number anf their average radius,
AV the relative volume of voids controlled by theast rate
during a time stepAt andAVy, the relative volume of voids
controlled by the pressure during a time tepu is the shea

modulus,v the Poisson ratigy the ductile/brittle parameter ¢

=

the material and ~ 3, g4, the threshold stress of nucleatign
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. —wt(22
{(AVNE = 81R,3N,, <1 —e “’t(fo)> At

3. Ps—Ppo
k AVNO’ = 87TRO-O Noe Py At

The damage has an important influence on the stiéthe material. Indeed, the real stress
corresponding to the stress taking into accounetizdution of the damage is computed as follows (Eq
1.112):

g, =0(1—-D) (1.112)
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The present chapter aims to provide the experirhamek performed during the investigation of the
mechanical behavior of the different materials EddThe acquisition of experimental data is tinst fi
step toward the development of a material constduhumerical model. Indeed, these data are
mandatory to understand the mechanical behavithreofaterials in order to choose the most pertinent

models and to calibrate them.

The first part of this chapter has for objectiv@tesent the different materials studied in thisk{@020
aluminum alloy, polyimide and epoxy resin) by expiiag their different intrinsic properties (density
specific heat ...).

A second part is dedicated to the description efdifferent experimental tests which have been used

for the mechanical characterization of the thretenmsls.

Once the different materials and the experimentatgdures have been introduced, the mechanical
behavior of each material is detailed in a thirdt.pehe different physical phenomena responsibthef
level of stress and failure with the strain, thmperature and the strain rate are cautiously corteden

and explained.

A.  Descriptions of the materials

1. F7020 aluminum alloy

The denomination F7020 corresponds to a specitimi@um alloy processed using Spark Plasma
Sintering (SPS). The powder used for the sintegragess is a commercial atomized powder. The
density of the F7020 is = 2880 kg. m™3 (determined through Archimedes procedure) anspiesific
heat (at room temperature)Us = 875 J.kg'l. K (values given at room temperature). The elastic
modulus isE = 72 GPa and the Poisson’s ratio= 0.3. The chemical composition of the F7020

aluminum alloy can be found in Table 7.

Table 7 - Chemical composition of the F7020 alumiralloy

Element Al Zn Mg Cu Fe Si
F7020 Wt. % Bal. 4.80 1.20 <0.20 <0.35 <0.3%

The aluminum alloys are considered as Face Centeubic metals (FCC) which exhibit kinematic
structural hardening due to the germination angg@gation of forests of dislocations. The 7020 based
alloys have a stable microstructure which can meprded through thermodynamic software allowing
the evaluation of the equilibrium phases in preedff; in function of the temperature (such as Jvat

TS [2]). The Figure 25 shows that, at room tempeeatthe main phases in presence are:
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- Around 6% of MgZa precipitates which consist in the biggest equilitor phase. These HCP

(Hexagonal Close-Packed) precipitates have a sthamgening potential and cause a high
generation of dislocations. The amount of Mg#mecipitates decreases quickly with the
temperature leading to a softening of the interstaéss (stress caused by the structural
hardening). In the case of the F7020 (see Figui® 2he MgZa precipitates are much bigger
than for the commercial AA7020-T651 (see Figurép6.
- Around 1.5% of AdMn orthorhombic precipitates. In the case of th@Z®y these precipitates

are much smaller than the precipitates of Mg@ee Figure 26.a).

- The aluminum matrix making the balance ratio whtl tther phases.
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Figure 25 — Equilibrium phases of 7020 aluminuneyaitomputed by JMatPro TS [2]

At higher temperatures, the microstructure chawgespletely. Indeed, above a transition temperature
(around 600 K according to JMatPro TS [2] and adobf0 K for the F7020), the MgZiand AkMn

phases have been completely dissolved in the Alixretd a AIFeMnSi phase has appeared.
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(b)

Figure 26 - SEM picture of (a) F7020 (x12000) abhi AA7020-T651 at 293K

The optic microscopy study of the F7020 aluminuloyalFigure 27.a) provides other information such
as the grain sizgl);) ~ 14 um) and the ratio shape factor of the gratgs= 1.148 (Figure 27.b). The
value ofRg is close tdl which allows us to make the assumption of sphegicans. The grain size has
been measured by averaging the minimum and maxidiameter of more than 20 grains and the mean

value is then taken dB,) (see Figure 27.b).
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Figure 27 - (a) Optic microscopic picture of F7020d (b) Study of the grains size ratio for shapeaeination

2. Sintered polyimide

The polyimide (PI) studied in this work has beentesied using Spark Plasma sintering (SPS) (Figure

28). The polyimide is an amorphous thermoplastityrper with very high mechanical properties

(limited entanglement). Such mechanical performarare mainly due to the very high temperature of

glass transition of the sintered polyimidg & 583 K — see Figure 29) which allows a strong resistance

to strain at room temperature. At even higher teatpee [y = 683 K), the polymer reaches its

degradation state leading to the global failuréhefmaterial. The density (at room temperaturehef

Pl is p = 1380 kg.m3 (determined using Archimedes procedure) and iecifip heat (at room

temperature) i§, = 1170 ].kg™. K. The Poisson’s ratio is takenas- 0.4.
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Figure 28 - Topologic SEM focus picture of sintepadyimide surface fracture profile
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Figure 29 - Heat flow vs temperature during DSC festhe sintered polyimide
Differential Scanning Calorimetry test has beemiedrout from -90°C to 400°C (maximum reachable
of the testing device) at 5° per min under nitrogas (50 mL per min). The heat flow of the medium
exchanged with the sample is shown on Figure 2@ fEBmperature of glass transitidp can be
identified by using the result as the temperatdréhe mean endothermic measured process. Other
characteristic temperatures can be seen aroundatf CO0°C. They might correspond to the transition
temperature§g andT, of the secondary relaxation mechanisms of perglfggoups. The temperature

of degradation of the polymer is higher than th&imam range allowed by the used DSC.
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3. Epoxy resin

The epoxy resin is a well-known thermoset polymdriclv is processed by mixing two different
components: a resin and a hardener for the polygatérn (Figure 30). This epoxy resin has a very low
pot time of 8 minutes (time during which the epaegin can be manipulated before the sudden
hardening) but reaches its optimum mechanical ptiegeafter around 3 days. The different tests have
revealed several important properties of this paldir epoxy resin such as its temperature of glass
transitionT, = 333 K (see Figure 31), its density (at room temperatafep = 1200 kg. m3. Its
specific heat (at room temperature)@f= 1000 J.kg™*.K™* was provided by the manufacturer. The
relatively low value of the temperature of glassgition leads to a quick change of mechanicaldeha

of the epoxy resin in dynamic conditions from glastate to rubber state due to the adiabatic hgatin

The Poisson’s ratio is takenwas= 0.4.

Figure 30 - Topologic SEM focus picture of epoxsimesurface fracture profile

Differential Scanning Calorimetry test has beemiedrout from -90°C to 300°C at 5° per min under
nitrogen gas (50 mL per min). The heat flow of thedium exchanged with the sample is shown on
Figure 31. The temperature of glass transilipnan be identified by using the result as the teatpes

at the middle of the first endothermic measurectg@ss. Around -50°C a phenomenon of secondary
relaxation of peripheral groups might be identifi#tie temperature of relaxation seems to be around
275°C.
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Figure 31 - Heat flow vs temperature during DSC testhe sintered polyimide
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B.  Descriptions of the experimental tests

1. Uniaxial quasi-static experiments

The mechanical tests in quasi-static conditidi®s>(/s to 1 /s) are generally carried out with an uniaxial
testing machine which allows classic tests sucteasion and compression. The foftéransmitted
through the sample is measured by the means df ooz unit which is characterized by its force
limit. The recording of the extensidx is performed by a calibrated LVDT allowing a vexgcurate
measure of the length variation of the sample.deeof a camera to record the stretching of theokam
can also provide a strain map (with Digital Imager€lation) and provides important local informatio
on the mechanical behavior of the sample (e.graberding of the necking in tension tests). The tru
straing; and the nominal straig, are computed from the extension and the effed@agthl of the
sample (Egs 2.1 and 2.2). The true stegsnd the nominal stresg are calculated from the foréee,
and the effective surfaceof the sample (Egs 2.3 and 2.4) [3, 4].

Al
€ = — (2.1)
Iy
Al
£t=T=ln(1+£n) (2.2)
F
op =— (2.3)
So
F
oy = S= Gn(l—ZVpen) (2.4)

With v, the coefficient of plastic expansiow,(= 0.5 for incompressible flow).
In this manuscript, the stress will always define true stress and the strain, the true strain.

The size ratio of the sample generally used fomdyical compression tests is 1:1 in quasi-static
condition. If the ratio is too high, the sample htipulk and invalidates the test (see technicaliig
Appendice B). The geometry of the samples for tansamples [4] are much more complex and has to
be designed for each different material to avoidiamted stress concentration outside of the effectiv
zone. Many other kinds of tests, requiring spegiéometry of the sample, can be done with sucim¢est
machine such as shear-compression tests [5], &sta{4], bi-tension tests [6] ... An electromecleahi
K9400 INSTRON uniaxial quasi-static machine hasnhesed in this work with a 100kN force cell.

The compressive tests at high temperature have dserd out using a custom resistive oven which
can heat up to 300°C. The temperature was monithredgh a thermocouple set on the sample coupled
with an infrared measurement (Figure 32.a and 32.b)
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Figure 32 — (a) Quasi-static heating setup andif®ychematic representation

2. Dynamic experiments using Split Hopkinson Presdbiae

setup

Dynamic experiments have been conducted using Bppkinson Pressure Bars (SHPB) [7-10] is an
experimental setup developed in order to test nadefmainly metals and polymers) in compression
state of stress at high strain ra#® /s t010.000 /s). The sample of radiusis placed between two

bars (input and output bars) of wave velo€igy= \E and of radiuR (Figure 33).

A striker of lengthL, hits the input bar of lengtly at a known velocity. Two mechanical wave fronts
are generated at the surfaces of impact. One afdtve fronts propagates along the input bar updo t
sample (rising time), the second wave front goesathe striker up to its free end and goes badioup
the impacted end and next along the input bar (tinog). The mechanical wave between the two fronts
is a called the incident pulse of leng@il,. At the input face end of the sample, the incidsave
encounters a break of mechanical impedance depgeondithe diameter, the elastic properties and the
density of the bars and sample. When a wave reachiegportant mismatch of impedance, a transmitted

wave continues along the sample and next alongut@ut bar, a reflected wave goes back along the
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input bar. The amplitude of the waves is measurealigh strain gages placed onto the surfaces of the
input bar (incident and reflected waves) and ofdbgut bar (transmitted wave) to obtain the etasti
strain of these lastg;(for incident wavegy for reflected wave anér; for transmitted wave). The
experimental results are next processed with thenagtion of force equilibrium (Eq 2.5) which states
that the input force applied to the sample is etmahe output force. However, this equilibriunmist

present during the first steps of the loading duiié inhomogeneous state of stress in the saifipée.
force equilibrium is also broken in case of failofehe material.

SI+SR:ST (25)
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Figure 33 - Schematic representation of SHPB setup
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The shortening of the specimen is computed by etialg the velocities of the sample interfaces (Eqgs
2.6 and 2.7):

Vinput = -Co (€1-€r) (2.6)
Voutput = -Cogr (2.7)

Therefore the evolution of the specimen lerigthn be obtained with Eq 2.8:

= (Vinput'voutput)At (2.8)
With At the time increment between two measurements.

The value of the forces applied on the sample eartsinitted by it are computed as follows (Eqgs 2.9
and 2.10):

l::input = T[RZE(EI + er) (2.9)
1:"output = T[RZEET (2.10)
The value of the output force is generally takemtifie computation of the stresses (assumptioneof th

force equilibrium).

The nominal strain ratg, and straire, are computed with a classic method (Eqgs 2.11 at)2

! o (2.11)

Vinput' output

t
g, = | &.dt
B fo B (2.12)

The nominal stress is obtained using Eq 13:

F tput
0 = 220 (2.13)

The true values of the strain, strain rate andstecan be calculated with (Egs 2.14 to 2.16):

g = -In(1-¢
¢ (1-€n) (2.14)
ét = Sn
1-g, (2.15)
oy = 0,(1-2v,¢
v = on(1-2vpen) (2.16)
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Some further post-processing of the results maydeeled to correct the influence of some phenomena
occurring during the test such as friction [11,,12¢rtia effect [7, 12] or the punching of the barthe
sample [7, 13].

The size ratio of the compression samples is géndr2 to allow an optimal force equilibrium [12].
In order to control and reach different values wéia rates, two sizes of samples have been used
(@=8mm/t=4mm and F=6mm/t=3mm, see technical dravipgendix B).

Other kind of tests can be performed using a SHRBpssuch as shear-compression [5], shear [14],
bending [15] ... by slightly changing the setup amelsample geometry. Different Hopkinson bar setups
have been developed to allow other kind of meclzusialicitations such tensile [16, 17] or torsia8 [

19].

Dynamic tests at high temperatures have been dangeng a pulsated air flux system (schematic
representation in Figure 34.b). The sample wasedeglbne (the bars were put in contact with it just

before the test) and its temperature was monitased) a thermocouple set on its surface (Figura)34.

Sample

oyt
y

/'

2 "_. Pulsated heated
*| air flux system

Thermocouple
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Figure 34 - Pulsated heated air flux system for 8H#etup (a) focus on the sample and (b) schemgpiesentation of the
setup

Other dynamic tests at cryogenic temperature hése lzeen performed using liquid nitrogen and
ethanol to adjust to the desired temperatures (€igb.a). The temperature of the sample was meuitor

using an infrared measuring device (Figure 35.b).
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Figure 35 — Cryogenic system for SHPB setup (a) whelep and (b) focus on the sample
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3. Dynamic experiments using Direct Impact setup

The direct impact (DI) test allows to reach an eliger decade of strain ratd9t /s to 10> /s) [20,
21]. The concept is similar to the SHPB setup lseswonly the striker and a bar. The sample is fored
the free end of the bar and the striker impaatgéctly (see Figure 36). To obtain the displacenoén
the ends of the sample, two different methods seelu

- For the output end of the sample, a strain gagetisnto the bar and, as for the SHPB setup, its
recorded deformation allows the determination dbei¢y of the output end of the sample and
of the output force.

- The velocity of the input end is the same as thikest This lasts can be directly measured using
a high speed camera or computed through Finite &ieriMethod (FEM). A strong initial
velocity dependency can be observed and the datieleprofile has to be computed for each
different impact velocity and is also sensitivetthle mechanical characteristics of the tested
material.

Acquisition setup

'‘Output bar

a"/l. |
/

Strain Gauges
full bridge

Figure 36 - Schematic representation of Direct letpexperiment (using simulation data to computedieeleration of the
striker)

Once the velocities of the two interfaces are kna¥wea processing of the experimental data is theesa
as for the SHPB setup (also with friction, inegia punching corrections). The size ratio of the@as
are generally very small to reach the highest ptesstirain rate. The thickness is therefore ardunan

(or even less) for a radius designed to allow asmedble strength output. In this work, the F7020Ha
sizes are @=5mm/h=1mm and the Pl sample sizes=m@/h=1mm (see technical drawing Appendix
B).
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4. Shear-compression tests

The shear-compression tests allow the study afidehanical behavior (stress and failure) in a dbffe
state of stress than classical compression, tersicghear states. The state of stress under whech t

material is loaded in such experiments has theicpdatity of being lower than the state of
compressiov(c* < %) These specific tests are needed in this workWorreasons. Firstly, it provides

values of strain at initiation of failure in thegative domain of triaxiality and will then enhandbe
modeling of the failure behavior. Secondly, thetesiad materials (F7020 aluminum alloy and
polyimide) present a low-cohesive behavior in pesistate of stress which leads to the decohedion o
the sintered powder grains. Regarding this pagidoéhavior, the study of the sensitivities offdikire
mechanisms to the temperature and strain rate tbave performed in negative state of stress such as

encountered in compression or shear-compressits tes

Different geometries of samples have been developed the years (from parallelepiped shape with
square groove [22, 23] to cylindrical shape withmd groove [5]). The advantage of the cylindrical
shape of the specimen consists in a better wavpagstion in dynamical conditions in SHPB

experiments [5, 24] leading to a better force elguilm. However, the advantage of using a round
groove over a square groove is much more imporégatrding the study of the failure behavior and the
stress homogeneity across the effective area afaimple. Indeed, the failure profile of the samyslieg

the square groove is not optimal and the crack doepropagate along the groove [23, 24] contrary t

the sample with round groove [5]. Furthermore,dhgle of the groove with the perpendicular of the
axis of the cylindep, can be changed to get different states of sfss Figure 37). The presented

geometry has been used in quasi-static and dynaoniditions (SHPB and direct impact).

Figure 37 - Typical geometry of shear-compresseme
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However, to process the raw data of the testsgaifgp method coupling numerical simulations and
experimental observations is required. Firstly,gaemetry of the sample and of the experimentajpset
are created and assembled in a FEM software (ABA®IS this work) and a compressive load is
applied on the sample. The results of the simulatitl give the values (in function of the time) thie
displacement of the two specimen interfadesndd, (and therefore the relative displacement of the

specimend), of the elastic strain of the output lagg;; and of the equivalent plastic straiy and Mises
equivalent stress,q in the effective zone of the shear-compressionpg&rtSCS). Some specific

functions are introduced to evaluatg in function ofd and ofo, in function ofe.q ande,, (Eq 2.17)

[5].
d-d d-d,\? d-d,\>
Seq = k1 <_h y) + k2 <_h y) + k3 <_h y>

Fk

6
= (2.17)
Dt

| Geq = k4(1'k5€eq)
\ F = mR%Eg

2r
cos @’

With k; empirical parameters linked to the geometry ofsém@mpler the radius of the groovi,=

d, the displacement of the sample at yieldibgthe diameter of the samplethe thickness of the

effective areaE the elastic modulus of the bar aidts radius (see Figure 10). The valu&kgfis set as

1 when the output force is important and computedmthe force is low and need high precision.

The same procedure is used in quasi-static andaign@HPB or Direct Impact): the output load and
extension of the specimen are measured and theatedj into the polynomial expressions for data

processing.

The triaxiality through the whole effective sectican be approximated by using Eq 2.18 (considering

Von Mises criterion):

S (1+R)(1 in )3 (2.18)
o ~-3z-In 3;) (1-sine .
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C. Analysis of the mechanical behavior of the

materials

1. Analysis of the mechanical behavior of the F7020v&hum

alloy

a. Strain rate sensitive phenomena

It has been explained previously that the mechabiaavior of metallic materials is composed of two
different stress responses: athermal and thermeaisets [25]. It has been observed that only thentide

stress presents a strain rate sensitivity. In thetfwo stress components of the thermal strassrial

and effective stresses) have their own specifarstiate response which have to be studied separate

[26]. The mechanical behavior of the F7020 is stiddiere with compression tests (see Figure 38). The

material is assumed isotropic due the nature oS8 process.
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Figure 38 - Evolution of the stress vs strain cgreéthe F7020 with the strain rate in compression

1. Internal stress

The internal stress is the part of the stress spareding to the contribution of the structural lesnidg

of the metal. The strain rate sensitivity obseriedaused by the difference of dislocation history

between the samples which can be represented liydfeaise of the density of forest dislocationd.[27

Therefore, this phenomenon can be observed fof@@ and HCP metals but not for the BCC metals
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[28]. The experimental data (Figure 39) have bd#nined through compression at room temperature
with a uniaxial press for the quasi-static andrimiediate conditions. The tests in dynamic condgion
(from 0.0001 /s to 1 /s) have been carried out @i8HPB setup (from 500 /s up to 15,000 /s) anddDir
Impact setup (from 10,000 /s to 55,000 /s). Oteststhave been performed in shear-compression state

of stress with the same experimental setups.
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Figure 39 - Stress vs strain curve in quasi-statindition and room temperature of F7020 aluminutayal

The Figure 39 shows the plastic hardening behakierthe multiplication of stored dislocations doe t
the propagation of the mobile dislocations (anchkrand Read sources) [27]. This kind of behavior is
typical of metals presenting a kinematic hardeniity a linear hardening at high strain. The stdfles

and IV of hardening are clearly visible on thisvas, however, the stages | and Il seem to be nielglig
[29].

An interesting phenomenon called Portevin-Lechétaffect [30, 31] can be observed on this stress v
strain curve (Figure 39). Indeed, the “noise” oa thirve is in fact caused by the diffusion of atéms
the aluminum matrix which may cause the germinationthe annihilation of dislocations (both
phenomena are globally canceling each other). Duéhe long characteristic time of diffusion
phenomena, this effect generally only happensvastoain rates [32]. Indeed, at higher strain rates
mechanical energy provided rapidly increases upet@eral order of magnitude higher than the one
concerned in the Portevin-Lechéatelier phenomenahtla@ dislocations are not impacted anymore by
this effect [33].
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Two main domains of strain rate sensitivities carekperimentally observed (Figure 40). In the quasi
static domain and up to the domain of intermedi&iiEn rates, the strain rate dependency of tleerat
stress is quasi nonexistent. It can be interprétatithe thermo-activated phenomena concerning the
evolution of the dislocation density require a ¢anslevel of energy to occur [34]. For the FCC aihet
the phenomena leading to the strain rate sengitofitthe structural hardening is the creation and
propagation of the forest of stored dislocationgciare defining the stress history of the matd@a|
36]. The density of forest dislocations is higharthe same level of strain, for a stronger straia. If

the increase of the strain rate over a considereger does not impact the stress history of thelnitta
means that the velocity of the dislocations is stmwhat the initial dislocation density is low [27
Indeed, if the distance between two mobile disiooatwhich can create a forest dislocation is irtgoar

(or if their velocity is low), the increase of thensity of forest dislocations will be hardly viklbeading

to a quasi-inexistent strain rate sensitivity & thternal stress.

Another hypothesis about the non-sensitivity of ithternal stress for the low strain rate rangehes t
presence of several phenomena in competition. pRered above, if the initial density of dislocatio

is high enough, the density of forest dislocationgy increase rapidly leading to a positive and
observable strain rate sensitivity. But anothempineenon called Dynamical Strain Ageing (DSA) [37]
can also cause a negative strain rate sensitBA is a common effect among aluminum alloys (e.g.
AA5083 [37]). The negative sensitivity is explainby the presence of specific inclusions (such as
precipitates) which are harder than the metallitrimaAt low rates, the mechanical energy provided
the dislocations is not sufficient to yield the dhaorecipitates. Therefore, the dislocations profmga
around the inclusions in a restricted volume whgcimcreasing the probability of mutual annihilatio

The smaller the volume of free propagation is dxedhtigher the strain rate is, the strongest willhze
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rate of mutual annihilation. This leads to a deseeaf the dislocation density and consequentiyhef t
internal stress. For a given microstructure, thé\[@8uses a negative strain rate sensitivity whit c

cancel the positive one caused by the increaserestf of dislocations density.

At higher strain ratex 1000 /s), the other observable domain of strain rate sgitgican be studied.

Indeed, a sudden and exponentially positive seitgitcharacterizes the dynamic domain. Such
behavior can be explained by the stress originated viscous drag effect [34] which as acquire a
sufficient level to greatly influence the stresshisl increase of the internal stress is considered
monotonous for the strain rates above the highesttested (55.000 /s) up to a saturation level

(around107? /s) caused by the overdriven shock regime [34, 3B, 39

It can also been noted that the strain rate seitgitif the internal stress is the same in compoasand
shear-compression states of stress. It can theré®rconcluded that the F7020 does not present an

anisotropic sensitivity to the state of stresst tha triaxiality and the strain rate can be undedp

2. Effective stress

The effective stress is the part of the thermalsstrepresenting the contribution of the resistahtee
lattice system to the strain. The main phenomerspansible of this resistance is the presenceeof th
energy required to move a dislocation, called tees’ energyEp [27, 40, 41]. The highdip is the

stronger the strain rate sensitivity will be.
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Figure 41 - Strain rate sensitivity of the effeetstress of the F7020 aluminum alloy

The strain sensitivity of the effective stressasdhanalyzed as the normalized yield stress ahtiterial

at a given temperature (Figure 41). It can be dhahthe effective stress displays hardly no rate
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sensitivity over the quasi static range of straiter The rate dependency stays limited even inrdima
conditions. This behavior is typical of the FCCdxhmetallic alloys which have generally a low Hsier
energy leading to a very little lattice resistai2z8, 42]. The strain rate hardening caused by this
phenomenon have a very low impact on the ovenabkstbecause of the very small base value of the

lattice resistance.

b. Temperature sensitive phenomena

3. Athermal stress

The athermal stress is the part of stress which doedepend on the temperature [34]. For FCC setal
the assumption of the absence of athermal hardesidgne [43]. Therefore, only the athermal yield
stress (or effective yield stress) has to be detehn In this manuscript, the Eq 2.19 dependinghen

grain size is used [44]:

Ya= ““(@) (2.19)

With a = 0.3 an empirical parametep, = 26.9 GPa the shear modulu®, = 0.286 nm the Burgers’

vector andDg) = 14 pm the average grain size.

The value of the athermal yield stress can beyeesihputed and i&, = 36.5 MPa

4. Thermal stress

In order to study the evolution of the thermal stravith the temperature, the calorific ratio [46] 4

needs to be introduced.

The calorific ratiof consists into the normalized evolution of the tharstress with the temperature (in
isothermal condition). It allows to visualize theetmal softening (or hardening) of a material dred t

potential microstructural changes (Figure 42.a).

101



1.8
1.6
1.6 |
14 MgZn, + Al ,Mn MgZn, + AlMn
1.4
124 Al-Fe-Mn-Si phase
o F 4 Al-Fe-Mn-Si phase o127
T 1.04 I
o 1o . o 1.04 LI
L ] o
£ 0.8 F) = o,
K] o S 0.8 n®
© 4 [
O 0.6 on O g6 o
F7020 ° AA7020-T651 " b
i . " °
0.4 Isothermal Condition ° 0.44 Isothermal Condition o0 °
£ =0.10 £=010 .
0.2 T o ®m  Experimental Data 0.01 /s 0.2 m  Experimental Data 0.01 ISJ
® Experimental Data 2000 /- ® Experimental Data 2000 /¢
00 T T T T T T T T T OO T T T T I T T T T
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Temperature (K) Temperature (K)
(a) (b)
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Two domains of thermal softening can be observetceming the F7020. From room temperature
(Figure 43.a) to around 490 K (temperature of digsmn of the MgZn precipitates in the matrix [1,
2]), the thermal softening of the material is quiteep due to the progressive diffusion of theipreate
components into the matrix leading to the annilutabf dislocations (Figure 43.b). Around 490 K
(Figure 43.c), the dissolution of the precipitabesurs. However the drop of the stress is very $imoo
and hardly visible unlike for the AA7020-T651 (Frgud2.b). Indeed, this last is a laminated material
presenting a very high density of dislocations especially around the precipitates. Therefore,nduri
the dissolution of the precipitates, much lessodifions are annihilated for the F7020 than for the
AA7020-T651 due to its more homogeneous densitisibcations.

After the dissolution of precipitates, the matersaiainly composed of a dominant Al phase and-a Al

Fe-Mn-Si phase [2] (Figure 43.d). The diffusion im@&gisms are limited and the thermal softening of
the F7020 is less steep than before the dissolutdihreaching an athermal plateau around 700 K. A
last massive diffusion mechanism occurs just betfeeanelting point of the material (940 K), leading

to the fusion of the F7020. The mechanical behasitre then one of a fluid and is characterizedsy

viscosity.
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Figure 43 - SEM pictures of the F7020 (a) at 298),at 385K, (c) at 488K and at (d) 673K

The temperature/strain rate coupling of the F7@20rs to be limited but is still visible. It canated

that the calorific ratio slightly decreases witle ttrain rate (between quasi-static and dynamiesgas
showing a little rate dependency of the diffusioacimnisms. A much greater rate sensitivity has been
observed with the AA7020-T651 concerning the terapee of dissolution of precipitates and of the
diffusion mechanisms.

5. Adiabatic heating

The adiabatic heating is measured through the &tevaf the sample temperature. Indeed, at higirstr
rates, a large fraction of the plastic work is cemed into heat and is characterized by the adiioealks
Taylor-Quinney factog [38, 47-49]. In most cases, the value of the Tiagloinney factor is considered

as equal toy = 0.9. However, it has been established that the valukeoTaylor-Quinney coefficient

is not constant with the strain and also shows &zatpre and strain rate dependencies [38, 49]. Some
experimental methods exist to determine the ewvatudif x during a dynamic tests such as measuring

the temperature of the sample trough thermocouyfmeal measurement) or using optic methods such
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as thermal high speed camera or emissivity measure(aurface measurement). Another method is
suggested here by realizing repeated tests at simaith on the same sample [50] in order to prevent
adiabatic heating softening effect on the streggu(e 44).
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Figure 44 - Difference between isothermal and adimbstress vs strain curves of F7020 aluminum alloy

This method does not need any temperature measnirdmeperate. The isothermal test is then
confronted to the adiabatic test performed at thmes strain rate and through thermodynamic

consideration, the Taylor-Quinney factor can be pated (see Appendix A). The method used to obtain
the smoothed curve is explained as well in Appeidix
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Figure 45 - Evolution of the Taylor-Quinney coeéitt with the strain of F7020 aluminum alloy

104



It can be seen that the raw computation using tlygessted method (Figure 45) gives highly variable
results at small strain due to the very close wahfasothermal and adiabatic stresses. Conseguentl

the computation is very sensitive at low strain.

Concerning the evolution of the Taylor-Quinney &actFigure 45), the tendencies between the
suggested method and the results obtained by RandicAn on the AA2024-T3 [51] are similar: a
decrease from an initial value around 0.7 down midimum and an increase up to 1 meaning a total
conversion of the plastic work into heat. The ageraalugy) of the Taylor-Quinney coefficient of the
F7020 over the computed range of strain igxdf= 0.86 for the raw computation ang) = 0.88 for

the smoothed computation. The difference with othethods might come from the fact that it does not
rely on temperature measurement which is not homemes through the sample and is difficult to
estimate due to thermal resistivity and inertiaatefing on the studied material. However, the sugdes

method is closer to the theorical tendency [38].

It can be noted that the suggested method carberdpplied for materials presenting only a neglegib
contribution of reversible strain phenomena. The/ldraQuinney factor of polymers cannot be
determined through this method due to generallyhigl viscoelastic strain range (around 0.1) and

hyperelastic phenomenon generally encountereceiméchanical behavior of such materials.

Another interesting aspect to be studied aboutthiabatic heating is the softening sensitivity o t
material to this particular self-heating. Indeddcan be noted that the loss of internal stress
corresponding to the stored energy due strain hargeof the F7020 is increasing exponentially with
the elevation of temperature due to adiabatic hgdtigure 46). This energy is in fact releasetess

due to the viscous drag effect and causes theatdidieating effect.
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Figure 46 - Evolution of the amount of volumic eyereleased by the F7020 as heat due adiabaticteffe
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2. Analysis of the mechanical behavior of the sintgrelyimides

The mechanical behavior of amorphous polymers eamxplained through four main phenomena
(Figure 47):

The viscoelasticity phenomenon

- The yield stress defining the global level of stréemperature and strain rate dependent)

- The hyperelasticity representing the resistandédaostrain of the chain network (temperature
and strain rate dependent)

- The strain softening is the results of relaxatidrerppomenon of the chains which causes a

liberation of stored energy in the chains and aaese of the stress.

The polyimide exhibits clearly each of these medwmhenomena which can therefore be studied,
interpreted and then modeled. Besides, this péatipolymer shows a very strong mechanical behavior
for a polymer. The mechanical behavior of the Ruoigle is studied here with compression tests (the
material is assumed isotropic due the nature oS#® process).
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Figure 47 - Evolution of the stress vs strain cgreéthe sintered polyimide with the strain rate@mpression

a. Thermo-elastic behavior of polyimide

The evolution of the equivalent elastic modulughef polyimide with the temperature is reportechi t
Figure 48. It can be seen that the softening oéthstic properties of the polymer follows a nedéifgar

trend from room temperature up to the temperattigiass transitiofy = 310°C. This softening is due
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to the diminution of the cross-linking of the chaiwith the temperature, leading to a loss of malteri
rigidity [52].

No particular strain rate sensitivity of the elasmodulus has been measured during the tensile and

compression tests. The elastic modulus will theeebe assumed strain rate independent for thiy stud

The elastic modulus has been evaluated as the simanf the elastic domain.
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Figure 48 - Evolution of the average elastic modudfithe sintered polyimide with the temperature

b. Temperature/strain rate coupled behavior of thiel yaress

The yield stress of polymers presents generallsoag temperature/strain rate coupled depender&y [5
55]. Indeed, the level of stress is strongly depanhdn the value of the free volume of the chaihlv
depend greatly on the temperature [56]. Furtherpibesinfluence of the strain rate increases tresst

threshold for yielding due to the higher resistaoicéhe chains to the imposed movement.

The strain rate dependency of the yield stresBepblyimide is composed of two domains (Figure 49)

at a given temperature (for the range of testednstate). Both domains are increasing monotonously
with a steeper slop in the dynamic domain. Thisolztion can be done for all the tested temperature
even if the slop in the dynamic domain becomespste®hen increasing the temperature and reveals
the temperature/strain rate coupling [53, 57]. $thenger the entanglement of the chains is, tloagar

the strain rate sensitivity will become [52].
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The polyimide presents only a linear thermal softgroehavior (Figure 50) due to the diminution of
the cross-linking of the chains [52]. However, thege of temperature tested starts at 293 K arshés

at 573 K which is below the temperature of glaasdition [, = 583 K). The mechanical transition
between the glassy state and the rubber statedstimrkefore be very steep due to the quasi-abs#nce

non-linearity even 10 K belo,.
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c. Hyperelasticity phenomenon

The hyperelasticity phenomenon is clearly visibtetioe mechanical behavior of the polyimide and is
strongly dependent on the temperature [57, 58Jeddd the hyperelasticity response of the polymer
decreases with the temperature and the limit iréaincreases. These two phenomena can be ew@dluate

through two figures: the rubber modulGg for the intensity of the hyperelasticity respoesel the

locking parameteN = e2b.

Figure 51 - Temperature and strain rate sensitgtof the rubber modulus of the sintered polyimide

The Figure 51 shows the experimental sensitivitthefrubber modulusy to the temperature [57] and
the strain rate. It can be seen that the hyperalgdiehavior results in a hardening of the matlesihen
decreasing the temperature and increasing thenstede. The softening o€z with increasing
temperatures is due to the much higher vibratiohshe chains which cause an easier crawling
phenomenon reducing the cross-linking level of globymer chains [52]. The hardening ©f with
increasing strain rates is caused by the durafitheolocal strain of the chains which becomes t&hor
than the relaxation time of these lasts (which &hallow an optimal reorganization of the moleciles
Therefore, at high strain rates, the chains aexfering in the motion of the others more thanoat |
strain rates. It can be assumed that the rubbemulmdecomes null above the glass transition
temperature for the polyimide. The observed tenmpegsstrain rate coupled behavior@f has to be

carefully modeled.
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Figure 52 - Evolution of the locking parameter Ntwd sintered polyimide with the temperature

The locking paramet@¥ is determined by evaluating the ultimate straiiaiure of the polymer (Figure
52). It is increasing linearly with the temperatupeto the glass transition temperature wheredtikh
stay constant [57]. The increaseMfwith the temperature can be explained by the stasrawling
phenomenon than for lower temperatures which liroitain interactions and therefore the strength
imposed on them. No strain rate sensitivity hasletected for the polyimide. Therefore, the chain
structure seems to have no entanglement high entougét its locking influenced by the strain rate
(except at the higher strain rates tested abo\@0Q0ds) [59].

d. Strain softening phenomenon

The strain softening corresponds to the effechafrcrelaxation after yielding which leads to atimogl
reorganization of the chain network [3, 56, 60].lc& of molecules are less stretched during this
phenomenon and it results in a release of energjyeomaterial at the macroscopic level. The balance
of energy can be observed by considering the ditithe energetic balance of the full experimental
mechanical behavior of the polymer and of the esttth behavior considering only the yield stress and
hyperelasticity phenomena. More explanation areigeal in the next chapter about the mathematical

modeling of the phenomenon.
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Figure 53 shows the evolution of the normalizedrgetic balance with the strain. It can be seen that
the material releases some stored energy to reawhiium balance af,~0.27 and then increases up

to the ultimate failure of the material. This ingse can be interpreted as the opposite phenoménon o
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the relaxation which is the friction between thetsthed molecules.

A slight temperature dependency can be observedeket the experimental curves at different

temperatures (Figure 54). Indeed, it can be clesmdy that intensity of the strain softening phesroon
is decreasing with the temperature.
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3. Analysis of the mechanical behavior of the epo)siire

The mechanical behavior of the epoxy resin is stlidiere (Figure 55) with compression tests (the
material is assumed isotropic due the nature oftia@ing process).

The mechanical behavior of the epoxy resin shoes#me phenomena as the polyimide (yield stress,
strain softening and hyperelasticity). Howevecait be noted a few differences. Firstly, the egesin

is much more strain rate sensitive than the polygmirhis is mainly due to the fact that the epasirr

is a thermoset polymer which presents a strongtangfement than the thermoplastic polyimide.
Secondly, the impact of the adiabatic heating ishmmore important for the epoxy resin than for the
polyimide causing a strong thermal softening ofrtregerial for high strain rate conditions. Thislie

to the low temperature of glass transition whicfugkly reached in dynamic conditions and the arbb
behavior of the polymer becomes preponderant.
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Figure 55 - Evolution of the stress vs strain cgreéthe epoxy resin with the strain rate

a. Thermo-elastic behavior

The studied epoxy resin also exhibits a strongesafg of the elastic properties with the temperatur
(up to the temperature of glass transifigr= 333 K) due to the very high initial level of entanglerhen
of the chains which decreases rapidly with the &Enaoire [52]. Thé,; being close to room temperature,
the softening is highly non-linear. However, contit the polyimide, the elastic properties of &peoxy
resin show a strong strain rate dependency wittlastic modulus increasing frolt2 GPa up to2 GPa

from quasi-static to dynamic conditions (at roommperature) [52, 61]. The elastic modulus has been
evaluated as the mean slop of the elastic domagpirg-56).
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b. Temperature/strain rate coupled behavior of thiel \ggess

The evolution of the yield stress with the straiterof the studied epoxy resin is nearly lineaalbthe
tested temperatures (Figure 57). However, as fptilyimide, two domains exist with two different
slops (which are here nearly the same). The fitetaharacterizes the quasi-static domain and ter ot
one the dynamic domain of strain rates (above 400" both domains, the strain rate sensitivityeis/

strong and can be explained by the high entangleaighe chains in such thermoset polymer [52].
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Figure 57 - Temperature and strain rate sensit&tof the yield stress of the epoxy resin

The figure 58 shows that the thermal sensitivityhef yield stress is highly nonlinear over theddst
range of temperatures. This is due to the factttieglass transition temperature of the epoxynrissi
low and the mechanisms of chain diffusion from gjestate to rubber state greatly soften the polymer
by the diminution of the level of cross-linking ¢feire 58) [52]. In the case of this epoxy resin,fiedd

stress cannot be observed abByéFigure 59). Therefore, the mechanical behaviarlmarepresented

by a hyperelastic law above this temperature @uqtasi-static case).

70
60 4
n
~504
S .
2
& 40
%)
o
& 301
o
& Epoxy Resin
>204 EPOXY
0.001 /s
]
10 4 \ = Experimental Data\
0 T T T T — T
280 290 300 310 320 330 340 350

Temperature (K)

Figure 58 - Evolution of the yield stress of thexgpresin with the temperature at low strain rate

114



300

— 293K
— 313K
207 | — 328K
E — 343K
= 200 Epoxy resin
7 0.001 /s
(]
L 150+
n
(<)
>
£ 100
50
0 T T T T T T T T T T T

— .
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
True Strain (-)

Figure 59 - Stress vs strain curves of the eposginrat low strain rate and different temperatures

c. Hyperelasticity phenomenon

The strain rate sensitivity of the hyperelastidighavior of the epoxy resin is difficult to studyedto

the low temperature of glass transition. Indeed, dadiabatic heating encountered at high rates of
deformation allows to observe only the rubber ba&rasf the polymer which does not seem to present
any hyperelasticity phenomenon in this domain @istrates (see Figure 60). However, the quasestat

cases provide exploitable data due to the higlnstate sensitivity of the overall mechanical bebav
of the polymer.
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Figure 60 - Temperature and strain rate sensitgtof the rubber modul@g of the epoxy resin

It can be observed on the figure 60 that the rubtmtulusCy [57] decreases with the strain rate. The
thermal sensitivity o€y is also strictly negative up to the temperaturglass transition (for the same
reason as for the polyimide, see d.iv section) witeseems to get an athermal behavior ard2ndPa

for the quasi static behavior. At high strain rafes temperature aboWg), the hyperelasticity
phenomenon is not visible (see Figure 61) and tliservation is in agreement with the
temperature/strain rate coupled behavior studie¢deatlower rates of deformation. The negative strai
rate sensitivity ofCg could be explained by a slight adiabatic heataaygling to the softening of the
hyperelastic behavior leading to the decreaseefdbel of chains entanglement and therefore of the
material rigidity [52]. Such early adiabatic hegtiphenomenon can be explained by this same
particularly high level of cross-linking in the eporesin causing a lot of internal friction duritige
deformation. The validation of this hypothesis @y be done by knowing the Taylor-Quinney
coefficient of the polymer for this range of intexdiate strain rate. Therefore, for the simplifioatof

the study, th€y of the epoxy resin will be assumed to have theearentally studied negative strain

rate sensitivity.
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Figure 61 - lllustration of the phase transitiomin glassy to rubbery of the epoxy resin due toladia heating

Concerning the locking parametef57], it can be observed, contrary to the polyiepid strain rate and

a temperature sensitivities of this parameter ffier époxy resin (Figure 62). This study leads to the
assumption of a rate/temperature coupled behatitvedocking parameter. The high dispersion of the
strain rate sensitivity can be explained by thdheyel of chain entanglement. In those conditions,
spatial organization of the molecules due the rstrate cannot be neglected. Indeed, for such large
structure of chains, the characteristic time ofxetion is very high and therefore a small increzfse
the strain can lead to premature locking of thecstire and to the failure of this last. The failofesuch

structure being more brittle than ductile, it résihto a large dispersion of the valueNof
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@ Experimental Data

Figure 62 - Evolution of the locking parameter Ntod epoxy resin with the temperature and the stratie

d. Strain softening phenomenon

As for the polyimide, a strain softening phenomenan be observed for the epoxy resin. The level of
the normalized energetic balance (Figure 63) iglyd¢he same as for the polyimide (Figure 53).
However, the minimal energetic “plateau” is reachetbre €,~0.125) and lasts for a longer range of
strain than for the polyimide (up to aroun@-0.3). Therefore, it can be deduced than the epoxwy resi

(thermoset) releases its stored energy during dlexation phenomenon in a different way than the
polyimide (thermoplastic).

118



1154 Epoxy Resin
T=293K
1101 0.001/s

Normalized Energety Balance (-)

0.75

\ = Experimental Data\

Figure 63 - Evolution with the strain of the nornzald energy balance of the epoxy resin

0.2

T T T
0.3 0.4

True Strain (-)

0.5

0.6

119



D.  Analysis of the failure and damage behavior of

the materials

The characterization of the mechanisms leadinghé failure of the materials are of the upmost
importance in mechanical modeling of critical pantstructure. The criterion used in this workhsg t

plastic strain at initiation of failum{,. However, the term "plastic" maybe removed tovie the text.

1. Analysis of the failure and damage behavior of BEY®20

aluminum alloy

a. Triaxiality sensitivity of the strain at initiatioof failure

The sensitivity to the state of stress of the stadiinitiation of failure of the F7020 has beemdgd

with different kind of tests in quasi-static comalits (see technical drawings Appendice B):
- Tension tests

The tensile samples used in this study have besigrda through numerical simulation for the F7020
in order to prevent plastic deformation outsidehaf effective zone. The geometry has been validated
through Digital Image Correlation (with GOM Corred® software) during the test (Figure 64). The
criteria for the validation were the homogeneityttad strain field in the effective zone and theesloe

of plasticity outside of the effective zone.
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Figure 64 - Digital Image Correlation on tensilests of F7020 at (a) beginning of the test, (b) dgihe test, (c) just before
failure and (d) just after failure
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The stress vs strain curves of the quasi-statiileetests (Figure 65) show a brittle failure meden
before reaching the Consider criterion. Therefoceyisible ductile damage have been measured before
failure. The Digital Image Correlation analysis ®isoa good homogeneity of the strain field and no
necking (revealing the presence of damage mechajtsas been observed over the duration of the test.
These observations validate the recorded data @mfiros the absence of ductile failure. The energy
absorbed by the material between the initiatiorfadtire and the ultimate failure can therefore be
neglected in the case of tensile state of strdsstiTaxiality of tensile test can be highly vat&bduring

the deformation in the presence of necking phenom¢b2, 63]. However, due to the absence of such

effect and the relatively low strain at initiatiohfailure, the state of stress is assumed constasrtthe
whole test witho™ = % The normalized third stress invariant and thed_pdrameter of such solicitation

have also been evaluated through numerical sinounlédir the whole section and worth respectiviety
1 andd = 1.
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Figure 65 — Quasi-static tensile stress vs strairves of F7020

The mechanism responsible of the failure for pesititate of stress solicitation is the decohesidhen
sintered powder grains (see Figure 66). Therefareh tests are only giving the mechanical response
of the sintered structure and not the intrinsic ariat properties. The temperature and strain rate

sensitivities oi:lfgcannot be studied through this kind of tests wiikifive state of stress.
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(a) (b)

Figure 66 - SEM pictures of fracture profile of ZMtensile samples (ET detector) (a) x1000 anZBP0

The SEM pictures (Figure 66) show the fractureifgaff the F7020 after a loading with a positivatst

of stress (tensile quasi-static). It can clearlysben that the failure is due to the essentiakplesion

of the powder grains [64-66] (Figure 66.a). Thestienresistance of the intergranular structure is
therefore much lower than the one of the sintemudder grains (intragranular mesoscopic scale).dhes
properties lead to a brittle failure of the matediae to a structural effect and this kind of testanot

be used for the study of the material propertiemg#ivity to the temperature or to the strain yate
Another kind of test leading to the yielding of t&ins powder has to be used for this purpogenit

be noted that few powder grains are presentingitiies of a yielding process (see cupules in Figure
66.b). These particular grains were surroundedigrarains and could not be submitted to the @®ce
of decohesion like the others. The yielding proagas the only mean for these grains to allow the

failure of the material.

- Axisymmetric notched tension

The axisymmetric notched tension tests have begiedaut with the same experimental setup as the
classic tension tests. The geometries have alsodmaloped using numerical simulation and validlate
with experimental tests with the same criteria Usedhe tensile tests. For this test, the Diditaage
Correlation (Figure 67) was clearly the most acteunaean of measurement for the extension due to the

very small dimensions of the notches.

123



(b)

(©)

Figure 67 - Digital Image Correlation on notchecdhsdle tests of F7020 at (a) beginning of the tggtduring the test and
(c) just before failure
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The stress vs strain curves (Figure 68) displagamanical behavior similar to the classic tensémtst
the absence of ductile damage after the initiatiiailure leading to a very small damage enerdysT
behavior is confirmed with the observation of theults obtained with the Digital Image Correlation
analysis with the absence of necking or any ottmgrortant modification of the local geometry have
been noticed. It can be noted that the level @sstfor the test with the smaller notch radius usm

higher (see technical drawing in the Appendice B).

The values of triaxiality of both notched tensigesimen have been computed for the whole duration
of the test over the whole section with ABAQUS® slation and no significant variation over the range
of experimental strain has been revealed. The melae of triaxiality of the section aré = 0.68 for

a notch radius ok = 0.8 mm andc” = 0.98 for a notch radius d& = 0.4 mm. The normalized third
stress invariant and the Lode parameter have alsp bomputed through the whole section and worth

respectively, as for the classic tension tésts,1 andd = 1.
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Figure 68 - Equivalent stress vs strain curves 0920 for notched tension tests

- Shear-compression

The shear compression tests [5] have been usedttthg values of strain at failure for negative
triaxiality cases (propagation of cracks generéeaugh the germination of adiabatic shear banal). F
this purpose, different kind of geometries of sanve been developed through numerical simulations
(ABAQUS®). The criterion of validation of the teista homogeneous stress/strain field through the
whole effective section. These geometries diffetHgyangle of the notch with the perpendicular with
the cylinder axis. Four different angles have hbested: 45° (classic shear-compression), 30°, 80° a

10° (no failure measured) with a thickness of tifiective section of. The respective mean triaxialities,
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normalized third stress invariant and Lode paramietee been computed over the whole effective

section and are reported in Table 8.

Table 8 - State of stress characteristic valuethefdifferent shear-compression tests

t = 0.6 mm o 3 0
45° -0.358 -0.83 -0.965
30° -0.427 -0.57 -0.780
20° -0.593 -0.24 -0.368
10° -1.059 -0.03 -0.061
t=1.6 mm o S 0
45° -0.293 -0.86 -0.976

The main advantage of the shear-compression ge#te ishearing of the powder grains and therefore
the existence of ductile damage. It can also beeubtthat the strain at initiation of failure inases
with decreasing state of stress until becoming measurable for the geometry presenting the smaller

angle.
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Figure 69 - Equivalent stress vs strain curvestfar different shear-compression tests
The equivalent stress vs strain curves (Figuresé®yv a particular behavior of the material over the
negative range of tested states of stress. Indeeddifferent levels of stress can be noticed. Titst
one gathers the tests with a triaxiality abovesttate of compressiow ( > -0.33) which is higher than

the second category which brings together the dasess the state of compression. It can be condude
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from these observations the existence of a cutalffe of triaxiality (which seems to correspondtte
compression state) for which the flow stress behalightly differently.

The Table 9 gathers the values of theparameters (Eq 2.17) for several valuesgp okithD =

10 mm, r = 0.75 mm andt = 0.6 mm in quasi-static conditions (see technical drawipgendice B):

Table 9 — Polynomial coefficient values for sheampression tests processing in quasi-static caoliti

10° 45°
® 45° 30° 20°
(r=0.2 mm) | (t=1.6mm)
k4 2.417 1.757 2.146 1.034 1.395
k, -1.26 0.2918 -0.9954 -0.7197 0.08598
ks 0.4953 -1.392 0.02424 0.2987 -0.9523
k, 0.9016 0.8483 0.8117 0.5515 0.901
ks 0.2657 0.4087 0.5187 0.8891 0.2192
Ke 1 1 1 1 1
1.4
| ®  Experimental Data]
=127 F7020
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Figure 70 - Evolution of the strain at initiatiorf failure of the F7020 with the triaxiality

To sum up the behavior of the strain at initiatddriailure of the F7020 (Figure 70), it can be stet
it decreases exponentially with the value of ti@digr. The complex behavior for the positive state
stress [67, 68] has not been fully studied but @inear relation can be observed between the &ilur
behavior and the triaxiality over this particulange. No failure has been observed in the compressi

state of stresss( = -é).
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Figure 71 - SEM pictures of shear-compression fsfiracture of F7020 in (a) QS state and (b) dyitarase. (c) Focus on
an adiabatic shear band fracture profile (ET detekt

Unlike the tests at positive state of stress (@ugsion test) presented before, the shear-compressi
allows yielding of the powder grains through sheechanisms. As it can be seen (Figure 71.a and
71.b), the failure is performed through the defdramof powder grains and more particularly by the
germination of adiabatic shear bands [69, 70] (fgdl.c). In those conditions, the mechanical
properties of the F7020 are involved in the medrasiof failure. The sensitivities to the tempemtur

and to the strain rate of the failure mechanisnnsticarefore be studied.

b. Strain rate sensitivity of the strain at initiatiohfailure

The strain rate sensitivity of the F7020 failure baen studied by using 45° shear-compression sampl
(t= 0.6 mm andr = 0.75 mm). Different kind of tests have been performed wiitiis particular
geometry on quasi-static testing machine and Hgokirbars. The parameters required to process the

raw data are reported in Table 10.
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Table 10 - Polynomial coefficient values for thegessing of the shear-compression testes uselldattain rate sensitivity

45° 45°

® Quasi-static Dynamic
k, 2.417 1.868

k, -1.26 0.2985
ks 0.4953 0.9001
9 0.9016 1.111

ks 0.2657 0.2192
kg 1 1

The equivalent stress vs strain curves (Figurer@2¢al an important strain rate sensitivity in the
dynamic domain. This is also the case for therstfiinitiation of failure at high strain rates dratdly

no sensitivity is observable in the quasi-statimdm (Figure 73). However, the curves represeant th
adiabatic behavior of the material and displayrapdrtant adiabatic softening. Therefore an adiabati
strain at initiation of failure is greater tharshiould be in isothermal condition (which is reqdifer
proper modeling).
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Figure 72 - Equivalent stress vs strain curveshefshear-compression tests at various strain rates
A specific method using the calorific ratio [45,]48ee Appendix C) allows an accurate physical
computation of the isothermal curves in order taleate the proper valuesx:fffor the dynamic tests.

The dynamic increase of the strain at initiatiofadfire is reported in Figure 73. Its exponeritiatease
is essentially due to inertia effect of the distamas caused by their high velocity [27] at highast
rates and linked to viscous drag effect [34].
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Figure 73 - Strain rate sensitivity of the strainiritiation of failure of the F7020

c. Temperature sensitivity of the strain at initiatmifailure

The temperature sensitivity of the strain at itibia of failure has also been studied by using shea
compression test® = 45°,t = 0.6 mm,r = 0.75 mm). The heating system used was based on high
speed induction heating-60°C per second) and allows mechanical tests with dichihicrostructure

changes. The equivalent stress vs strain curvgedésts can be seen in the Figure 74.
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Figure 74 - Equivalent stress vs strain curvesh&as-compression tests at various temperatures

130



On the figure 75, it can be clearly seen the eimiubf the initiation of strain at failure with the
temperature: a decrease between room temperatdrarannd 490 K [1, 2], followed by an athermal
plateau up to 773 K, and finally a very steep iasesup to the complete fusion of the material. The
presence of the athermal plateau can be explaipgdebmicrostructure of the material. Indeed, the
dissolution of the hardening precipitates in therahum matrix has happened around 490 K and after
this temperature, the microstructure presents fesugons. Indeed, the diffusion mechanisms due to
the elevation of temperature do not impact the dnaird) precipitates anymore since they are completel
dissolved in the matrix. Therefore, the mecharbedlavior does not change in this range of temperatu
until approaching the melting temperature (940 Kgve diffusion mechanisms of the atoms lead to the
physical decohesion at the atomic level. The strai® sensitivity of:lf3 is considered in its isothermal

condition and is computed though the consideraifdhe expression of the calorific ratio preserited
the next chapter.
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Figure 75 - Temperature sensitivity of the strairingiation of failure of the F7020

d. Triaxiality sensitivity of the damage evolution egye

In this study, the quantification of the damagpéasgformed through the evaluation of a damage energy
after the initiation of failure. The amount of egyeabsorbed by the material after the Considegrooin
is computed for each test and its evolution withgtate of stress is studied (Figure 76). In tisesaf
positive states of stress, the energy of damadeqaksumed as non-existent due to the brittl@ten

of the failure (the Consider criterion is not eveached). However, it can be easily computed wvigh t

131



tests presenting a negative triaxiality (shear-c@sgion tests). Furthermore, the evolution of this
energy with the strain rate has not revealed amyicpéar strain rate or temperature sensitivity.

Therefore, only the triaxiality dependency is reépdrfor the F7020.

The state of stress sensitivity of the damage gn&j seems to follow a decreasing exponential law
The lower the triaxiality is, the greater the eryengll become. The dispersion of the measured gnerg
of damage is mainly due to random properties aflcpmopagation (generated through the germination
of adiabatic shear band) which leads to differethmf cracks and depending on particular defefcts o

the sample.
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Figure 76 - Evolution of the damage energy withgtate of stress of the F7020

2. Analysis of the failure and damage behavior of $heered
polyimide
a. Triaxiality sensitivity of the strain at initiatioof failure

- Tensile tests

Tensile tests have been carried out on the sinfeodmide in order to evaluate its response tatjpes
triaxiality. Digital Image Correlation was also dser these tests to measure accurately the stohins

the sample (Figure 77).
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(d)

Figure 77 - Digital Image Correlation on tensileste of sintered Pl at (a) beginning of the tesk,diring the test, (c) just
before failure and (d) just after failure

The stress vs strain curves (Figure 78) reveaige ldispersion (around 25 %) of the failure behawfo

the sintered Polyimide in tensile loading mode. Tditure of the material happens before reaching
yielding phenomenon and leads the characterizaifoan elastic-brittle material. Furthermore, no
progressive damage phenomenon can be observed singhs vs strain curves (Figure 78). The damage
energy [71] can therefore be neglected in thesalittons. This failure elastic-brittle behavior is
observed over the range of positive triaxiality doghe opening of voids phenomenon and "ductile"
failure caused by locking phenomenon [59] is obsgrenly for negative triaxiality cases such as

compressive state.
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Figure 78 - Stress vs Strain curves of tensilestentthe sintered Pl
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Figure 79.a and 79.b are SEM pictures of tensil#ilpr fracture of sintered polyimide at room
temperature. As for the F7020, the mechanism leadithe failure of the material is the decohesibn
the sintered grains of powder [65]. Besides, SEMeokations (Figure 79.c and 79.d) have also been
carried out at higher temperature (573 K) whicjuss below the glass transition temperature. Theesa
failure mechanism is observed for both temperatoceslitions leading to failure at the yield stress
(brittle failure). Therefore, it can be concludduitt the failure in tensile condition of the sintkre
polyimide is temperature independent due to thisquéar mode of failure (intergranular decohesidn
mesoscopic scale). Another type of failure mode tbalse investigated to evaluate the temperature

sensitivity of the failure mechanisms of this miter

(©) (d)

Figure 79 - SEM pictures of fracture profile of teired Pl tensile samples at (a,b) room temperasune (c,d) 573 K with
chemical contrast (GA detector)
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- Compressive state
In compression condition, the polymer reachesta&ativalue of strain at which the sample bursts du
to the locking of the chains structure [59]. Furthere, the higher the stress at failure is, thaédrighe
propagation velocity of the cracks will be. Besidése to inertia effect, the sample might fragments
and it is the case for the sintered polyimide. Tigare 80.a and 80.b shows the fracture profile of
fragments of sintered polyimide after a compressist at 0.001 /s and at room temperature using a
chemical contrast detector (GAD). No intergranalecohesion can be seen on the SEM pictures. The
failure seems to occur through cracks propagafi@h (along the black arrow), only along one general
direction and with wide crack steps. SEM observetithrough a topological detector (LVD) has also
been carried out (Figure 80.c and 80.d). Thesaupgstshow a global ductile failure of the sintered
powder grains with large deformation (Figure 80Tdus, the locking phenomenon [59] leading to the
failure in compressive state is temperature ararstate dependent and allows the study of thartail
mechanisms.

) (d)

Figure 80 - SEM pictures of fracture profile ofteired Pl compressive samples with (a,b) chemicarash(GA detector)
and (c,d) topologic contrast (LV detector)

The summary of the mechanical behavior of therstainitiation of failure of the sintered polyingid
can be found in Figure 81.
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Figure 81 - Evolution of the strain at initiatiorf failure of the sintered PI with the triaxiality

b. Strain rate sensitivity of the strain at initiatiohfailure

The strain rate sensitivity of the initiation oktktrain at failure of the polyimide has been stddiith

the compression tests. Indeed, as for the F7020,ptlyimide is a sintered material presenting
intergranular decohesion for solicitations present positive state of stress such as tension Hsts
mechanisms of failure for such materials is cotdrbby the local stretching of the chains caused by
constrained stress transfer along their entangletbaule segments [59, 72, 73]. The strain rate
sensitivity is nearly nonexistent over a wide rangstrain rate and suddenly decreases s{xﬁ@fs =

10* /s due to the locking of the chains structure (Fid2k The stronger the cross-linking is, the lower
the transition strain ratﬁ{ans will be [52]. The high value of the transitionatr rate means that the

characteristic time of relaxation of the chaingdure is quite low and allows a quick reorganaatf
the chains [59, 74].
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Figure 82 - Evolution of the strain at initiatiorf failure with the strain rate of the polyimide

c. Temperature sensitivity of the strain at initiatmifailure

The temperature sensitivity has also been studidd thhe compression experiments. The strain rate

sensitivity ofslf3 is considered here in its isothermal conditione Walue of the strain at initiation of

failure s{, is directly linked to the locking parametsr (e, = mTN) [57]. The temperature sensitivity

(Figure 83) seems to be linear over the rangestédetemperatures. This tendency is mainly dubdo t
faster and easier crawling of the chains at higgv@perature leading to a higher mobility of theicha
in the fibrils and therefore to the decrease ofdin@racteristic time of chains relaxation (augmigma
of the value of the locking paramed. The locking phenomenon is therefore reached ilatie fibrils

due to their high mobility and the cracks propagdtev, delaying the failure of the material [54, 72
75].
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Figure 83 - Temperature sensitivity of the strainngtiation of failure of the polyimide

d. Triaxiality sensitivity of the damage evolution egye

The evolution of the damage energy (after theatidn of the failure mechanisms) is studied as a
function of the state of stress. Indeed, the diffiee of failure mode between positive and negative

triaxiality (grain powder decohesion) leads as weltiwo very different damage behavior:

- At positive triaxiality, the failure is brittle armb damage energy is observed. The mechanisms
of failure are nearly instantaneous due to the kamaous decohesion of the grain powder under
the loading (intergranular decohesion).

- At negative triaxiality, the mechanisms of failuesads to the occurrence of the locking

phenomenon of the polymer chains and to a progedsilure: a damage energy can be
observed (intragranular decohesion).

The summary of such damage behavior [71] can beisdeigure 84.
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Figure 84 - Evolution of the damage energy of theesed PI with the triaxiality

3. Analysis of the failure and damage behavior ofgpexy resin

a. Triaxiality/strain rate coupled sensitivities of ethstrain at

initiation of failure

- Tensile tests

Tensile tests have also been carried out on thryemsin to determine its response to positive
triaxiality. The study of the fracture profile hessealed a failure caused by cracks propagation in
the epoxy matrix. Digital Image Correlation wasoalsed for these tests to measure accurately the

strains of the sample (Figure 85).
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(d)

Figure 85 - Digital Image Correlation on tensileste of the Epoxy Resin at (a) beginning of the (pytduring the test, (c)
just before failure and (d) just after failure

The stress vs strain curves (Figure 86) of the festformed at different strain rates reveals & ver
high strain rate sensitivity of the strain at wiitbn of failure. In the case of the epoxy redimain

also be clearly seen that the evolution of thaufaiphenomena begins with ductile characteristics
at low strain rates (0.001 /s) until becoming gdm@tle at higher strain rates (1 /s).
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Figure 86 - Stress vs Strain curves of tensilestentthe epoxy resin

As for the polyimide, the strain rate sensitivifytioe strain at initiation of failure is negativees the
whole range of tested strain rates (Figures 86%)dHowever, the transition strain rate leading to

quasi-brittle failure at low plastic strain is mudbwer than for the polyimide2"5~10* /s
(thermoplastic polymer). Indeed, for the epoxymesi tensile condition, its value is arouh@? /s.

After this value of strain rate, the strain atiation of failure stays arourd,, = 0.05. It can be
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explained by the very high entanglement of thertizset epoxy resin which is much more sensible to
the chain locking phenomenon [52, 59] than thentfoglastic polyimide. At “high” strain rate, the val
of the strain at initiation of failure seems toyst@onstant. The assumption of an asymptotic behavi

toward a value of zero can be eventually done.

Contrary to the two other materials, the epoxyrrésis not been sintered and therefore cannot gresen
a decohesion failure mechanism. Indeed, the figBrea and 87.b show a failure profile created by
propagation of cracks through the polymeric madtixoom temperature (0.01 /s) as it was reported in
[76] and [77]. The propagation of the cracks (altmgblack arrows) is performed by successive steps
along a preferential direction depending on thelogy of the already created profile failure andals

on the plane of this last. It can also be notetitti@porosities inside the epoxy matrix seem tehw
crucial role in the germination and propagationths cracks. Indeed, a crack seems to encounter a
porosity only if it is on its propagation directiohhis might be due to the fact that the porosities
spherical (formed by trapped air) and present thezea very low stress concentration factor anith¢o
rather higher pressure sensitivity of the epoxynresading to a good tenacity. It is certainly daghe

much higher tenacity of the epoxy resin in the kitiz opening zone due to the high level of pressur

The same crack propagation phenomenon can be ebisarhigher temperature (313 K) on the figures
87.c and 87.d. However, the intensity of the cratdps seems to be less important than at room
temperature and the crack patterns seem to be barodhe failure might therefore be more ductile at

higher temperature [54, 75].
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(c) (d)
Figure 87 - SEM pictures of fracture profile of egaesin tensile samples at (a,b) room temperatunck (c,d) 313K (ET
detector), direction of crack propagation giventbg arrows

- Compression state

The failure in compression state of the epoxy rekiows a clearly different behavior than in tensile
loading mode. Indeed, no significant strain ratesgivity of the strain at initiation of failure nabe
observed over the range of 0.001 /s to 0.1 /s (Ei§0). This behavior means a different response to
the locking phenomenon [59, 72] of the polymer &ite between the different loading modes. The
study of the strain at initiation of failure wastmmssible in dynamical condition due to the very |
temperature of glass transition. Indeed, this teatpee is rapidly reached due to adiabatic heatird)

the mechanisms change drastically in rubber canditand the value ef, increases.

Figures 88.a and 88.b show the profile failureemhaining fragments of epoxy resin after compression
tests at room temperature (0.01 /s). As for theesial polyimide, the germination and propagation of
cracks due to the phenomenon of chains lockingspansible of the failure [59, 72]. However, it can
be seen for the epoxy resin, different directiohgrack propagation (along the black arrows) with
narrow crack steps (certainly due to the much higgreacity of the epoxy resin in the rack tip opgni
zone due to the high level of pressure). It candied that this kind of fracture profile have begported

in the literature [77] and also for other type ofymers such as PMMA [78].

However, the same mechanisms as observed in tesitdition are responsible of the failure of the
material. The tension state, being more specifstudy the failure, will be used further in thisnkao
study the sensitivity to the temperature.
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Figure 88 - SEM pictures of fracture profile of egaesin compressive samples (ET detector)

- Notched flexural tests

To complete the study of the triaxiality sensiyit third state of stress condition has to beistud
Therefore, notched flexural tests have been peddramd allows the study of the failure phenomena at
a triaxiality ofc” = 0.55 (Abaqus® simulation) in the notch where the criackitiated. The choice of
this particular value of triaxiality is justifiedylthe particular behavior of the epoxy resin towtrel
strain rate and the triaxiality revealed by thevpes results in other states of stress which Iséasvn
that additional values at strain rate around GGt at”~0.5-0.6 would be of high interest for a better
modeling. The local measurement of the strain e krarried out using Digital Image Correlation
method (Figure 89). The bottom notch aims to redneecompressive effect during the flexion in this
particular region of the sample.

Surface component 1
phim

Surface component 1
phim i

(b)

Figure 89 - Digital Image Correlation on tensilests of epoxy resin (a) beginning of the test, (b)) the test and (c) at
the failure initiation
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The Digital Image Correlation reveals a stress eatration in the upper notch due to the flexural

loading mode (5 mm/min) and leading to an increasiaformation at the tip of the notch which is
concluded by the initiation of a crack (Figure 89The strain rate measured in this area was 0.6086
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Figure 90 - Evolution of the strain at initiatior failure of the epoxy resin with the triaxiality &ithe strain rate

The Figure 90 shows the strain rate — state okstmupling between tensile and compressive
conditions. Indeed, the work of Fiedler et al. [A@l/e shown that the strain and failure modesigtdyh
dependent on the type of loading (e.g. tensiosijdar compression). It can be seen that, despjisi-
absence of rate sensitivity in compressive statdress, the strain at initiation of failure shaavgery
high dependency with the rate of deformation aridwatstrain rates. It leads to a quasi-brittle heba

for strain rates above 0.1 /s even if this phen@neas not observed in compression for this range of
strain rate. The additional results obtained thhongtched flexural tests( = 0.55) show a quick

decrease of the strain at initiation of failuretwtihe increase of the triaxiality.

b. Temperature sensitivity of the strain at initiatmfrfailure

As for the polyimide, the failure behavior of thgoey resin is closely linked to the locking effe¢the
polymer chains. The values of the locking paramitebtained previously with the compression tests
—lnTN [57]. The resulting temperature

are then used to compute the equivalent strairaihtrésg
sensitivity seems to be linear from room tempegatyy to the temperature of glass transition (Figure
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91). After reachindy, the variation of the failure phenomenon in thieber domain is negligible. The

locking phenomenon is reached later in the filatl®igher temperature due to their high mobilitgd an

the cracks propagate is slow, delaying the faitdrde material [54, 72, 75].
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Figure 91 - Temperature sensitivity of the strairingiation of failure of the epoxy resin

c. Triaxiality sensitivity of the damage evolution egye

The evolution of the damage energy of the epoxinrdscreases with the increase of the triaxiality
(Figure 92). No particular strain rate dependerey lireen observed, certainly due to the dispergion o
the experimental data. It can be seen, contratlyesintered materials, that the damage energyi$71]
not null in the positive triaxiality cases. Thigdige to the crack propagation failure mode obseoved

the whole range of tested triaxialities. The highgdrostatic pressure at low triaxiality increaties
amount of energy required for the crack to propagat

147



20
181
T ] \ ®m  Experimental Data\
16
e . Epoxy Resin
5 147 . Quasi-Static Conditions
2,.,] T=293K
Py
9 E ]
% 10- .
w
o 8-
(=]
©
E 6
©
o 1 n
4 -
J ] ]
24 i -
b |
0 I ! I ! I ! I ! I ! I
-0.4 -0.2 0.0 0.2 0.4 0.6
Triaxiality (-)

Figure 92 - Evolution of the damage energy of thexg resin with the triaxiality

148



E.CONCLUSION OF THE CHAPTER

In this chapter, the different experimental methaded to evaluate the mechanical behavior of each
material (the F7020 aluminum alloy, the sinteretyipide and the epoxy resin) have been presented
and explained. Thanks to these several experimesged, the different phenomena responsible of the

mechanical responses of the materials were altle studied:

- The mechanical behavior F7020 aluminum alloy caddmomposed into two parts which are
the athermal stress and the thermal stress [2H.|3tter is itself divided into an effective stses
(the friction resistance of the lattice to the isfraand the internal stress (the structural strain
hardening) [26]. Furthermore, the complex micrasttice of metallic alloys and their evolution
with the temperature lead to highly nonlinear tharbehavior [45, 46].

- The sintered polyimide and the epoxy resin arerpehg presenting a very different mechanical
behaviors but which can be explained by the sareaqgrhena and their very different level of
cross-linking [52, 59]. The yield stress is in bo#ses caused by the overcoming of a loading
threshold which leads to the crawling of the polyigains and to an irreversible deformation.
The second phenomenon is the strain softening whicaused by the relaxation of the chains
after reaching the yield stress. The last main phremon is called the hyperelasticity and is due
to the overall resistance of the chains networkhieir alignment under the loading. The
significant difference of mechanical responses betwthe two polymers can be explained by
their degree of chain entanglement which is mughdni for the epoxy resin (thermoset) than

for the sintered polyimide (thermoplastic).

The other aspect of the mechanical study of tHer@ifit materials is the failure mechanisms. Indeed,
knowing the conditions of loading leading to thacture of the materials is of the upmost
importance for impact simulation. For each matetiad sensitivities of the plastic strain at irtiba

of failure to the triaxiality, the strain rate atihe temperature have been studied. However, the mod
of failure observed for the sintered materials @¥Cnd polyimide) was the intergranular
decohesion of the powder grains for positive taéii [64-66]. In these cases of loading, the study
of the dependencies of the failure mechanismseadeimperature and strain rate were not possible
and tests such as shear-compression or compre§sgative triaxiality) have been chosen.
However, for all materials, a similar behavior t&nobserved: an exponential increase of the plastic
strain at initiation of failure with decreasingatxiality. Concerning the sensitivity to the stredie,

the behavior is clearly different between the méalwhich the value of:lf3 increases and the
polymers for which it decreases due an earlieritagleffect [59, 72] of the chain leading to a

constrained stress transfer through the molecelgsisnts.
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The gathered experimental data of each studiedgohemon now needs to be modeled through the
development of specific mathematical expressionsrioter to be implemented in FORTRAN

subroutine for ABAQUS® simulation of impact.
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The constitutive modeling of the mechanical behagfomaterials such as metals or polymers has to
take into account several phenomena in order teeaehan accurate numerical modeling in Finite

Element software:

- The elasticity strain domain which is generateddifferent phenomena in metals and in
polymers. It is always temperatufebut may also be strain ratg sensitive (depending on the
studied material).

- The plasticity strain domain which characterizeswtay how the material flows under a specific
loading and involves a lot of complex phenomenégdint in metals and in polymers). These
phenomena show complex temperatli@nd strain raté,, dependencies.

- The initiation of failure which characterizes theginning of the damage strain domain and, as
the other phenomena, is temperatlirand strain raté, sensitive. Besides, the initiation of
failure depends also greatly on the state of stréss

- The damage evolutiob leading to the ultimate failure of the materiatispendent to the state
of stresss™ and maybe to temperatufeand to the strain ratg. However, only the state of

stress sensitivity is studied in this work.

For all materials, the plasticity criterion usedtli® von Mises criterion [1]. This choice has been
motivated for its general usage in mechanics ofermals. However, other criteria might be used,

especially for the epoxy resin (e.g. Drucker-PrdgggrRaghava [3, 4]).

In this chapter, the different phenomena explaingke previous part for the different materialg @20,
polyimide and epoxy resin) are modeled throughedéfit specific expressions which are thoroughly

discussed and then applied. In each case, thedfutif parameters is provided.

A.  Constitutive modeling of elastic behavior

1. F7020 aluminum alloy

The constitutive modeling of the elasticity behavid metallic material is generally performed by

considering the linear elasticity hypothesis (Efj-31D case for isotropic materials).

o=Ee (3.1)
The strain rate sensitivity of the elastic promertdof metals has not been brought to light and can
therefore be neglected if it exists. However, apanant thermal dependency can be observed for all
metals with a monotonous softening leading to a géffness at the melting poifit, following Eq 3.2
for the elasticity modulus [5, 6].

Tm

E(T) = E, (1 - Tleg*(l‘T)) (32)

158



With E, the value of the elasticity modulus at 0 K @&idhe temperature dependency parameétes
0.9 for FCC metals [5, 7] an@" = 0.6 for BCC metals [5, 6]).

The theoretical evolution df for an aluminum alloyK(293K) = 72 GPa) with the temperature is
shown on Figure 93. The parameters can be fountlable 11. The value of,, is the melting

temperature anfl, has been determined using the expression Eq 828\ = 293 K) = 72 GPa.
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Figure 93 - Theoretical evolution of the elasticdulus of the F7020 with the temperature

Table 11 - Elastic modulus parameters of the F7020

Eq(GPa) 6" (-) T (K)
75.2 0.9 940

2. Sintered polyimide

The elasticity of polymers does not follow the hnigy hypothesis as for the metallic materials eled,
the elastic behavior follows a viscoelastic lawethis caused by the independent contribution oéatg
number of individual loading steps and generallynpoted by using the Boltzmann's superposition
principle [8].

However, for numerical implementation purposes,atgumption of linear elasticity will still be used
in this work by considering the average value efgtress slop over the range of the viscoelastitago
(Figure 94). Besides, the elastic properties of dilered polyimide do not present any strain rate

dependency. However, a strong temperature seigiti’the average elastic modulus is observed up to

159



the temperature of glass transitiipwhere it reaches a zero value. The same expressehfor the

linear elasticity of metallic material (Eq 3.3)used to model the average elastic modyi(§")) [5].

The parameters are listed in Table 12 which haea betermined using the least square method.

(E(T)) = (Eo)<

g

Lot )

(3.3)

With E, the value of the elasticity modulus at O K #&idhe temperature dependency parameter.
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Figure 94 - Evolution of the average elastic modubfithe sintered PI with the temperature

Table 12 - Elastic modulus parameters of the saudd?|

(Eo) (GPa)

6" (=)

Ty (K)

1.693

1.241

583

3. Epoxy resin

The same hypothesis of linearity of an averagdielamdulus computed over the viscoelastic domain

done for the sintered polyimide is used for thexgpesin. However, in this case, the material prese

a temperature-strain rate coupled behavior (Fig6je

The model used for the modeling of the averagetielamdulus(E(ép, T)) is performed using Eq 3.4.

T *
wwpn>=wa<1—7e9@

T

‘Tg)> <1 +1,In (S

Ee

)+

Ee

€eo

X

(3.4)
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With E, the value of the elasticity modulus at 0 K #&@idhe temperature dependency paraméigra
reference elastic strain rate dpdv andn,, are empirical parameters modeling the straingansitivity.
The value of the parameters are reported in TableHich have been determined using the least square

method.
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Figure 95 - Evolution of the average elastic modudithe epoxy resin with the strain rate and the

temperature

The strain rate sensitivity of the elastic propertilecreases with the temperature due to the saften
caused by this last. Indeed, the cross-linkingnefdhains (entanglement) decrease with the temyperat
and greatly conditions the strain rate sensitioftthe rigidity of the polymer [9]. This explainiset very

high values of E) at high strain rates near the temperature of gtassitionT,.

Table 13 - Elastic modulus parameters of the epesin

(Eo) (MPa) | 67 (=) Ty (K) L (=) v () ny (-) €eo (/9)
0.9055 0.01932 333 0.7018 0.2984 0.7474 0.001

161



B.  Constitutive modeling of inelastic behavior

1. Development of the Crystallo-Calorific Hardeningpamach
for FCC metals (CCH-FCC)

In order to take into account all the different pbena observed and discussed in the previousapart,
method to obtain constitutive models for a specifetallic material has been developed. Only the FCC

case will be discussed in this work.

The overall analytical expression of the overatistdutive model of the stress can be written a8bq
[10, 11].

0(&p, p, T) = 0aen(€p) + Oerr(€p, TYUED T) + Oine (&, €5, TYU(Ep, To) (3.5)
With o, the athermal stress, ;s the effective stressy,, the internal stress) the calorific ratio and

T, the initial temperature.

Each of the above stress contributions,{ gerr, Q(€,,T) ando,e,(e,)) can be modeled using
different and appropriate expressions [11]. Theesgions suggested in this work to describe each of
these phenomena can be replaced by any other vebigll be considered more adapted for the
considered material. The expression presentedsithiapter have been chosen to obtain a high tdvel

accuracy for the modeling of the overall stress.
a. Introduction to the calorific ratio

The calorific ratioQ) corresponds to the evolution of the isothermamadized thermal stress with the

temperature at given strain rate and strain [1Q, tlreveals the impact of thermally dependent
microstructural phenomena (e.g. precipitation @solution) on the mechanical behavior. Therefore,
the thermal mechanical behavior can become extyetoehplex in the case of alloys presenting a large

number of microstructural changes over the studiede of temperature.

Thus, a specific expression allowing the constituthodeling has been developed. It provides a rdetho
which permits the modeling of the influenceo€hanges of microstructure on the stress. The sgjane
is based on Eq 3.6 [5, 11].

aT) = Oth

T gp(l_l)
=1- (-1 e \ Tm 3.6
O-thref Tm ( )

With n = 0 in case of dissolution of precipitates ane- 1 in case of precipitation

Eq 3.6 is generally not determined at a refereag®weraturd’,. of 0K. It is therefore normalized for a

reference value of temperature calledEq 3.7).
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T
1= (1))
m

T = (3.7)

1- (—1")%eep(1_%)
However, it has been stated that the thermal sSofjeof a metal does not follow a relation directly
linked to the melting temperatufg,. Indeed, another specific temperature called thaca
temperaturd"c(s'p) has been introduced for mechanical modeling (Egsa8d 3.8) [12]. The critical
temperaturel: corresponds to the temperature at which the mécdlaresponse of the material

becomes theoretically zero (without taking intoaeot fusion phenomenon).

T.(¢,) = (—lé—zln (Sg—;))_ (3.7)
Em = bpplwg (3.8)

With k5 the Boltzmann constar@, the free energy,, the athermal strain rates above which no thermal
energy is required for the dislocations to overctineeobstacles the Burger vecton,, the density of
mobile dislocationd, the interdislocation distance atg the attempt frequency (the number of attempts

a dislocation done per second to overcome an dbktac

The paramete®? models the steepness of the softening (or hardgroh the metals with the
temperature between two microstructural changets therefore directly linked to the kinetics of
microstructural changes and a strain rate sengiiviphysically justified. The higher the straate is,
the less the microstructural change has the timectwur. Eq 3.9 allows a good estimation of the
evolution ofg? with the strain rate up to very high strain rgeisove10’ /s) [10, 11].

o7 (s'p)=epo+((1+1n(‘z—”)) (3.9)

0
The element of modeling discussed (Eq 3.7) alloly tre modeling of the thermal behavior between

the microstructural changes. To model these chanlgedactorr(T) (Eq 3.10) [13] is introduced in

order to model the transition mechanical behaveawken two thermally dependent stable phases.

T a
(1) = o TeT) (310)
With T, the temperature of end of microstructural chafigéhe range of temperatures corresponding

to this phenomenon andis a parameter describing the kinetics of disgmhubf the precipitates.

Furthermore, the value @}, increases with the strain rate and a law simildhé one used to model the

strain rate sensitivity @d#* can be used (Eq 3.11) [11, 14].

Ty(¢p) = Tpo +w(1 +1In (‘Z—Z)) (3.11)

With T, the value off}, até, andw a fitting parameter representing the strain seitgiof T,,.
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Finally, the expression can be generalized in ditake into accouN changes of microstructure over
the range of tested temperatures. The final exjpress the calorific ratio used fa¥ microstructural

changes can be written as Eq 3.12 [11].

T @) ) )
.Q(s'p,T) =12N:|[1 (-1 )TCi(éP)e e_<Tpi(ézT7)_Tti> ]| (3.12)
N i=1 o T, epi(ép)<1—Tc,f;p)) ‘
O ‘

The application of such modeling can become vemptex if the metallic alloy presents a lot of
microstructure changes. In those conditions,gtisier to operate on the thermal behavior for statiie
range of temperature to find the approximate valuthe parameters before adjusting over the whole
range of temperatures. The temperature parametarisecgenerally easily found on the phase diagram

of the corresponding metallic alloy.

The calorific ratio modeling has been applied anttitermal behavior of the F7020 aluminum alloy and
the computed parameters are listed in Table 14 vahes of these parameters have been determined,
in this study, with a custom Matlab® program usthg least square method considering physical
boundaries of the values of the parameters threagéral steps of fitting: the temperature sengytigi
firstly fitted for each strain rate and then theaist rate sensitivity of the computed parameters is

calculated to obtain the missing parameters.

Table 14 - Parameters of the calorific ratio of the020, N=1

& T T
n 601(eV) éml (/S) 931 (1 0 ( aq po “ (OF]
Dissolution (IK)y | /) K | (K
0 3.477 4.84e1l6 0.25 0.0p 0.01 T 566.9 B7 0.p38
& & T T
n | GoeV) m2 6%, {2 o ( a m t2 -
Fusion (/s) K) | /s) (K) (K)
0 8.82 2.96e1Q 0.37 0.06 0.01 60 940 30 D

The results of the modeling of the calorific rat@n be observed on the Figure 96. It can be segn th

the suggested model is accurate over the wholeerahdemperatures due to its capability to take

separately into account the behavior before aret #ie dissolution of the precipitates (arod9d K)

[15]. The athermal plateau observed at high tenpeys, caused by the absence of the phase
dissolution, is therefore correctly modeled. Modsigh as the Johnson-Cook model [16] or the
Arrhenius law are not able to represent such behaa well as the strain rate dependency. Thigdast

less important concerning the F7020 contrary to BI@C metals. The expression of the critical
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temperaturd, can explain this observation by the implicatiortted interdislocation distanden the
computation. Indeed, the valuelofs around5005b in the case of FCC metals but is around the same
magnitude ob for the BCC metals. Thus, the critical temperaffiyres much more strain rate sensitive
for the CCC metals than for the FCC metals leattirthe observed behavior of the calorific ratidhed
F7020.

AN
1.6 .\\\. Manz +AI6Mn m 001/s
RN ® 2000/s
1.4 N, : Calorific Model 0.01 /s

~-=-= Calorific Model 2000 /s
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O 0.6
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] Isothermal Condition
0.2 4 Ep =0.10
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Figure 96 - Evolution of the calorific ratio of th€&7020 in quasi-static and dynamic conditions

b. Constitutive modeling of the effective stress

The effective stress corresponds to the part obttegall thermal stress which does not depend en th
structural hardening and therefore to the histdfigces. The overall contribution of each phenomenon
(e.g. overcoming of Peierls’ barriers) responsifleuch stress can be modeled through Eq 3.13/for

different phenomena) [17].

M wi~ Ki
. kB ér '
Ueff(EP'TT)ZZ[O—ei<1_<W’TTIn<g>> > ] (3.13)
1=

With a,; the characteristic resulting stress of the phemameé at the reference temperatufe and
strain rate,, w; andk; are the form factors of the considered obstaat&ed to the phenomenadng,
is the normalized inversed characteristic energphefphenomenoi) b is the Burger's vector andis
the shear modulus.
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However, in most cases, only the contribution & thvercoming of the Peierls’ barriers [18] is
considered. Thus, the effective stress of FCC métahodeled with Eq 3.14.

: B kg £ \\“\"
O'eff(gp,Tr) =Y —Yy) <1 - <m'rr In <—>> > (3.14)

€p

With Y, the observable yield stressTatande, andY, the athermal yield stress of the metal.

Concerning the F7020, the parameters are reported Table 15. The values of
w andk are arbitrary set to these values. The valuk isftaken from the literature apdis computed

from the other elastic properti€sandv using Eq 3.15.

E

U

Y, is obtained from the measurable yield stressfaterce temperatuf®. and reference strain radge

The athermal yield streg% is determined using Eg. 3.16 [19].

1
Y, = au <£>2 (3.16)

Dy

With a an empirical parameter generally take as 0.3 andD,, the average grain size.

The parametey, is then computed using the least square method.

Table 15 - Parameters of the effective stressef{i020

o (=) | b(mm) | u(GPa) | w K | Yr(MPa) | Yo (MPa) | Tr(K) | & (/5)
1.143 0.286 26.92 1 1.5 260 36.3 293 0.001

The suggested model has a linear sensitivity withlogarithm of the strain rate but the strain rate
sensitivity of the normalized effective stress fwills value at,) seems to be nonlinear (Figure 97).
This behavior can be explained by the influencetibér phenomena than the overcoming of the Peierls’
barriers. However, the strain rate sensitivityrwd effective stress of the F7020 is not very strang
this behavior is characteristic of the FCC met&8, [21]. Therefore, the usage of the simplified
expression (Eq 3.14) taking into account only tt@mphenomena can still be used with a satisfying

accuracy.
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Figure 97 - Evolution of the normalized effectitress of the F7020 with the strain rate

c. Constitutive modeling of the internal stress

The modeling of the internal stregg; is performed through the consideration of each@phenomena

discussed in the previous chapter:

- The structural strain hardenirfg(e,)

- The strain rate sensitivity due to history effgt(¢, )

- The adiabatic heating sensitivi,fy(T, fu(ep), fsr (ép))
With Eq 3.17 [11]:

Gint(gpréprT) = fH(gp)fSR(ép)fA (T' fH(Ep)rfSR(ép)) ( 3.17 )

i. Structural strain hardening

The structural strain hardening of the internagésdrcorresponds to the multiplication of the mobile
dislocations and to the propagation of the foregtislocations in the case of FCC metals. These tw
phenomena cause a kinematic hardening which ierdift from the isotropic hardening of the BCC
metals. During the strain of the FCC material, disocation texture generated is very heterogeneous

due to the forests of dislocations [20, 21].

The modeling of such heterogeneous kinematic hardecan be taken into account through the

following strain dependent functigiy (Eq 3.18).
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fH(sp) = B(l — e'ksp) + Re,
With B the plastic modulusk the coefficient of annihilation of dislocationsdaR the kinematic

modulus. These parameters are determined usirlgabesquare method.

The value of the internal stress at a given sisadomputed by removing the values of the effecding
athermal stresses at the conditions of temperatugiestrain rate at this strain to the overall st(&sy

3.5) [11].

The comparison between the experimental data awhtidel described by the previous expression can

be found on the Figure 98 and the parameters us€alile 16.
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Figure 98 - Modeling of the structural strain hardeg of the F7020

The suggested model (Eq 3.18) allows to evaluaedntribution of the isotropic hardening and & th

kinematic hardening with the values of the paramsdteandR. Concerning the F7020, it can be seen

that the hardening due to the isotropic hardeningiich more important than the contribution of

kinematic hardening.

Table 16 - Strain hardening parameters of the F7020

B (MPa)

k(=)

R (MPa)

200.8

15.22

46.84

ii. Strain rate sensitivity of internal stress

The strain rate sensitivity of the internal strehse to history effect is modeled through a

phenomenological expression taking into accounsigstatic and dynamic behavior. Eq 3.19 allows
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also the modeling of phenomena such viscous dragghtstrain rates and dynamical stress ageing in
the range of the low and intermediate strain réges Figure 99) [11, 17].
. & Ep\"™
fSR(sp) = 1+lvln<,—>+v<'—) (3.19)
€o €o
With ,, v andn,, phenomenological parameters ayda reference value of strain rate. The value of

these parameters are reported in Table 17. Theampters are computed using the least square method
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Figure 99 - Evolution of the strain rate sensituitf the internal stress of the F7020

Table 17 - Parameters of the internal stress straie sensitivity of the F7020

L (5) v(-) ny () & (/9)
-0.003459 0.00008508 0.4889 0.0001

iii. Adiabatic heating sensitivity

The distinction between temperature sensitivity addabatic heating sensitivity can be done for
modeling purpose. Indeed, the loss of stress cdugéue elevation of the material temperature due t
environmental effect (thermodynamic external souce® be very different than the one caused by self
heating (thermodynamic internal source). The emwvitental cases are modeled with the calorific ratio
and the self-heating effect case is modeled thraugipecific expression which is applied on the
isothermal value of the internal stress. The modetif its impact on the internal stress is basedron

energy method which consists in computing the pisid energ £, between the isothermal stdig,

and the adiabatic stafg ;;, of the internal stress (Eq 3.20).
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AE‘T = Eiso - Eadia (3.20)
With Eq 3.21:
Eiso = fo-/l;O dsp andEadia = f% dsp (3.21)

From experimental dat&;,, andE,,;, are calculated using Egs 3.21 and 3.22.

Eiso = J(Gexpiso - f(ép' TO)Geff - Gath) dgp (3.21)

PN

Eqdia = J(Gexp - f(éprT)Geff - Gath) dgp (3.22)
The experimental isothermal values of stress atardd through repeated tests at small stressoid av

adiabatic heating. The evolution &f; can be nicely fitted with a power law (Eq 3.23dsFigure
100). The parameters are reported in Table 18 endedermined using the least square method.

AE; = E4(T — Ty)™ (3.23)
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Figure 100 - Evolution of the energy released lyRF020 with the gradient of temperature due to
the adiabatic heating

The evolution of the temperature with the straioamputed with Eq 3.24.

AT = X

=—— | ode (3.24)
pCy ?

With y the Taylor-Quinney coefficienp, the density of the material adg its specific heat. The value

of p andC, are temperature dependent but will be assumedantrna this work.
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Table 18 - Adiabatic heating softening parametdrthe F7020

E4 (MPa.K™™T) nr (—)
0.00101 2.12

By considering the previous equations, the adialeatergy can be written with Eq 3.25.

Eadia = Eiso - AE‘T (3.25)
By derivation off,;;,, the values in terms of stress can be obtainedtaimpact of the adiabatic

heating can be evaluated using Eq 3.26.

dAE;

Oint = Oiso — dé‘p (3.26)
With Eq 3.27:
E XOEH\"T
dAEr  d d xo \'M\ TP ( pCy ) (3.27)
dep dgp( al 2 dgp( 4 <pCp s,,) €p
The internal stress can therefore be expressedbwith.28:
. nrE (T — Ty)"T npE (T — To)™T
Oint = Ojso — L . = JHJsr — 4 ° (3.28)

Sp Sp
This can be rewritten into a multiplicative factmore suited to follow the impact of the thermal

softening on the internal stress (Eq 3.29).

E (T —To)™r
Oine = fiulz (1 - Ag( - fR°) ) = fufafa(T) (3.29)
p
With Eq 3.30:
_ nrEy(T — To)""
fa(T) = <1 Y ) (3.30)

This step only needs one test under adiabatic ttondéxhibiting the highest adiabatic heating (high
strain state). The isothermal condition can be agegbfrom the quasi-static state using the stratie r
sensitivity factor determined previously (Eq 3.D8)more accurately by performing repeated impact

tests at small strain on the same sample to litmagimum adiabatic heating [22].
d. Overall constitutive modeling of the stress behavio

The different expressions used to model the diffeplhhenomena are gathered in the comprehensive
model of the overall stress(Eq 3.5). The accuracy of the constructed CCH rhisdben checked over

wide ranges of temperature and strain rates.
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The modeling in quasi-static and dynamic conditi@figure 101.a and 101.b) with different initial
temperature presents an excellent result due tatitiéy of the calorific ratio to take into accduhe

changes of microstructure, and to the nonlinearesgion suggested for the modeling of the strda ra

sensitivity of the internal stress.

It can be seen on the Figure 101.c, that the steyd@CH model is in good correlation with the
experimental data even at very high strain ratB8(8 /s). Therefore, the level of stress of the2o76

very well modeled with the proposed CCH model.
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Figure 101 - Comparisons between the experimeria dnd the CCH model for the F7020 in (a)

quasi-static, (b) dynamic at different temperatumesd (c) at higher strain rates
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¢. Other possible expressions for constitutive modglising the

CCH approach

The expressions to model the different parts ofdberall stressr (6int(ep, €5, T). Oerr, (€, T)

andaath(sp)) suggested previously in this chapter can be easibstitutes by other expressions to

obtain a more appropriate model for another mdseaige a simpler expressionaf

Expressions are suggested (Table 19) accordirftgttattice structure of the studied material (FCC o
BCC).

Table 19 - Other expression for constitutive madgtf FCC and BCC models using the CCH approach

Lattice Structure| 6;n¢(ep, €5, T) | Oerr(€5T) Q(¢,,T) for(€5) fa(T)
(1-r=5)
Eq 3.18 Y T — Ty Eq 3.30
FCC [16] Eq3.19
BV1—e™ | Losi4 Eq 3.12 1
[23]
(1-=5)
BCC Bep” Eq 3.14 fm = 1 1
[24] [16]
Eq 3.12

Therefore, simple expressions to mogalan be built for FCC (Eq 3.31) and BCC (Eq 3.32}als:

: A\ T—T,\™
orce(&p €5, T) = [Y+B 1—e <1+lvln<2—p>+v<€,—p) )] (1— r) (3.31)

T &r Tn =T

7 parameters for calibration

3
' 2 T—T.\™
Rt (o ) (=

) T — T

5 parameters for calibration

The parameters for Eq 3.31 have been determineithdoF 7020 aluminum alloy and can be found in
the APPENDIX C. The expression has been slightlgified from Eq 3.31 to take into account the
increase of the effective stress between QS andniign conditions which cannot be neglected
(~25 MPa). Indeed, Eq 3.31 can be used efficiently as amitinly if the strain rate sensitivity of the

effective stress is negligible (e.g. AA7020-T651A%7075-T6 [25]). If not an expression such as Eq

3.14 has to be used in factor¥bfo avoid too much inaccuracy at high strain rates.
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Besides, as explained in the first chapter, theesgion defining the thermal sensitivity used in353(L

and Eq 3.32 cannot model the athermal plateaugat teimperatures, the overall mechanical response
of the material is underestimated in this rangéeaiperatures which can be found in high velocities
impact experiments. Therefore, the impact simutetiill underestimates the ballistic performandes o

the F7020 aluminum alloy target if Eq 3.31 is used.

_ m
Concerning the Eq 3.32, the usage of the expreésien%) for the temperature sensitivity might

provide high inaccuracies at high strain ratestagh temperatures due to the fact that the cabamfiio

is much more sensitive to the strain rate for BC&als than for FCC metals [11] (it is caused by the
interdislocation distance which is much lower ia BICC case). In simulation involving relatively hig
temperatures (for the studied BCC metals) and &igtin rates, the model will greatly underestimates
the mechanical response of the structure. The udagetrain rate dependent calorific ratio is adui

for such BCC materials submitted to this kind @fdng.

f. Parameters sensitivity and number of experimeasastfor their

determination

The sensitivity study of accuracy of the modelshi® parameters has been carried out and the results
are shown in Table 20. The loss of accuracy omtbhéel is calculated for positive and negative daffse

of 50% on each parameter (the mean value is shawme)loss of accuracy in Table 20 corresponds to
the global normalized difference between the madelvith the optimized parameters and an offset of
+50% on their optimized value. It is difficult totag universal loss of accuracy for the suggest@H C
model since all materials have their own partidties. However, concerning the F7020 aluminum
alloy, the most critical parameters asen, and 95’ for FCC metals and mainly correspond to the

internal stress (strain hardening).

Table 20 - List of model parameters for modelin§GfC metals using the suggested expressions of 20Faluminum
alloy and their normalized sensitivity on the oJkstress

Loss of accuracy) Loss of accuracy)
Parameters Parameters Parametergy  Loss of accuracy (%)
(%) (%)
oy 18.7 D, 0.07 Er, 1.9
4 1.6 9o 3.1 nr > 100
k 1.8 U 2.2 / /
R 21 L, 0.3 / /
B 8.7 v 8.1 / /
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10.3

> 100

The number of experimental tests to achieve thergenation of the model parameters depends greatly

on the use of the expression defining the calordito (Eq 3.12 or the simplified express(oh—

T-T,

Tt )m). The details about the number of required tastgathered in Table 21.

Table 21 - Number of experimental tests requiredtferdetermination of model parameters

Model Eq 3.5 with Eq 3.5 with
_ —_ Eq 3.31
Variable Eqg 3.12 (s, T) = (1 o T)
Tests at different Mini Recommended  Mini Recommended Mini | Recommendeqg
&p strain rates (QS an
. 3 5 3 5 3 5
dynamic)
Tests at different
T temperatures (other 2 4 2 4 2 4
thanT, and QS)
Tests at different
&, and | temperatures (other
_ 2 4 0 0 0 0
T thanT;,) and strain
rates (dynamic)
Grain size Grain size
Grain size measurement +|  Grain size measurement +
Other measurement isothermal measurement isothermal 0 0
dynamic test dynamic test
Total 7 14 5 10 5 9

2. Application of the cooperative model in a straipeedent

constitutive model for polymers

The mechanical behavior of the amorphous polymers le represented by the following three
phenomena (detailed in Chapter 2):

- The yield stress;, which is temperature and strain rate dependent.

- The hyperelasticity generating temperature andnstiate sensitive a back stresg which
increases exponentially with the strain.

It is assumed, in this work, temperature and stati® insensitive.

The strain softening phenomenon which can be obdeag a hormalized energetic balatice
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The overall stress corresponding to the macroscopic mechanical beh&/computed with a specific

model which takes into account the three previdwepmena (Eq 3.33).

0 (2,85 T) = (03 (6, T) + 05 (., T) ) (&) (3.33)

a. Constitutive modeling of the yield stress

The modeling of the yield stress of the polymers defines the global level of strasd is greatly
influenced by the temperature and the strain tatmrresponds to the level of stress from whiah th
chain motion is assumed irreversible [8, 26]. Traalal used in this work to describe this phenomenon
is the cooperative model developed for amorphougners [27, 28]. It allows the modeling of the
change of mechanical behavior before and after tdmperature of glass transition through
considerations on the variation of the free voliméhe polymer with the temperature and the strain
rate. However, the temperature sensitivity of theddystress of the polymer becomes highly nonlinear
near the temperature of glass transition. Theretbeeexpression will be slightly modified concei

the modeling of the epoxy resin.
i. Sintered polyimide

The temperature sensitivity of the yield stresshefsintered polyimide can be assumed as linear ove
the range of tested temperature. Therefore, thygnatiexpression of the cooperative model is used t

model the mechanical behavior (Eq 3.34) [27, 28F Parameters used can be found in Table 22.

1
2k, T : "
. pl . €
oy(€,,T) = 0o —mT + sinh™! pAHﬁ T <Ty—T;
éoe” RT
) 1
" (3.34)
2k, T é
o,(¢,,T) = sinh™?! P ,T>T,—T
y(ép.T) % _Hg In(10)c? (T-T,) g °t
\ goe Floe cJ+T-T,

With g, the yield stress &t K and very low strain raten the linear temperature sensitivity;, the
Boltzmann’s constant/ the reference free volume of activation of chawtion, €, a reference strain
rate,AHg the enthalpy of activatiol® the constant of perfect gasa phenomenological parametgy,
the temperature of glass transitkﬁmndcf the constant of William-Landel-Ferry of the polynji29]
andT; the temperature range between the beginning gfttteomenon of glass transition djdThese

parameters are determined using the least squah®dne
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Figure 102 - Application of the cooperative modeltbe sintered PI below the glass transition
temperature

The constitutive modeling has been only appliedbwethe temperature of glass transition for the
calibration of the parameters (Figure 102). The ehpdedicts a convergence of the yield stress gt ve

high strain for the different temperatures.
The values of the WLF parameters are taken asrtiversal values of; andcy.

Table 22 - Cooperative model parameters for théesad Pl

oy (MPa) m (MPa/K) V (m?3) & (/s) AHg (J/mol)
268 0.307 3.82e-29 3.64e9 14400
Ty (K) cf ey (°0) n (=) T, (K)
583 17.44 51.6 6.422 10
ii. Epoxy resin

The temperature sensitivity of the yield stresshefepoxy resin is highly nonlinear over the raoge
tested temperatures (around the temperature of gkassition). Therefore, the cooperative mode| [27
28] is modified to take into account such thernmelidvior [5] (Eq 3.33). The existence of a yieléss
phenomenon has been observed only beloWfhe quasi-static regime and therefore the epoxinres
will be assumed as a purely hyperelastic materitdout any yield stress phenomenon at low strain
rates (see Figure 103). The parameters are gatimefedle 23.

177



[ RS P
ay(sp,T) —|00—mT+ smh‘1< pAH[,r) I (1——e9 (1_T>> T <Ty—T;
| &e /| ’
< % (3.35)
. 2k, T 1 &p
ay(sp,T) sinh arp a0 (7-1y) T 2Ty — T,
éoe_We cJ+T-T4

With 6* the parameter modeling the nonlinear temperatensitivity of the yield stress ari§ the

temperature range between the beginning of thegshenon of glass transition affigl
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Figure 103 - Application of the modified cooperatimodel on the epoxy resin

Table 23 - Cooperative model parameters of the ypesin

oo (MPa) m (MPa/K) V (m?) & (/9) AHg (J/mol) 0* (-)
315.7 0.912 1.91e-29 4.92e9 5520 27.99
Ty (K) cf c5 (°C) n (=) Te (K) /

333 17.44 51.6 10.83 8 /

The hyperelastic phenomenon is present in all peticrmaterial due the intrinsic nature of the chain

b. Constitutive modeling of the hyperelasticity phemomon

and their resistance to stretching [30, 31]. Is thork, the same model is used for the sintereglpale

and for the epoxy resin: the Gent model [8, 32]isThodel has been chosen due to its efficiency,
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simplicity of use and of implementation in numeficade. The 8-chains model [33] can also be used
but is more instable in numerical simulations. Tinéaxial form of the model is used in this case (Eq
3.36).

N(T)

’1) N(T) - (22 +5-3)

05(ep Ep T) = —3 (3.36)

With Eq 3.37:

A= e (3.37)

HereCy, is the rubber modulus of the polymer anas the locking parameter.

It has been observed in the previous chapterthieatubber modulus presents a double dependency to
the temperature and to the strain rate. An expassi suggested here to take into account the full

mechanical behavior @f; over the ranges of tested temperatures and sat@s (Eq 3.38) [5, 11, 28].

(cuten <170 = o1~ CH) (14 tn () 40 (2)”)

4 & &
3.38
_ T, =T o'(1-r%) & Ep\™ (3.38)
CR(sp,TZTg)=CRO 1- e gt 1+lvln<,—)+v(,—)
k T Er &

With Cg, the rubber modulus at OK and very low strain rafgshe temperature of glass transitién,
a characteristic homologous temperatuége, the minimum reference strain ratg, v and L,
phenomenological parameters defining the straia sansitivity of the rubber modulus afid the

temperature range between the beginning of thegohenon of glass transition afigl

The locking parametaV also exhibits a linear temperature dependency avitheoretical saturation
when reaching the temperature of glass transifitre expression chosen for the modeling of this

parameter is Eq 3.39 [28].

{N(T<Tg) = Ny + b(T — 273.15) (3.39)

N(T = T,;) = Ny + b(T; — 273.15)
With b the temperature sensitivity &f andN, the value ofV atT = 273.15 K

i. Sintered polyimide

The experimental observation of evolution of theber modulus of the sintered polyimide has led to
the conclusion of an obvious temperature-straia caupled behavior. Indeed, the value of the rubber
modulus increases exponentially with the straie &ttconstant temperature but the intensity of this

behavior decreases when this last increases (Fif4e

The parameters allowing the modeling of the rulshedulus of the sintered polyimide are reported in

Table 24. These parameters have been determinaglthei least square method.
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Figure 104 - Evolution of the rubber modulus of sivgered polyimide with the temperature and the
strain rate

Table 24 - Parameters of rubber modulus modelindefsintered Pl

Cro (MPa)

6" ()

lv (')

v ()

ny (')

& (Is)

Ty (K)

Ty (K)

34.8

2.122

1.15e-5

3.49e-3

0.289

107>

583

10

The locking parameteN of the sintered polyimide has been observed asnstate independent,

therefore only the temperature sensitivity is cdaesed (see Figure 105). It is assumed that theewaflu

N above the temperature of glass transition stagstaat and equal ¥ = N, + b(Tg - 273.15). The

values ofN, andb can be found in Table 25.
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Figure 105 - Evolution of the locking parameter N sintered PI with the temperature

Table 25 -Parameters of locking parameters N madetif the sintered Pl

No(=) b (K™ Ty (K)
6.158 0.01354 583

ii. Epoxy resin

The variation of the rubber modulus of the epoxgirreshows also a temperature-strain rate coupled
behavior (Figure 106). However, contrary to theesed polyimide, the value @f; decreases with the
strain rate over the range of tested strain rdtighér strain rates did not allow the observatibthe
hyperelasticity phenomenon). The softening may desed a premature locking phenomenon which
prevents the efficient stretching of the chainschhieads to the failure of the material [34] or to
premature adiabatic heating leading to decrea#igeatross-linking and therefore to a global sofigni

of the polymer [9]. In dynamic conditions, the reblnodulus will be assumed as zero.

Deeper microstructural investigation might revda fictual cause of the strain rate behavior of the
epoxy resin and allow the construction of a morgsjal model thanks to its understanding. However,
the suggested phenomenological approach allowffiaieet modeling of the rubber modulus over the
evaluated ranges of temperatures and strain ribesparameters of the used model are gathered in
Table 26.
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Figure 106 - Evolution of the rubber modulus of g#p®xy resin with the temperature and the strain
rate

Table 26 - Parameters of rubber modulus modelindp@fepoxy resin

Cro (MPa) | 67 () L () v () ny () & (Is) Ty (K) T, (K)

18.73 0.1537 -12.87 47.69 0.1031 1073 333 10

As for the sintered polyimide, the locking paramete does not seem to present any strain rate
sensitivity (even with the consideration of the thidispersion). Thus, only the linear temperature
dependency is taken into account in the modelingufe 107) which is lower than for the polyimide.
Above the temperature of glass transition, theevaliuV is assumed constant and equaVte N, +

b(T, — 273.15). The values ofN, andb are reported in Table 27.
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Figure 107 - Evolution of the locking parameter Nl epoxy resin with the temperature and the
strain rate

Table 27 - Parameters of locking parameters N nmindeif the epoxy resin

No(=) b(K™) Ty (K)
2.869 0.05633 333

c. Constitutive modeling of the strain softening

The modeling of the yield stress and of the hypetadity is insufficient to take into account thl f
mechanical behavior of polymers. Indeed, an amofienergy is released during the strain softening
phenomenon caused by the relaxation of the ch&jr29[ 35]. Therefore, to maintain the energy bagan
during the whole strain, the same amount of enegtpased during the relaxation of the chains has to
be absorbed before the failure (Eq 3.40).

Inel
f ”(&_1)@):0 (3.40)
0

Oy + Onyp
The evolution of the energy balangés suggested by Eq 3.41. Only the strain dependsriaken into
account here. Indeed, temperature and straineasitivities on this phenomena seems negligibteen

studied case.
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Oexp Be De
] =—"" =A »+C 4
(&) oy + Onyp e tie (3.41)

With A, B, € andD phenomenological parameters.
i. Sintered polyimide

The evolution of the energy balang€Eq 3.42) of the polyimide with the strain is repented on Figure
108. The expression suggested to model such a ioelsems to provide a good accuracy over the
whole range of strains (from yield strain to stratnnitiation of failure). The computed parametars
reported in Table 28 and are determined by the sepgre.
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Figure 108 - Evolution of the normalized energétidance with the strain of the sintered Pl

Table 28 - Energetic balance parameters of theesgut Pl

A(-) B (-) c(=) D (=)
0.3709 -5.204 0.6502 0.6959
ii. Epoxy resin

The energy balance behavior of the epoxy resiviclthe same trend as the sintered polyimide and
the overall experimental curve is nicely fitted the suggested phenomenological expression Eq 3.41
(Figure 109). However, it can be seen a slightineal behavior in the range of strain betwegrs-

0.1 ande, = 0.3. This particular nonlinearity might be due to taet that the epoxy resin is a biphasic

material. Both phases may have a different behasier this range of strains. The parameters are
reported in Table 29 and determined using the kasire method.
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Figure 109 — Evolution of the normalized energbitance with the strain of the epoxy resin
Table 29 - Energetic balance parameters of the gpesin

4(-) B (=)
0.2978 -12.91

(=)
0.6984

D (=)
0.6644

d. Overall constitutive modeling of the stress behavio
i. Sintered polyimide

Once all the different phenomena have been modelpdrately, the different expressions are gathered
in order to model the full level of stres=f the polyimide (Eq 3.33).

Wide ranges of temperatures and strain rates haee kested and used for the validation of the
suggested model (Figure 110.a and 110.b). It caeée that the level of stress is correctly modtded

all the conditions due to the accurate predictidnthe cooperative model for the yield stress.
Furthermore, the thermal softening of the hypetigitg phenomenon is well represented in all cases

(even at high temperatures). The suggested mooateass an efficient tool to evaluate the leveltoéss
concerning the sintered polyimide.
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ii. Epoxy resin

The mechanical behavior of the epoxy resin is nmache complex than the one of the polyimide. Indeed

the important difference between quasi-static ayrhchic conditions is due to two properties of the
material (Figure 111.a and 111.b):

The high entanglement of the chains of the therinpsfymers causes the high strain rate

sensitivity of the yield stress [9].

The low temperature of glass transitijncauses a very high softening of the level of steess

soon as the temperature increases (due to adidleatiimg or environmental factors).

The model provides satisfying results to evalulagelével of stress of the epoxy resin over suctewid

ranges of temperatures and strain rates and ugrydwngh strains (see Figure 111.b).
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C.  Constitutive modeling of the strain at initiation

of failure

The constitutive modeling of the failure of thedited materials is performed through a similar appho

which consists in two steps:

- The modeling of the plastic strain at initiationfailure as a function of the triaxiality, the stra
rate and the temperature.
- The modeling of the damage energy after the inoteof failure as a function of the triaxiality

in this work (the sensitivities to the temperatangl strain rates can also be considered).

The overall modeling of the plastic strain at gditon of failures£ is modeled through a typical

expression [36] which can be written using Eq 3.42.

e1 (070,55, T) = for (0", 0 fop (8p) fr, (5, T) (3.42)
With f,+ a function defining the evolution of the plasticag at initiation of failure with the state of
stress at reference states of temperature and sat&i,f,» a function corresponding to the strain rate

sensitivity andfo a function modeling the temperature sensitivity.
1. Triaxiality sensitivity

a. F7020 aluminum alloy

The F7020 aluminum alloy displays a classic expbakdecreasing strain at initiation of failure it
the triaxiality (Figure 112). No failure has bedrserved in compression state and this behaviakent
into account in the numerical model developedherdgimulations. It can be added that the levetrafrs

at initiation of failure is quite low for an alumum alloy over the whole range of tested triaxiasti
This behavior is mainly due to the intrinsic chaesistic of the sintered materials [37, 38] leadiag
the low cohesion of the powder grains and a preradailure (intergranular failure at mesoscopideca
The parameters are provided in the Table 30 (détedrwith the least square method). The expression
chosen to model the triaxiality behavior of theds#d materials is Eq 3.43 [36].

for(a%) = dy + dpe® (3.43)
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Figure 112 - Evolution and modeling of the plasti@in at initiation of failure with triaxiality ofthe

F7020

Table 30 - Parameters for triaxiality sensitivitpdeling of the F7020

dq (-)

dz ()

ds (-)

0.0459

0.06506

-4.586

b. Sintered polyimide

The failure behavior of the sintered polyimide tendivided into two parts (see Figure 113):

An elastic-brittle behavior consisting into the dom of triaxiality corresponding to the
phenomenon of voids nucleation and growth (positiiaxiality). This particular behavior is

caused by the low cohesion of the sintered powding (mesoscopic scale) which has been
observed in the previous chapter [37].

A domain in negative triaxiality in which the faikiis caused by the phenomenon of locking of

polymer chains at relative high plastic strain [3Bhe experimental data are provided by the

compression

tests.

The assumption of initiation of failure at the yiaitress is assumed to model the elastic-britthatier

(zero plastic strain). Therefore, the valueipfshould be set to 0 but to avoid numerical problatas
value is set slightly above d{ = 0.001 (Table 31).
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Figure 113 - Evolution and modeling of the plasti@in at initiation of failure with triaxiality ofthe

sintered Pl

Table 31 - Parameters for triaxiality sensitivitypdeling of the sintered Pl

dy ()
0.001

dz ()

ds (-)

0.002312

-17.67

2. Strain rate sensitivity

In the previous chapter, it has been experimensilbyvn that the metals and the polymers presept ver

different failure behaviors toward increasing streate. Indeed, the strain at initiation of failwk

metallic materials increases with the rate of defition due to phenomena such as micro-inertia.

Polymer materials have a very different mecharl'cesa;bonsee; decreases suddenly at a transition strain

rate due to the overcoming of the relaxation tinieth® chains structure [34]. The stronger the

entanglement is, the lower the transition straia vall be [9] (very low for thermoset polymersi. all

cases, the same expression (Eq 3.44) to modeltietion ofs;; is used [11] (if no coupled behavior

is assumed).

& &\
fvf(sp)=1+lvfln<p >+Uf<p )
Eorf €orf

(3.44)
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With [,¢, vf andn,; are phenomenological parameters defining thenstede sensitivity of the strain
at initiation of failure and s is a reference strain rate. The parameters aeendieied using the least

square method.
a. F7020 aluminum alloy

The strain rate sensitivity of the strain at irita of failure of the F7020 aluminum alloy has bee
studied through shear-compression tests underglifféypes of loading (quasi-static stress, SHRB an
direct Impact).The shear-compression tests have s in order to avoid the decohesion failureenod
through shearing of the powder grain. The Figuré 4dows an exponential increase of the strain at
failure initiation with the logarithm of the straiate which may be linked to the viscous drag ¢ffee]

and the dislocations velocities. It can be alsmdkat the values at the highest rates (around8p
are mandatory to obtain an accurate modeling fereven greatest rates of deformation which are
involved in perforation tests at high velocitieheTparameters of the strain sensitivity functiores a
provided in the Table 32.
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Figure 114 - Evolution and modeling of the plasti@in at initiation of failure with the strain ratof
the F7020

Table 32 - Parameters for strain rate sensitivitydaling of the F7020

Ly () vr (—) Nyr () Eogr (/5)
-0.001156 2.069e-7 0.8754 0.001
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b. Sintered polyimide

The strain at initiation of failure of the sinterpdlyimide follows the inverse trend of the metats:

value decreases with increasing strain rate dthetohains locking phenomenon [34] (Figure 115 Th
modeling ofsz’; of the sintered polyimide is performed using tame expression used for the metallic
material. However, another aspect of modeling bdettaken in consideration: a minimum valuel’;of

at very high strain rate due to the locking phenoone In this case, a small minimal value Sﬁ,{%ﬁ =

0,05 is used (same value as for the epoxy resin). @hees of the parameters can be found in Table 33.
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Figure 115 - Evolution and modeling of the plasti@in at initiation of failure with the strain ratof
the sintered PI

Table 33 - Parameters for strain rate sensitivitydaling of the sintered Pl

L (-) vr () Ny (=) €ors (/9) &fin ()

min

0.005 -0.0002088 0.4264 0.001 0.05

c. Epoxy resin

The epoxy resin presents a particular behaviotsoblastic strain at initiation of failun%. Indeed, a

triaxiality-strain rate coupled sensitivity of tinenomenon leading to the failure is experimentally

observed in this work and in the literature [40ig(ffe 116). For this purpose, a new expression (Eq

3.45) has been developed on the assumption ofagExsition of the triaxiality sensitivity @f,f in two

parts with one rate insensitivé;(andd,) and the other one strain rate dependéntfdd,).
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(3.45)

. . nvf
* & & *
forvp(0%,€,) = d1e®7 +d, (l,,f In (—p> +vp (—p> )ed‘*“

orr orr
With d; andd, phenomenological parameters defining the triayiaénsitivity of the rate insensitive
part, d; andd, phenomenological parameters corresponding tortheidlity sensitivity of the rate
sensitive partl, s, vf andn,r are phenomenological parameters defining thenstede sensitivity of
the strain at initiation of failure anig;, is a reference strain rate.

At relative high strain rates, the plastic strdifiaglure of the epoxy resin reaches a minimum gaiti

s,’:”.n = 0.05 due to the very early locking phenomenon [34] @ude high level of chains cross-linking

[9] and this has to be taken into account in thel@holhe parameters can be found in the Table 34.
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Figure 116 - Evolution and modeling of the plasti@in at initiation of failure with the temperatir
and the strain rate of the epoxy resin

Table 34 - Parameters for triaxiality and strainteasensitivities modeling of the epoxy resin

d; (-) dy (-) ds (-) dy (-) L (-)
0.6284 0.1163 0.2476 2.02 0.01044
v (-) ny, (=) éof (/5) e (=) /

-0.4039 0.2485 0.001 0.05 /
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3. Temperature sensitivity

For all materials, the thermal softening of thesstrbehavior leads to an augmentation of the plasti
strain at initiation of failure. Indeed, the valubez’; of the polymers increases with the temperature due

to the absence of thermal hardening phenomenoneidmywconcerning the metallic materials, some

microstructural changes at higher temperatureslead to a structural hardening effect [14, 41]
(apparition of precipitates generating dislocatjoasd the value otz’; decreases over the range of

temperature covered by these phenomena.

In this work, the modeling of the temperature snsi of s£ is performed differently for the metals

and for the polymers.
a. F7020 aluminum alloy

The thermal softening of the thermal mechanicablidn o;;, of the F7020 aluminum alloy follows the
calorific ratio describes in the section B.1.aloe$ tchapter and is highly non-linear due to the glem
evolution of the microstructure of this materiatmihe temperature, and particularly the dissotutb
the MgZn and AlMns precipitates [15]. The modeling e,f is performed using a similar expression of
the calorific ratioQ used for the stress (Figure 117). The evolutiothefnormalized strain at failure
initiation is modeled with the functiot corresponding to the inverse @f(Eq 3.46). The same
parameters determined for the modeling of the takstness are used f(¢,, T) and can be found in

the Table 14. Therefore, the calorific model in figure 117 has not been calibrated using the
experimental data displayed on the same graphichaidve been obtained through shear-compression

tests.

fo(éP'T) =0(&,T) = [Q(ép'T)]_l (3.46)
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Figure 117 - Evolution and modeling of the plasti@in at initiation of failure with the temperatir
of the F7020

b. Sintered polyimide and epoxy resin

The value ofs£ of the polymers is increasing monotonously witke ttemperature due to the

augmentation of the value of locking parameétemmdeed, the sliding between the chains beconssrea
at higher temperature leading to a decrease détledof chain entanglement [9]. Therefore, theking
phenomenon [42] is delayed up to a specific valtieeaglass transition temperatdfe For this purpose

a simple expression (Eq 3.47) aiming to model tredution of the normalized plastic strain at initen

;: is used in this work for the two polymers: sintepolyimide (Figure 118.a) and epoxy

resin (Figure 118.b).

of failure ¢

T-T.\"
fr (T) = (1 + - Tr> (3.47)

With m a phenomenological parameter. The parametersatinergd in Table 35.
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Figure 118 — Evolution and modeling of the norrmediplastic strain at initiation of failure with the
temperature of (a) the sintered Pl and (b) the gpasin

Table 35 - Parameters used for the temperatureitba@tsof the normalized plastic strain at
initiation of failure of the sintered polyimide attte epoxy resin

Material m(—) T, (K) T, (K)
Sintered PI 0.2862 293 583
Epoxy Resin 0.3817 293 333
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Damage Energy (MJ/m°)

D.  Constitutive modeling of the damage evolution

In this work the damage evolutidnis taken as a function of the evolution of thecabed energy,,
by the material between the plastic strain atati@in of failures£ and the plastic strain at ultimate

failure e5'. The following expression [43] (Eq 3.48) defin@sexponential evolution of the evolution of

D in function ofEy,.

f

p
fs% odép (3.48)
D=1-—e Eml@)

With E), the absorbed energy &t and is a function of the triaxiality”.

The damag® is then implemented in the overall model as aiplidative factor of the computed stress

o in order to obtain the true stress including daenexplutiono,, (Eq 3.49).

o, =0(1—-D) (3.49)
The evolution off}, with the triaxiality is modeled with a simple exmmtial function (Eq 3.50) (see
Figure 119):

Ey(c*) = AgeBE? (3.50)
With Az andB; phenomenological parameters.

The parameters of the model for each material atigeged in Table 36.
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Figure 119 - Evolution and modeling of the damagergy with the triaxiality for (a) F7020, (b) the
sintered Pl and (c) the epoxy resin

Table 36 — Parameters used to model the evolutidheodamage energy of the different materials
studied in this work

Material Ag (M].m™3) Bg(—)

F7020 17.68 -3.558
Sintered PI 0.006151 -23.88
Epoxy Resin 6.431 -2.199
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E.CONCLUSION OF THE CHAPTER

Through this chapter, the mathematical expresstmeloped and chosen to model the different

phenomena of each material have been discusseti@pdrameters given.

Concerning the F7020 aluminum alloy, a new anay@pproach aiming to developed specific models
for each material has been presented [10, 111nFCC case). This approach is based onto two main
aspects: the calorific ratio aiming to model thanptex thermal behavior of the alloy (due to
microstructure changes) over a wide range of teatpex and the identification of the correct hardgni
function regarding the type of strain hardeningth metal (homogeneous or heterogeneous). The
constitutive modeling of the plastic strain atiation of failure of the F7020 has also been penfmt
using the calorific ratio and does not require @ayameter calibration since it is using the same

parameters set as for the stress.

The modeling of the two polymers (sintered polyien&hd epoxy resin) have been modeled following

a similar approach:

- The yield stress has been modeled using the caomeraodel for amorphous [27, 28] (with a
small thermal modification for the resin epoxy).

- The hyperelasticity has been modeled using the-kmelvn Gent model [32] coupling
simplicity and efficiency.

- The strain softening has been modeled using amgetebalance assumption.

The modeling of the plastic strain at initiationfaflure of polymers has been carried out usingsita

expressions for the triaxiality [36], strain rald] and temperature sensitivities.

The next step to obtain a numerical model desigoetkvelop impact experiments on these materials
is the implementation of the suggested expressitosa VUMAT subroutine in FORTRAN code for
ABAQUS®/explicit.
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Chapter 4

NUMERICAL VALIDATION OF
MODELING THROUGH
APPLICATION TO BALL IMPACT
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A. Experimental performing of ball impacts
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The constitutive modeling of the mechanical behawibeach material (F7020 aluminum alloy and
sintered polyimide) was performed with the aim écapplied to high velocity impacted structures. For
this purpose some validation tests of ball imp&etge been carried out on monolayers (F7020 and
sintered PI).

The experimental results obtained on structuresaatgal by spherical steel projectiles and then
compared to the simulations computed with ABAQUS&iEit using the VUMAT subroutines in
FORTRAN. The constitutive models suggested in tlewipus part is used in the simulation in order to

evaluate the performances of the numerical model.

Several relevant parameters are studied in thi&:woe residual velocity of the projectile, the aaty
of the ejected plug. Each of these parameterdwitlescribed in this chapter and a comparison legtwe

experimental data and simulation computations lvéldisplayed.

In a second part of this chapter, numerical sinmaton multilayers materials (sintered Pl and 702

assembled using epoxy resin) are investigateddardo evaluate the potential of such structures.

A.  Experimental performing of ball impacts

1. Experimental setup

a. Gas gun

The projectile used for the test consists intaan® diameter 100C6 steel ball. It is launched uaidgr
m long gas gun (Figure 120). The launching systémwa impact velocities ranging from 70 m/s up to
400 m/s with this projectile. The gas used for tégs is compressed helium which permits to reach

higher velocities than compressed air due to isfdnertia.
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Figure 120 - Gas gun used for the impact tests

b. Target fixation setup

The target consists into an 80 mm diameter digewéral thicknesses (2 mm, 2.5 mm, 3 mm and 4 mm
for the F7020 aluminum alloy). To avoid any mougtimle in the target, the disk is fitted betwees th
frame and a target holder (see Figure 121). A taxgelge is also added around it to get a linear and
homogeneous contact with the target and to center i

The target holder, the target wedge and frame @eved together and the frame is then fixed at the
bottom of a security box (see Figure 122). Trarespawindows on the sides of the box allows video
recording of the projectile and target fragmenterfithe back side of the target.
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Target wedge

Frame

/ Target holder

Figure 121 - CAD representation of the fixation getd the setup

Target wedge /

) ot \ Security box
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Target holder

Figure 122 - Target fixation setup fixed in theis#ly box
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2. Measurement methods

a. Optical barrier

The optical barrier consists into two laser linepagated, in this case, by a distahee72 mm (see
Figure 123). When the projectile passes throughatber beams, the signal from the photodiodeseat th
other side decreases drastically and the crosditigedball is therefore detected. By using two tase

beams, it is possible to compute the impact vetdgjtof the projectile from the delayt between the

drops of the two measured signals (Eq 4.1).

V= (4.1)

Figure 123 - Optical barrier

b. High speed camera

The velocities of post-impact objects are measusitgy a high speed camera (Shimadzu HPV-X). The
recording of the camera is triggered using thecaptbarrier and a delay is generated using an
oscilloscope (Figure 124). A flash generator i®alsed to ensure a correct visibility of the video
recording. It is triggered using the same procesh@high speed camera. The camera is setupdairec

128 frames per recording and the frame rate igtber computed depending on the test (essentiadly t
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impact velocityV, which conditions the residual velocity of the altg). The range of frame rates used

for these experiments starts from 50.000 framgst® above 100.000 frames/s.

——— L ]

[ ]

[t

High speed camera

Figure 124 - High speed video recording setup
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B. Simulation parameterization

The simulations are processed using the commesofalvare ABAQUS/Explicit®. The same target
assembly used for the experiments has been motieleekep the same boundary conditions (Figure
125). Embedment condition is set through the irgtttireads of the target holder, target wedge bad t
frame. The frame is also embedded to its base. Gmijact conditions are set as boundary conditions
for the target (without friction). The 100C6 stdmll (8 mm diameter) is assumed rigid through
constraint condition (hypothesis verified after exment) but is still meshed with C3D6 linear
tetrahedron elements (size0.5 mm) and material properties are givéh=£ 210 GPa,v = 0.3 andp =
7800 kg.m™3) in order to allow wave propagation in it. Thetiali velocity of the projectile is set by

defining a predefined field on a reference poiacpd onto the ball.

Figure 125 - Simulation setup used

The target and the fixation setup (same materg@bgrties as the projectile) are meshed using C3D8R
elements (8-node linear brick element with redun&sration and default hourglass control, seeifeigu
126). The element size in the impacted area oféatget has been set as s#z6.2 mm for all target
thicknesses (Figure 127). The contact betweenrtijeqtile and the target is set between their retbpe
meshes (volumic contact) and a self-contact isitahi® account for the target. The failure is pesssl

through element deletion (when the damage evolwi@giableD is equal to 1).

The material of the target is defined by the madslociated to the VUMAT subroutine in FORTRAN
(CCH model for the F7020 aluminum alloy (Eq 3.5¢ ¥E42) and Cooperative model for the sintered
Pl (Eq 3.33 + Eq 3.42)). The Johnson-Cook modelshie stress and the failure behaviors are as well
used in this work as a comparison with the CCH rhtatehe F7020 aluminum alloy. The parameters
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can be found in the APPENDIX C. The global algaritbsed for these VUMAT subroutines is given
in APPENDIX F.

To allow the penetration through the whole tardethe projectile, the contact condition between the
two entities has to be defined in the input filaeTtwo “surfaces” involved are created from therelet
sets of the target and of the projectile (the ‘acek” are therefore volumes).

Figure 127 - Focus on the mesh of the target
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C. Monolayer cases

The impact tests of a steel ball on the monolagdlmv to separately check the accuracy of the

constitutive models before the modeling of the itayler material.

1. F7020 aluminum alloy

a. Observations of the experimental tests

The video recordings obtained with the high-spemtara enable to observe, from the back side, the

different structural mechanisms leading to thegratfon of the targets (Figure 128.a to 128.d).

The different steps of perforation seen from thekbside of the target of F7020 by a steel ball

(hemispherical nose-shaped projectile) are comrdéntthis section.

The involved material displays a quasi-brittle bebain the area consisting in positive triaxiadgi
which can be found at the back of the target dubedaleflection. Other aluminum presenting thisikin
of behavior have been reported in the literatuhsas the AA7075-T651 aluminum alloy [1, 2] or
AA6070 [3] but the observed fragmentation phenomddd of these alloys is not due to decohesion of
the powder grains (intergranular failure) as it basn observed for the F7020 in this work (Chap}er
The behavior of the targets of F7020 aluminum aitoyery different than the one of the commercial

AA7020-T651 which presents a much more ductilaifailmode of perforation [5, 6].

Therefore, concerning the F7020 aluminum allog,fdilure mechanisms start early (Figure 128.a) and
consist here in the formation of numerous radiacks starting from the center of the target (their
number depends on the impact velocity and the ténggkness). The ball velocity decreases dragyical

during this step.

The steel ball continues its trajectory through tdrget, creating a channel and pushing the diitere
fragments at the back of the target previously fmtrby the cracks. This observed phenomenon leads
to the formation of petals [4, 7] (between 8 andriithe tested conditions). Some fragments (pldy [8
of the inner section of the target are as well pdsfway by the projectile (Figure 128.b). The pnese

of an ejected plug is normal when spherical or kpimérical projectiles are used [7].

The ball is at the limit of being released by theget and its deceleration is almost zero (Figa&d).
However, this step is very important because ititons the final state of the target after thefgeition

by the projectile (petals might be torn off thetp)a

The ball is then totally released from the contddhe petals (Figure 128.d), its velocity will natry
anymore: its value is called the residual velo€jtyThe different fragments are expulsed in a cone-

shaped volume.
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Direction of the projectile

(b)
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(d)

Figure 128 - Pictures of the video recording of peeforation processes of a F7020 aluminum platen(8 thick) by a 8 mm
diameter ball at 298 m/s at (a) 310 ps, (b) 330(p)s380 ps and (d) 420 ps after the beginningeobrding

b. Comparison with numerical results

Concerning the F7020 aluminum alloy, 12 tests hmen carried out for model validation in different
configurations. Two parameters have been changethéotests: the impact velocity and the target
thickness (2 mm, 2.5 mm, 3 mm and 4 mm). The nurabexperimental impact tests is limited to 12
due to the complex shaping process (Spark Plasnertig) which does not allow mass production of

the studied materials.
i. Residual velocity

The residual velocity, corresponds to the velocity of projectile aftex trerforation of the target. The
highest impact velocity for whicW. = 0 is called the ballistic limit velocity,, [7]. The experimental
results have been confronted to two numerical n@odbe suggested CCH model [9] and the classic
Johnson-Cook model [10] (see parameters in APPERDIY. The Johnson-Cook model has been
chosen due to its universal use in ballistic protaigc for all kinds of metallic materials [1, 5,,1112]

and to represent the models from the literaturecividioes not take into account the microstructural
changes which can be encountered at high tempesafarg. MTS model [13], ZA model [14], RK
model [15]). The Johnson-Cook model means in tligkwthe Johnson-Cook model for the stress [10]
coupled to the failure Johnson-Cook model [16]. ideer, these microstructural changes are modeled
in the suggested CCH model by using the caloré#torapproach [9]. It can be seen on the Figure 129
that the CCH model is very accurate over the ranfdisicknesses and experimental impact velocities
with a mean error percentage of 3.8% (see Figutg IT®e simulations using the classic Johnson-Cook
model (determined using the same experimental datay an important inaccuracy (Figure 130) with

increasing thicknesses with a mean error of 15886 Figure 131).

Besides, the error measured for CCH models stayst@ot over the range of tested thicknesses but the

one of the Johnson-Cook model increases. It carftire be said that the CCH model might be more
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accurate than the Johnson-Cook model for a widegaaf target thicknesses. The estimated value of
V}, using the CCH model for each thickness can bedamithe Table 37.

Table 37 - Ballistic limit velocities according @CH modeling for the different tested thicknessds7620 aluminum alloy

Thickness (mm) 2 2.5 3 4
Vi (m/s) 170 215 265 350
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Figure 130 - Comparison between the experimentailteand the numerical results with JC model of #dual

Figure 129 - Comparison between the experimentalli®and the numerical results with CCH model of #sidual
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Figure 131 — Evolution of the error percentage betwthe experimental data and the used model forasidual
velocity of the projectile with the thickness of taget

Several points can explain the reasons of the itapberror of the Johnson-Cook model:

- For these thicknesses and for such quasi-brittimialum, the modeling of failure and damage

evolution behavior has an important impact on #mults. In the case of the Johnson-Cook

failure model [16], the sensitivity to the stramte of the plastic strain at initiation of failure

underestimates greatly its real value and the madteill fail prematurely.

- Concerning the Johnson-Cook stress model, thenstedié sensitivity expression [16] also

strongly underestimates the stress.

The more the thickness increases, the more theeimfe of the stress modeling is important. Theegfor

the error contributions of the failure and stressdeling are summed and the total error increases.

Besides, higher impact velocities are generallydusethe target with the greater thicknesses aad th

involved strain rate increases and so the erradiiraoes to augment.

The experimental data have also been comparedtidgttanalytical Rosenberg model [7] with the

spherical nosed projectile® & 8 mm (diameter of the projectile) afids; = 5.33 mm (equivalent

length of a cylinder of same volume as the prdggti The density of the steel ball is takerpgs=

7800 kg. m™3. The target material (of thickneH3 reference yield stress is takenYas 260 MPa, its

density ap, = 2880 kg. m™3 and its elastic modulus &g = 72 GPa. The projectile is assumed rigid.
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The residual velocity is computed from the projediind target geometrical and mechanical properties

The expressions used are Eqgs 4.2, 4.3 and 4.4 [7].

V. =V, ! (VO)Z 1
r — Vbl 14 3ptH Vbl (4-2)
2ppD
T (4.3)
ol ppLeff .
( 2 H H 1
i Gr:Gy §+4(B) fOFBSg
1 H
= 4.4
{ or = 20y for55551 ( )

The quantitys,. corresponds to the effective resistive stresh@tdrget and is greatly dependent on the
H/D ratio.

The model results can be found in the Figure 132lear shift of the model can be observed for the 2
mm and 2.5 mm thicknesses. It underestimates #igasidual velocity of the projectile but is cartre
for the 3 and 4 mm thicknesses. This inaccuracyhfioner targets is greatly due to the enhancesteff
of the brittle failure toward the stress respomsthose conditions and the model is not designéaki

into account such energy loss caused by the numerack propagation.
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Figure 132 - Comparison between the experimentailtgand the analytical results with Rosenberg madéhe residual
velocityV, for the F7020 aluminum alloy target

ii. Plug velocity

A plug is generally formed in cases of impact ofmfspheric or blunt projectiles [8] and its output
velocity V;, is higher than the residual velocly of the projectile [7]. Therefore, being able teqict
accurately the quantity, through a numerical or analytical model is an ingat asset to evaluate the
protection performances of the target. For thisppse, the velocity of the plug is experimentally
measured through a high speed camera recordinguanerical simulations with CCH [9] and Johnson-
Cook [10] models are performed for comparison fSgare 133 and Figure 134). The numerical results
using the CCH model can be found in the Figureridiibcan be observed that the modeling suggested
in the previous chapter allows an accurate evalnaif the plug velocity in all the tested casesiggl
error around 3.6% with the experimental data, sgeré 135). However, concerning the Johnson-Cook
model (Figure 135), the thicker the target becorties,higher the error with the experimental data
increases (mean error of 11.3%, see Figure 135)eMer, for the case for 4 mm target thickness, the
gap between the CCH model and JC model is redundded, the JC model manages to be quite

efficient to evaluate the plug velocity for thisreular thickness.

The gap between the simulations using the Johnsak-@odel and the real velocities of the plug is

mainly due to the underestimation of global mectarbehavior of the material at the very high strai
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rates involved during the experiments. Indeed, Butss and strain at initiation of failure [L6Ebmes
much lower than the actual mechanical behaviorh\Wliich modeling, the formation of the plug starts
earlier as well as its detachment from the taffje¢n, it keeps the projectile velocity from thistmaular

instant which is higher than the ones of the expenits due to the underestimation of the stress/imha
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Figure 133 - Comparison between the experimentallteand the numerical results with CCH model of thleaity of

the plugV, for the F7020 aluminum alloy target
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Figure 135 - Evolution of the error percentage bawé¢he experimental data and the used model foresidual velocity
of the projectile with the thickness of the targetthe F7020 aluminum alloy target

An analytical approach allowing to evaluate thegpkelocityV,, without having to perform numerical
simulations has been developed for this work. Toecept is based on a critical projectile depth
penetrationhy;,, in the target before reaching a characteristiairstat failuresglug leading to the

detachment of the plug. A coupling of this modeloancept with the Rosenberg model [7] leads to
know the value of the residual velocly at h;;,,, (and more generally for any valbheof penetration

depth) which will correspond to the value\gf In the case of a hemispherical nosed projectiiemain
state of stress occurring near the zone of plugothetent is closed to the shear-compression0.4
(shear state of stress in case of a blunt proggcfilherefore, the value eglug used will be the one
measured experimentally for the tests in shear-cesson in quasi-statiat‘c)lug = 0.31. However, the
value of the strain at failure increases with tinais rate and has to be multiplied with a rateathefent
factorfvf(ép) which may correspond to the expression suggentdukei previous chapter (Eq 3.42) to

model the rate sensitivity of the strain at inibatof failure (or replaced by a fixed factgg~2.15). An

approximation of the strain in this particular zoten be computed as foIIows:=% with H the
thickness of the target and the strain rate willébe%. The value of the critical projectile depth

penetratiorhy;,, is then computed consideriﬂg(%) as shown in the Eq 4.5.

v
i = Hel %6, () (45)

If hjj, < hthen the plug is fully detached avigl= V... The results can be found in the Figure 136.
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Figure 136 - Comparison between the experimentailtgand the analytical results using the suggestedel of the
velocity of the plug, for the F7020 aluminum alloy target

Iii. Perforation mode
The perforation mode consists, in this work, ifite tailure process undergone by the target duhag t
perforation of the projectile. In the case of thé0E0 aluminum alloy, two different structural

mechanisms have been observed over the rangepaéimelocities and target thicknesses.

The first structural failure behavior consists ittte formation of multiple petals [4, 7] (betweeard

10 depending on the target thickness and impaotitg) and the ejection of a main plug [8] (seeuFfi
137.a). The impact velocity of the projectile ire thigure 137.a for the experiment and the simuiatio
shown is 282 m/s and the target thickness is 2 lhoan be seen that the numerical model (model
suggested in this work) predicts the experimengaigpation mode as well as the number of petals in
most cases (see Figure 137.b). The high numbestafspis mainly due to the quasi-brittle behavibr o
the material r (but not brittle enough to lead tiveymentation in this case) and its very low dagnag
energy in positive triaxialities. This particulange of triaxialities characterizes the staterafsstat the
back of the target due to the deflection of th&.ldhe petaling effect can be clearly seen onreigu
137.c and 137.d from both sides of the target aftpact.
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(b)

(d)

Figure 137 — Comparison of the impact mechanismsdst (a) the experimental results at 514 ps afeeb#ginning of
recording, (b) the numerical results (CCH model) ocdmm F7020 aluminum alloy at 282 m/s, (c) thetfsite of the
impacted target and (d) the rear side of the impddarget
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The second structural failure behavior, observedhe F7020 aluminum alloy, is similar to the first
one but the petals are torn off the target and ineclwagments due to inertial effect (Figure 138.a).
This phenomenon happened only in the cases of 3hiuk plates and at relatively high impact
velocities (above approximately 325 m/s). For &k t4 mm thick plates, this fragmentation
phenomenon is even more important (Figure 139%. mhainly caused by the fact that the involved
petals are too thick to be bent without breakirfze €jection of a plug still occurs [8]. The expezith

and simulation (model suggested in this work) imedl a 3 mm thick target and an impact velocity
of 343 m/s (Figure 138.b) respectively. In this dition, all the petals have been torn off but for a
test at 314 m/s, some petals stayed attached tathet. The phenomenon can be observed post-
mortem on the two faces of the impacted targeureig 138.c and 138.d show clearly the absence of

petals which have been ripped of the rear sidbefdrget.

Fragments (ripped off petals)
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(b)

(c) (d)

Figure 138 - Comparison of the impact mechanisntedren (a) the experimental results at 355 s dfteteginning of
recording, (b) the numerical results (CCH model) 0B mm F7020 aluminum alloy at 343 m/s, (c) thetfsitle of the
impacted target and (d) the rear side of the impddarget
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Figure 139 - Fragmentation of the rear side of th thick target of F7020 aluminum alloy due topkeoration of a
spherical projectile at 436 m/s (a) experiment @ojdsimulation

As a conclusion, the mode of perforation of the Z¥€argets greatly depends on the impact velocity
and on the thickness. Plugging is observed fathalltested conditions. However, petaling can osly b
seen for the thinner cases (2 and 2.5 mm — seed-1@iY). The 3 mm thickness cases show a transition
phenomenon from petaling (féy < 325 m/s) to fragmentation (Figure 138). For the aboveetst

thickness (4 mm) only fragmentation is always obseérand is more and more preponderant (Figure
139).

Figures 140.a and 140.b display the numerical t®s1ding the Johnson-Cook model in the same

conditions than Figures 137 and 138. It can be $m@nthe modes of perforation using JC model is
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clearly different than the ones observed in theedrpental conditions (Figures 137.a and 138.a)
contrary to the ones obtained with simulations gi§i€H model (Figures 137.b and 138.b). Indeed, the
fragmentation starts too early in Figure 140.apials are not ripped off in experimental (FigLB&.a)

and CCH simulation (Figure 137.b) in these condgidConcerning the Figure 140.b, the fragmentation
is much less important than in experimental req#igure 138.a) and CCH simulations (Figure 138.b)
which are very much alike. This is due to a lessegth of formed petals in the JC simulation caused
by an underestimation of the strain at initiatiéfiedure at very high strain rates by the JC mdtekar
sensitivity with the logarithm of the strain rat&€his leads to premature failure in the tested ttoms:
ripped of petals in Figure 140.a and much shoralp in Figure 140.b. Therefore, it can be saad th
the CCH model ability to reproduce the perforatioades is much higher than the JC model in this

case.

={Explicit 6.14-1  Sat Jun 17 18:56:12 Romance Daylight Time 2017

: Step Time = 1.3000E-04
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Figure 140 - Simulation results using Johnson-CBd820 model on at (a) 282 m/s on 2 mm thick tapigte and (b) 343
m/s on 3 mm thick target plate

2. Sintered polyimide

a. Observations of the experimental tests

The different steps of perforation seen from thekbale of the target of sintered polyimide by abkte

ball (hemispherical nose-shaped projectile) aragpeommented in this section.

The sintered polyimide shows a very brittle behagidhe rear side of the target which presentiipes
state of stress due the deflection during the impdterefore, the fragmentation process of theetarg
begins very early (Figure 141.a). Orthoradial ceaafe generated at the opposite side of the imghacte

side (which can be well seen on Figure 141.b).

The propagation of the fragments is caused byribegg released by the crack generation (Figurebl41.
and 141.c). The observed spatial repartition offthgments is caused by the generation of orthatadi
cracks under the loading and the phenomenon craatad cone of fragmentation at the rear sideef th
target. This kind of behaviors (orthoradial craaks! cup cone failure mode) has been well reported i
the literature for brittle polymers subjected ts thind of dynamic solicitation such as PMMA [1B]1
which presents a very different failure behavianhPE [19] or PC [18, 20, 21] (ductile perforation)
However, the PMMA displays a much more brittle bébtia[18] than the sintered polyimide studied in
this work (due to its very high level of chain @diking leading a generalized locking phenomenon

[22, 23]). The velocity of the generated fragmastsigher than the one of the projectile.
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After an important traveling time, the projectiledathe fragments filled an important volume behind

the target (Figure 22.d). The observation of thactenent of large fragments from the target cam als

been noted. This phenomenon might be caused lwydbk propagation due to the target vibration after

the loading, coupled with inertia effect.

Target rear side

t =405us

Beginning of
fragmentation

Frame

Target wedge

Orthoradial
cracks

(b)

Direction of the projectile

t =505us

Fragments generated
during perforation

t=1785us
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(d)
Figure 141 - Pictures of the video recording of gegforation processes of a sintered Pl plate (28 thick) by a 8 mm
diameter ball at 143 m/s at (a) 405 us, (b) 425(ps505 ps and (d) 785 us after the beginningeobrding

b. Comparison with numerical results

Concerning the sintered polyimide, 12 tests hawnlmarried out for the model validation in diffetren
configurations. As previously said for the F70200 parameters have been changed for the tests: the
impact velocity and the target thickness (2 mm2m and 3 mm). The number of experimental impact
tests is limited to 12 due to the complex shaping@ss (Spark Plasma Sintering) which does nowallo
mass production of the studied materials.

i. Residual velocity

As for the F7020 aluminum alloy, the residual vélo®, of the steel ball after target perforation is

recorded. The overall behavior of this materialimtyrthe ball impacts is characterized by a global
fragmentation of the impacted area generatinggelaumber of fragments and the formation of a cup
cone of fragmentation [17, 18].

In this work, due to the specific failure behaviéthe material related to the shaping procesy, tha
modified cooperative [24, 25] suggested modeling 8831) has been implemented for the numerical
simulations (Figure 142). It can be observed thatdecrease of the residual velocity of the progct
with the thickness is limited (a decrease of or%olfor a weight increase of 50%). The results ef th
numerical simulations display a good correlatiotb% of overall error, see Figure 143) with the
experimental data despite the fragmentation peréoranode. The numerical model predicts a behavior
highly nonlinear around the ballistic limit velogity,, (see Table 38) due to the fragmentation
phenomenon which may lead to different scenaridigirange of low impact velocitiés.

229



Table 38 - Ballistic limit velocities according sintered PI modeling for the different tested thiess

Thickness (mm) 2 2.5 3
Vi (M/s) 65 82 92
200
1 Sintered Polyimide
1804 T=293K ,:IE
160 - -8
1 . '.or,g
2. ’ o
140 - R
e "
1 by’
120 ,,i,
Q ), el
E 100- % 30
(£}
~ 80- e
604 w5 :
P B Experimental Data - 2 mm
u N
C8 @ Experimental Data - 2.5 mm
40 1 g /’ @ Experimental Data - 3 mm
1 o /! + O=- ABAQUS Coop - 2 mm
204 & '(55 k 0= ABAQUS Coop - 2.5 mm
1 Je r O= ABAQUS Coop - 3 mm
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Figure 142 - Comparison between the experimentalli®and the numerical results for the sintereduBihg the

cooperative model of the residual velodity
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Figure 143 - Evolution of the error percentage bawéhe experimental data and the cooperative mimtd¢he residual
velocity of the projectile with the thickness of thiget (sintered PI)

ii. Perforation mode and back channel diameter

In the case of the sintered polyimide, one glotraksural mechanism has been observed over thesang

of impact velocities and target thicknesses.

The structural mechanism observed leading to tilaréaof the sintered polyimide target is the
fragmentation around the impacted area [17, 18} ddse exposed in the Figures 144.a and 144.bis a
2.5 mm thick plate impacted by the 8 mm diameteeldiall at 143 m/s. The simulation shows correctly
the fragmentation phenomenon of the rear of thgetaHowever, even if the bigger fragments are well
represented, the average size of the small fragmentot well modeled. This is mainly due to the
method used in the simulation to model the facpirenomenon: element deletion. Indeed, the smaller
the fragments are the more the impact of the elededation around its surface will be (some fragteen

may even disappear due to this method).

Furthermore, some bigger fragments are torn ofgheof the target after the crossing of the ptdgc
This phenomenon can be observed in the experimeadal but is not reproduced in the simulation. This
might be due to some specific experimental boundanglitions which are not taken into account in the
simulation. This phenomenon is also amplified eyeffect of target vibration leading to the detaehtn

of more fragments (due to the extreme brittlené$kseomaterial).
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Fragments detached
after perforation

Fragments detached

during perforation

(b)

Figure 144 - Comparison of the impact overall résidetween (a) the experimental results and (bptheerical results
(suggested model) on a 2.5 mm sintered Pl at 143 m/

Due to the modeling using the element deletion oeth is not relevant to compare the mass or velum
of the fragments between the simulation and theeexental case. Another data has therefore been
chosen to evaluate the global volume of fragmehtsdiameter of the channel at the rear of thestarg
created by the formation of the cup cone of fragiugon [17] (Figure 145.a). The measurement of the
diameter is performed after the reassembling ofrigments detached after the passage of thermll (
represented by the simulation) and in each casendan value of the diameter of the rear hole ®f th
cup cone [17, 18] is taken (10 measurements fdr eapacted plate). The same procedure is done for

the simulated results. The results are shown irfritpere 146.
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(b)

Figure 145 - Sintered PI plate after impact at 186 (3 mm thick) (a) rear side and (b) front side

Two different behaviors can be observed:

- Forthe 2.5 mm and 3 mm thick plates, the diamatdre back channel increases exponentially
with the decrease of the impact velodity

- For the 2 mm thick target, the diameter of the belsk&nnel increases up to arouvil=
140 m/s and then slowly decreases.

It can be seen that the numerical modeling resutisclosed to the experimental data concerning the

rear channel diameter. It can therefore be saitl tthe model efficiently represents the fracture
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phenomena during the perforation of the targetieyprojectile. It reveals a representative modeding
the mechanical behavior of the material. Thereftre assumption which may explain the detachment
of the big fragments after the projectile traveltge to the high sensitivity of the boundary condi

is heightened.
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Figure 146 - Evolution of the back channel diametéh the impact velocity, for the different thicknesses tested and the

correlation with the numerical model

3. Ballistic performances of the monolayer targets

The impact tests previously presented on the mgapltargets of sintered polyimide and F7020
aluminum alloy have allowed the constructioiVpfrersusV, curves for the different tested thicknesses.
However, these curves do not display the ballggidormance regarding the increase of the arealityen
Aq4 with the thickness.

For this purpose, a simple reasoning consideriagrétiation of kinetic energy of the projectile et

and after the perforation of the target is appéiad then normalized with the kinetic energy betaee
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impact. The value obtained is then divided by thtue of the areal densifyy (see Table 39) and
corresponds to the ballistic performaggEq 4.6).

0.5m,,(Vo?-V,?)
0.5m,,Vy* Vp2-V,.2 (4.6)

P = =
’ Aqg AqVy?
The value ofPg is therefore dependent on the impact velogjtyThe results obtained from the

simulations using ABAQUS®/Explicit are shown in Bigs 147.a and 147.b for both materials. The

higher the value df; is, the better the ballistic performance becomes.

Table 39 - Value of areal density of the differamgets

. F7020-2.5
Material F7020 — 2 mm F7020 -3 mm| F7020 -4 mm Pl -2 mm Pl- 2.5 mm Phm
mm
kg
A4 (_2) 5.76 7.2 8.64 11.52 2.76 3.45 4.14
m
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Figure 147 - Evolution of the ballistic performan@gwith the impact velocity of the projectWg for the (a) F7020
aluminum alloy and (b) sintered polyimide

The Figure 147.a shows that the ballistic perforeeanf the F7020 aluminum alloy increases with the
thickness of the target (for a ball impact). THiservation can be interpreted by a change in theda
phenomena leading to the failure of the targetaduenproved stiffness caused by the higher thicknes
which limits the deflection of the impacted plaiéwe failure at the rear side of the target is thozee
delayed with increasing stiffness and the ballipcformance increases. At higher impact velogities

the value of; for the different thicknesses seems to convergeunique value.

However, the behavior of the ballistic performarntdhe sintered polyimide shows a very different
trend (see Figure 147.b). Indeed, it can be seantlle value oPg decreases with increasing target
thickness. This phenomenon can be observed abdvenid Below this impact velocity, the brittle
response of the sintered polyimide under such impadings leads to a transition regimePgfwhich

is difficult to interpret. However, above 110 nits;an be clearly seen that the 3 mm thick targetdn
worse ballistic performance than the two otheeg¢hicknesses. This particular behavior can beethu
by the fact that the mass increase brought by igjieeh thickness is not compensated by the improved
stiffness of the target. Therefore, the ballisgcfprmance decreases over this range of thickitesan

be noted that the behavior of the different thidges converge to a unique value abBgye 180 m/s.
Besides, at 200 m/s, the valuePgffor the sintered Pl is around 0.07 and for theZB7@luminum alloy
around 0.15. It can therefore be said that the 6792bout twice more performant than the sintered

polyimide in case of ball impacts at the testeaeigies.
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D. Application to numerical modeling of

multilayer targets

After the validation of the numerical modeling b&ttwo main materials in impact conditions (F7020
aluminum alloy and sintered polyimide), the numarimodel of the multilayer material can be
performed. This modeling allows to identify the kiimn of the residual velocity of the projectilativ

its impact velocity for different configurations lafyers and to identify the structural phenomeadiley

to the failure of the impacted target.

Unfortunately, some difficulties in material manctizing and provifing did not allow experimental
tests of high velocity impacts on the bilayer cosites. Therefore, only the numerical parametridytu

of different configurations of multilayer compositeas been carried out in this work.
1. Numerical simulation setup

The simulation setup used from the monolayer tarigas$ been slightly modified for multilayer matkyia
impact experiments. The modification has been pewad on the target design which has become a

three layer material with different configuraticetgps (Figure 148):

- A F7020 aluminum alloy layer with the mechanicabgerties used for this material in the
simulations of the monolayer material (and the eissed VUMAT). Its thickness can be 2 mm,
2.5 mm or 3 mm.

- A sintered polyimide layer with the mechanical pdfes used for this material in the
simulations of the monolayer material (and the eissed VUMAT). Its thickness can be 2 mm,
2.5 mm or 3 mm (as for the F7020 aluminum alloyety

- An epoxy resin layer of 0.5 mm with the mechanipadperties used for this material and

determined during this work as well as the assedistUMAT.

A tie condition is intrinsically assumed betweertledayer (F7020/epoxy resin and epoxy resin/Pl)

(Figure 148.a). Any failure in the joint is theredopiloted by the mechanical behavior of the epoxy
resin.
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Sintered Polyimide

F7020
Epoxy Resin

)
"

(b)
Figure 148 - Numerical setup used for the multitageget (a) topologic modeling and (b) mesh
The impacted multilayer material can have différeonfigurations: different combinations of layer
thicknesses of F7020 aluminum alloy and sinterdgipdade or their relative position (front side aar
side).

It can be noted that ABAQUS does not allow theafsseveral subroutines at the same time. Therefore,
a master subroutine is used. This master subroatilyechecks the material defined for each element
and then calls the appropriate VUMAT subroutinevjated.

238



A notation system is used: X1_T1/X2_T2 with X1 thaterial at the impacted side and X2 the material
at the rear side (F7020 or PI) and T1 and T2 tiesipective thicknesses. The thickness of epoxwy resi

is always 0.5 mm and is located between X1 and X2.

2. Numerical modeling according to different multilaye

configurations

a. Bilayer configurations

The bilayer configurations consist into a layer F6f020 aluminum alloy and a layer of sintered
polyimide stacked together. Several parameterdeadjusted such as the thickness of each layer and
the respective position in the target (rear or tfreides). The following work presents the ballistic
response of such bilayer materials over a widegaigmpact velocities (from ballistic limit veldgi

to 400 m/s).

i.  Frontside — F7020 aluminum alloy

The thickness of the complete composite targetSavtim for all simulated configurations (including
the epoxy resin layer). In these cases, the F7@8irum alloy is set on the impacted front sidehef
target. The typical behavior of such target unddrimpact loading can be observed on the Figug 14

Large polymer fragments are ripped of the rear sfdde target and small aluminum fragments also

propelled.
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Figure 149 - Typical behavior of F7020_X/Pl_Y béayargets (in this case F7020_3/Pl_2 impacted%i &h/s)
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In order to compare the influence of the matergdilisne ratio on the mechanical behavior of the leifay
target composite (F7020 at the front side), sinuhatross sections of each studied case (F7020_2/PI
F7020_2.5/P1_2.5 and F7020_3/PI_2) are observeldtdify the different phenomena occurring during
the perforation (Figure 150). In each case, theazhpelocity of the steel ball projectile is 300srahd

the shown data corresponds to the normalized Misess.

F7020_2/P1_3

F7020_2.5/P|_2.5
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F7020_3/Pl_2

Figure 150 - Evolution of the simulated perforasdoy a steel ball projectile at 300 m/s of (a) FG02/P1_3, (b)
F7020_2.5/P1_2.5 and (c) F7020_3/PI_2 bilayer tasge

On the Figure 150, one can see the different stepsrforation of the different F7020_X/P1_Y bilaye
composite targets. For each target configuratiom,perforation is shown at three different stattes,
order being from bottom to top. For each casebéievior of the target consists into a relativelgtde
perforation of the impacted F7020 layer. The migetddlyer is fragmented for the all cases but larger
fragments are created for the configuration udieghickest F7020 layer (Figure 150.c). The deitbact

of the F7020 layer leads to the premature faildrthe sintered polyimide rear layer even before the
projectile becomes in contact with it. Then, theaagtement of the projectile activates a delaminatio
phenomenon of the sintered polyimide with the ep@sm. This is due to the high elastic strain eang
of the polymer which allows a high deformation lo¢ fpolyimide before the failure of the delaminated
sections as it can be seen for all the presentefijcoations. Large fragments of sintered polyiméde
then propelled with small fragments of F7020 alumimnalloys (except for Figure 150.c due to the

thickness of the metallic layer).

The impact velocity versus residual velocity curi@seach configuration are displayed on Figured51
It can be seen that the mechanical response dghthet under the impact loading decreases with the
amount of sintered polyimide. Indeed, the relativielgh mechanical resistance of the polymer layer

prevents the metallic layer from deforming as ie thonolayer case. Therefore, the projectile is
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decelerated over a smaller distance than if thallielayer was used alone. The area of intereth®f
sintered polyimide layer being already highly dasdighe impact of this last on the deceleratiothef
projectile during its perforation is negligible. i§hexplains the lower ballistic performance of the
different bilayer composite targets than the mahmiF7020_3 case (see Figure 151.b). Besideanit c

be observed that the valuesPgfdo not evolve a lot with the volume ratio of shei@ polyimide (40%,

50% and 60%) and stay close to the one of the palynonolayer case.
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Figure 151 - Evolution of (a) the simulated resitlvelocity of the projectile and (b) of the baliisperformance with the
impact velocity for the different F7020_X/PIl_Y aliosomposite target configurations

ii. Front side — Sintered polyimide

The thickness of the complete composite targetSasn for all simulated configurations (including
the epoxy resin layer). In these cases, the sohgeotyimide is set on the impacted front side @& th
target. The typical behavior of such target unadrimpact loading can be observed on the Figué 15
The only fragments observed come from the brité¢als which have been ripped off the F7020
aluminum alloy at the rear side of the target. Harab sintered polyimide fragments from the target

front side are observed through the simulations.
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Pl_2.5/F7020_2.5

PI_3/F7020_2

(c)

Figure 153 - Evolution of the simulated perforasdoy a steel ball projectile at 300 m/s of (a) FE7Z020_3, (b)
P1_2.5/F7020_2.5 and (c) PI_3/F7020_2 bilayer tasye

In order to compare the influence of the matergdiline ratio on the mechanical behavior of the leifay
target composite (sintered polyimide at the frade)y simulation cross sections of each studieésas
(P1_2/F7020_3, PI_2.5/F7020_2.5 and PI_3/F7020re2pbserved to identify the different phenomena
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occurring during the perforation (Figure 153). &tk case, the impact velocity of the steel baligutile

is 300 m/s and the shown data corresponds to ttmeatiaed Mises stress.

On the Figure 153, one can see the different sieperforation of the different PI_X/F702_Y bilayer
composite targets. For each target configuratiom,perforation is shown at three different stattes,
order being from bottom to top. The mechanismseofqpation of the sintered polyimide layer is samnil
for the three simulated configurations. Indeed,High brittleness of the material leads to an ingoar
erosion of the element composing the polymer flaygr. The deceleration of the projectile caused by
this layer is not very significant due to the rislalty high impact velocity. Meanwhile, the deflemti of

the rear F7020 aluminum alloy is negligible andibe@nly when the projectile comes in contact. The
mechanisms of failure of the rear layer startsiarglightly different for each case. Indeed, thiekér

the layer is, the more the damaged zone becomeotvia(Figure 153.a) and the number of fragments
increases. Indeed, the last steps of perforatigpiaijed for the each case show different behafvimm

few propelled fragments (Figure 34.c) up to a doakripped off petals (Figure 153.a). The Figure

153.b consists into an intermediate state betweeiwo others studied in this work.

The impact velocity versus residual velocity curi@sach configuration are displayed on Figure. 454
Like the cases involving the F7020 front side layiecan be seen that the mechanical responsesof th
target under the impact loading decreases witlatheunt of sintered polyimide. However, this trends
is due to a different reason. Indeed, for the gumfitions involving the sintered polyimide layeitiat
impacted side, this last cannot slow down signifiathe projectile for such impact velocities and
therefore, its influence is negligible. For instanatV, = 300 m/s, the residual velocity of the
projectile in the case of PI_3W¥s = 267 m/s which is around 60% more than fiig of the 2 mm thick
F7020 rear layer. Besides, the presence of themetllic layer prevents any deflection of the pady
layer, reducing even more its performance. Thisaémp the lower ballistic performance of the diffiet
bilayer composite targets than the monolithic F7(08ase (see Figure 154.b). Besides, it can be
observed that the values Bf do not evolve a lot with the volume ratio of shei# polyimide (40%,
50% and 60%) and stay close to the one of the mmymonolayer case. The PI_3/F7020 2
configuration is even significantly less efficiehan the P1_3 monolayer target. It can also bechibtat

the ballistic performances of the PI_X/F7020_Y dgmfations are slightly lower than the
F7020_X/PL_Y configurations.
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Figure 154 - Evolution of (a) the simulated resitlvelocity of the projectile and (b) of the baliisperformance with the
impact velocity for the different PI_X/F7020_Y aliosomposite target configurations

247



iii.  Variation of the overall thickness (ratio F7020/PI=1)

After the study of the influence of the impactedtenial, the influence of the overall thickness loé t
bilayer target is studied through ABAQUS®/Expligtmulation. In this study, the same layer
thicknesses for the two materials are considered.addition to the F7020 2.5/PI 2.5 and
P1_2.5/F7020_2.5 cases already studied in the quegections, the results for four other configarest
are shown here: PI_2/F7020_2, F7020_2/PI_2, P102®-73 and F7020_3/PI_3.

In order to compare the influence of the overaltkhess on the mechanical behavior of the bilayer
target composite, simulation cross sections of estcidied case (PI_2/F7020_2, F7020_2/P1_2,
PI_3/F7020_3 and F7020_3/Pl_3) are observed tdifgehe different phenomena occurring during
the perforation (Figure 155). In each case, theaghpelocity of the steel ball projectile is 300srahd

the shown data corresponds to the normalized Misess.

Pl_2/F7020 2

F7020_2/PI_2
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PI_3/F7020_3

F7020_3/PI_3
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(d)

Figure 155 - Evolution of the simulated perforatdmy a steel ball projectile at 300 m/s of (a) FEZ020_2, (b)
F7020_2/PI_2, (c) PI_3/F7020_3 and (d) F7020_3/Ptilayer targets

The comparison of the perforation mechanisms betwbe configurations Pl_2/F7020_2 (Figure
155.a) and P1_3/F7020_3 (Figure 155.c) revealsagmenon which has been observed in the previous
section: the thicker the F7020 aluminum alloy deger is, the higher the fragmentation phenomenon
of this last becomes. The PI_2.5/F7020 2.5 condinm (Figure 153.b) can also be observed as an
intermediate state.

Concerning the F7020_2/PI_2 (Figure 155.b) and 67821_3 (Figure 155.d), the same perforation
phenomena than for the F7020_X/PI_Y (Figure 15@)diserved. However, a clear difference between
the different configurations can be observed (iditig the F7020_2.5/PI_2.5 case): the increaseeof th
fragmentation cup cone diameter of the sintereglimidle rear layer with the overall thickness of the
target. This is due to the coupled increase ofiballic front layer thickness for which the deflen
zone is wider for the thickest case (Figure 155.d).

The difference of mechanical response betweenlth¢/IP_7020_X and F7020_X/P1_X bilayer targets
can be seen on the Figure 156.a. For each ovhieliness, the one with the F7020 aluminum alloy
layer as front layer presents slightly better penfance. It can also be noted that the gap of padoce
between the two configurations decreases with @sing overall thickness (it nearly disappears betwe
F7020_3/PI_3 and PI_3/F7020_3). However, the Ialigerformancéy of all the studied cases stays
lower than the one of the monolithic F7020_3 case tb the different characteristic structural
phenomena discussed in the previous sections.dndseoon as, a sintered polyimide layer is irsalv

the value oz becomes close to the one of PI_3 alone (Figuren)l 56
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Figure 156 - Evolution of (a) the simulated resitlvelocity of the projectile and (b) of the baliisperformance with the
impact velocity for the different considered conitgomrget configurations
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E.CONCLUSION OF THE CHAPTER

In this chapter, the analytical constitutive moeepressions developed in the previous sectionef th
manuscript have been implemented in the form of \AJMsubroutine in FORTRAN code for
ABAQUS®/Explicit. The validations of the individuatodel (sintered polyimide and F7020 aluminum
alloy) have been carried out through high velotitpact experiments of steel ball projectile on king

layer targets up to around 450 m/s.

The CCH model has been confronted to the well-knd@hmson-Cook model (and its associated failure
model). The simulation results have revealed aebettrrelation with the experimental results of the
CCH model than the JC model concerning the evanaif the residual velocity of the projectile and
the plug velocity according to the impact velocitie validation has been performed over a widegang
of impact velocities (from 250 m/s to 450 m/s) #mdknesses (for 2 mm, 2.5 mm, 3 mm and 4 mm).The
suggested model also shows a much better abilityadel the fragmentation of the F7020 aluminum
alloy targets under such impact loadings. A noreealiabsorbed kinematic energy criterion taking into
account the areal density of the targets has bseth to compare the ballistic performance for déifier
thicknesses. It allows to see that the resistaftleoF7020 aluminum targets to the impact increase

with its thickness.

Concerning the impact on the sintered polyimidgdts, the model suggested in this work has been
successfully validated in the same conditions agi® F7020 aluminum alloy (from 90 m/s to 200 m/s
and for 2 mm, 2.5 mm and 3 mm thick targets). Tlagrhentation phenomenon of the highly brittle
polymer is nicely modeled and the low sensitivifytlee residual velocity of the projectile with the
increase of the target thickness is well represkiitdias been shown that the ballistic performasfce
the sintered polyimide decreases slightly with éasing thickness. This means that the increase of

material stiffness is not enough to compensatedtease in areal density.

The validation of the numerical of each individaahstitutive model has led to the constructionhef t
numerical model of different configurations of lyiéa materials. The two involved main layers comssist
into the sintered polyimide and the F7020 alumiraliloy. These two materials are assembled using the
epoxy resin. Unfortunately, some difficulties in texdal manufacturing and providing did not allow
experimental tests of high velocity impacts on ltilayer composites. Therefore, only the parametric
study of different configurations of multilayer cposites has been carried out in this work. The
attention has therefore be centered on the nunhenigdeling of such composite through a parametric
numerical study. Three parameters have been mddfiethe bilayer materials: the material in front
side, the volume ratio of each material and theall/thickness of the target. In order, to comphes

numerical results between materials presentingedifft areal density, the criterion to evaluate the
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ballistic performance of the different configuratsohas been used. This method allows to see that al
bilayer materials have a ballistic performance elwsthe one of the sintered polyimide alone wisch
below the one of the monolithic F7020 targets. Soehavior can be explained by the fact that the
sintered polyimide layer is far too brittle to rige ballistic performance with increasing thickses
Indeed, in front layer, the impact velocities aae foo high for such material and its deflection is
completely prevented by the F7020 rear layer timagihg greatly its influence on the projectile. As
rear layer, the sintered polyimide is rapidly fraanted by the deflection of the F7020 front layed an
its influence on the projectile during its prefotina becomes negligible. Moreover, the presenchef
sintered polyimide as rear layer prevents partiddg/ deflection of the F7020 front layer. The Isdilt
performance of the overall bilayer composite becotherefore lower than the one of the monolayer
F7020_3 targets. It can also be noted that balltirformances of the target presenting the F7020

aluminum alloy in front layer are slightly better.

As it has be shown in this chapter, the high lerttiss of the sintered polyimide is the main drawbac
of the studied multilayer composite. The increasi® ductility of the sintered polyimide by delagi
the intergranular the failure between the powdaimgrwould be an interesting way of improvement of
such material. The simulation and experimentablaion with three or more layers is also an intangs

aspect of investigation toward the developmenuchsadvanced multilayer materials for protection.
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The results and discussions presented in this mepuare the result of a three years of work ati$L
institute and ICube laboratory. The aim of the gtwdas to develop a numerical model of a
polymer/metal multilayer composite designed forhtigeight structures submitted to extreme
conditions. Both main materials (F7020 aluminumyalnd amorphous thermoplastic polyimide) have
been sintered using Spark Plasma Sintering pratett® ISL. The different layers of the composite
have been assembled using an epoxy resin whiclaleasbeen mechanically characterized. Impact
loading involves generally high strain rates andhhtemperatures due to adiabatic heating. No
occurrence of a numerical modeling involving thisckof materials has been found in the literatumg a

more particularly concerning the dynamic charaz&tivon and modeling of a sintered polymer.

The mechanical characterization of the differentamals involved in this work (F7020 aluminum alloy
sintered polyimide and epoxy resin) has revealegrsé different constitutive behaviors until the
failure. The sintered materials can be studied thvee different scales which are the macroscagiles
(sample size), the mesoscopic scale (powder gsaale) and microscopic-nanoscopic scale (crystal fo

metals and chains for the polymers).

- The strain mechanisms concerning the studied r{lef@20) are complex due to its particular
microstructure which is highly non-linear temperatawlependent. Besides, the FCC lattice
structure of the dominant aluminum matrix preselifterent non-linear strain rate sensitivities
for its yield stress (effective stress) and itgistthardening (internal stress). Concerning the
failure behavior, the observed behavior is vercijpao sintered material. Indeed, in the cases
of positive triaxialities (e.g. tension), the faiuis caused by decohesion of powder grains
(intergranular failure) causing a quasi-brittle &ebr. For the negative triaxiality cases (e.g.
shear-compression), the failure is caused by shielaling of the powder grains (intergranular
failure). For this purpose, the temperature arairstate sensitivities of failure phenomena have
been carried out using shear-compression testetAad to experimentally determine the value
of the Taylor-Quinney coefficient with the straiof fnaterial with negligible elastic work) has
been presented in this manuscript.

- Concerning the sintered polyimide, the strain magdms are controlled by the chain
displacement and not by the dislocations. The ya&lelss, defining the global level of stress of
the polymer, presents important temperature aathstate dependencies and is very important
for an unfilled polymerd,~250 MPa in dynamic condition). The hyperelasticity behahas
been as well studied in this work with the deperdenof the rubber modulus to the thermal
conditions and deformation rate. The failure bebiaid very close to the one observed for the
F7020 aluminum alloy: intergranular failure of h@vder grains for positive stress triaxialities
(e.g. tension) and yielding of these last in cdssegative triaxialities (e.g. compression). The
failure is governed at a different scale in comgaariof the deformation mechanisms.

- However, the tests have revealed a much more signifbrittleness of the sintered polyimide.
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The epoxy resin, which used to assemble the F7@2@irum alloy and the sintered polyimide
layers in this work, presents a relatively low t@mgiure of glass transitiofi = 333 K) and

the transition between glassy and rubber statesashed during dynamic conditions due to
adiabatic heating. Therefore, the mechanical respohthis material is very different regarding
the strain rate involved. As for the sintered poligie, the dependencies to temperature and
deformation rate of the yield stress and hypereiasphenomena have been highlighted trough
experimental tests and are much important the deetified for the polyimide. The failure
mechanisms are also very different. Indeed, theyepesin has not been sintered and presents
only failure created by crack propagation (in tensktnd compression). It can be noted that the
epoxy resin is more ductile than the polyimideeingion but becomes quickly more brittle than
this one in compression when the strain rate irs@&éabove 0.1 /s). This is due to the fact that
the epoxy resin is a thermoset polymer presentimgra high level of chain cross-linking and

is very sensitive to the locking phenomenon leadinipe failure of the chain structure.

Once the experimental data have been collectedranghenomena responsible of the deformation
mechanism of each material have been identifiedstudied, the mechanical constitutive modeling has
been achieved. For this purpose, a new approaatelgtically model the complex and highly nonlinear
thermally dependent stress response of metallienats has been suggested: the Crystallo-Calorific
Hardening approach (for FCC metals in this caskg dpproach is based on the classic separation of
the overall stress response in athermal and thepard$. The thermal part is itself divided into an
effective stress (yield stress) and internal st(essictural strain hardening). The main contribnuiti
which can be found in the CCH approach is the @#geacalorific ratio. It allows the modeling ofghily
nonlinear temperature sensitivities due to micuastire changes such as dissolution softening and/or
precipitation hardening. The ability of the modelbe easily adaptable to any type of metals just by
changing the expression representative of a phemamis also an important asset of the suggested
constitutive model. The obtained analytical expmssan therefore be very complex or very simple

according to the desired level of accuracy.

Concerning the two polymer materials, the conswéuimodeling has been developed around the
cooperative model describing the sensitivitieshaf yield stress to the temperature and the stadén r
However, this expression alone is not sufficientatike into account the whole strain behavior of the
polymer. Therefore, a unified analytical expresdiaking into account the yield stress (cooperative
model), the hyperelasticity (Gent model) and theaistsoftening (phenomenological expression) is
suggested in this work to model the stress respohbeth polymers. The model has the ability to fit
accurately the mechanical behavior of two veryaddht polymers and over wide ranges of temperatures

and strain rates.
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Concerning the constitutive modeling of failure pbmena, the same approach has been used for the
three materials: the development of a multiplicagxpression modeling the value of the plastidrstra
at initiation of failure. This expression is depentto the temperature, the strain rate and the efa
stress. For each material, different expressiong eeen used in order to take into account more
accurately the observed behaviors. For instaneegploxy resin shows a strongly triaxiality-straater
coupled response of its plastic strain at initiatad failure. Concerning the F7020 aluminum alliyy,
evolution with the temperature can be modeled ushey calorific ratio over a wide range of
temperatures (with the same parameters identifiethé stress). The triaxiality sensitivity of thettle

and quasi-brittle materials (sintered polyimide &7@20 aluminum alloy) has been taken into account
with a suggested expression which allows to makedifference of mechanical responses between
negative and positive stress triaxialities. Finatlye damage evolution between the plastic strain a
initiation of failure and the strain at ultimatélfae has been modeled considering the energy hedor

by the material during this range of strains (neaéro in case of brittle failure).

After the determination of all the model paramet#re analytical expressions have been implemented
in a VUMAT subroutine in FORTRAN code for ABAQUS®xRlicit. The validation of the numerical
model has been firstly performed through compasgsatith experimental results of high velocity
impacts of a steel ball on monolayer materials go7@uminum alloy and sintered polyimide). In each
case, the suggested models where able to accurafaysent the residual velocity and the fracture
profile modes due to the perforation. ConcernirggR020 aluminum alloy, the velocity of the ejected
plug has also been compared with the numerical mttdesulted that the suggested CCH model has a
better accuracy than the widely broad used Joh@smk model. The failure profile of the channel is
also more precisely reproduced when using the CGHemn The sintered polyimide presents a mode of
perforation by fragmentation. Therefore, the coriguer with the simulation of the fracture profilesha
been performed on the fragmentation cup at the giglar of the target. Unfortunately, difficulties in
material providing did not allow experimental testdigh velocity impacts on the bilayer composites
Therefore, only the parametric study of differenhfigurations of multilayer composites has been
carried out in this work.

The numerical results on the bilayer compositestshown that the high brittleness of the sintered
polyimide leads to a loss a ballistic performantthe protective material whatever are the thickess
of the layers. The increase of the ductility of Huetered polyimide by delaying the intergranulae t
failure between the powder grains would be an &stiang way of improvement of such material. The
simulation and experimental validation with three ngore layers is also an interesting aspect of

investigation toward the development of such adedmaultilayer materials for protection.

To go further in the project, it is mandatory togeged to the experimental validation of the nunadric

model of impact on the multilayer material for s@eonfigurations (for each condition) and it weul
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be interesting to perform additional tests for ti@nolayer targets. Besides, the presented womklys o
about impacts of spherical steel projectile on tiairgets. Therefore, the parameters to modify for a

wider validation could be:

- The thickness of the targets (monolayer and my#il@argets)

- The relative position of the layer (e.g. sinteretyimide on the front side)
- The shape of the projectile (conical, ogival anchbkhaped projectile)

- The velocity of the projectile (very high velocije

- The number of layers (more than two layers suchl/&d/Al)

- The type of solicitation (e.g. bullets shot withamgle, blast solicitation ...)

Many other aspects of the work can be brought éuruch as the characterization of the sintered
polyimide above its temperature of glass transitothe implementation of the Lode parameter in the
failure constitutive model by performing experimantests in other conditions of state of stress
(Butterfly specimen or punching tests). The SEMtinee profile can be analyzed in a quantitative way

in order to develop specific intergranular modelailure for sintered materials.
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APPENDIX A — DETERMINATION METHOD OF THE TAYLOR-QUI NNEY COEFFICIENT

This appendix aims to describe the measurementotietbed in this work to determine the evolution
of the Taylor-Quinney coefficient during a dynardeformation. The present method does not require
the measure of the temperature of the sample.dagsed on the difference of mechanical behavior

between adiabatic and isothermal conditions (déffee in energy absorption).

The isothermal dynamical test has to be perfornhéitbasame strain rate as the adiabatic test. Tarob
the isothermal state, repeated tests at smalhsti@ie done on the same sample in order to avoid

adiabatic heating. These tests are then proceasseinbled and smoothed to get the usable isothermal
stress-strain curve (Figure 157).
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Figure 157 - Isothermal and adiabatic experimerttak stress vs true strain curves

Once the experimental data have been obtained, Hwoecal considerations have to be taken into
account to compute the Taylor-Quinney coefficiébmthe case of metallic materials, the decompasitio
of the overall stress into athermal and thermatisgaais to be firstly considered.

G(EP’ ép' T) = Gathermal(sp) + Gthermal(sp; ép, T)

The thermal stress is also composed of the effegtiield stress) and internal stresses (hardefing)
3].

Othermal (Sp: ép: T) = Oeffective (ép: T) + Ointernal (Sp: ép: T)

The computation of the evolution of the Taylor-Qwey coefficient with the strain needs the
introduction of the notion of calorific potentigldefining the energetic evolution of a medium subedi

to a thermal transformation from a temperaty¢o a temperaturg,.
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p =p(DCp (T)(T;-To)

With p the density of the material adg its specific heat. The value of the calorific ptal p, from

a reference temperatufg.s to another temperatuilg,; by external heating is:

Po = pOCpo (Text~Tref)

During an adiabatic deformation, the elevationesfiperature of the medium is calculated by using the

following relation:

X
T= TeXt+Ef0d€p

With x the Taylor-Quinney coefficient. And the new vabfeahe calorific potential during the strain is

therefore:

p=X f odep, + po = pCp(T-Texe) + Po

Furthermore, a maximal calorific potential can leéirced at the melting temperature of the matetial a

which it cannot absorb more thermal energy.
Pmax = pfcpf(Tf'TeXt) + Po
It is now possible to define the ratio of the cdiopotential as follow:

p _ pCp (T 'Text) + pOCpo (Text'Tref) _ X f Gdsp + pOCpo (Text'Tref)
Pmax pfcpf(Tf'TeXt) + pOCpo (Text'Tref) pfcpf(Tf'TeXt) + pOCpo (Text'Tref)

And the adiabatic calorific ratify,; as:

) p(T)Cp (T) (T 'Text) + pOCpo (Text'Tref)

“ pfcpf(Tf'Text) + pOCpo (Text'Tref)

The Taylor-Quinney coefficient corresponds to ttaetion of plastic work which is converted into hea
during the deformation and involved in the evolotaf the whole thermal plastic stress. The adiabati

and isothermal states can be linked by using tiebatic calorific ratio.
Othagia (SP' ‘é'p’ T) = Othjsp (Sp' ép' T) fcal (T)

Oth,gia 1 Xf Gthadiadsp + pOCpO (Text'Tref)
Othjs, pfcpf(Tf'Text) + pOCpO (Text'Tref)

If Text = Trer, the case becomes simpler and the Taylor-Quinaefficient can be computed as:
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Gtha ia
(1' ﬁ) PeCp (TrText)

iso

f Gthadiadsp

X(Sp) =

And in the cases whetk,; # T..f, the general expression is:

otha ia
pfcpf(Tf'Text)' Gth-d (pfcpf(Tf'Text) + pOCpo (Text'Tref)>

p— 1SO
thagia “©p
1.2
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Figure 158 - Evolution of the Taylor-Quinney caaéfint with the strain according to different methods

The evolution of the Taylor-Quinney coefficient wihe strain follows a similar trend (see Figur8)15
by using the suggested method and the method ysed\wichandran on the AA2024-T3 [4] but which
involves temperature measurement during the testhé&more, the suggested method is closer to the

theoretical computed value [3].

The smoothed curve of the raw computation is obththrough the Matlab® smooth function and using
the ‘rloess’ option. This option consists into Aust local regression using weighted | inear Isgsares
and 2nd degree polynomial model. It also assignedoveight to outliers in the regression and zero

weight to data outside six mean absolute deviations
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APPENDIX B — TECHNICAL DRAWINGS OF SAMPLES

20 \ ‘ 24

Figure 159 - Tensile specimen for F7020 aluminuloyalepoxy resin and sintered polyimide
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Figure 160 - Flexural notched sample for epoxymnesi
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Figure 161 - Compression samples for F7020 alumiatllay, epoxy resin and sintered polyimide

Table 40 - Dimension of compression samples acagrai materials and tests

Test Quasi-static SHPB Direct Impact
ests
H (mm) D (mm) H (mm) D (mm) H (mm) D (mm)
4 8
F7020 6 6 1 5
3 6
Epoxy Resin 10 10 10 1 5
Sintered Polyimide 6 6 4 8 1 5
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Figure 162 — Shear-compression samples for F70a@thedum alloy

Table 41 - Dimension of shear-compression samged tor F7020 aluminum alloy

D = 10mm andr = 0.75mm

t (mm) )
0.6 45° 30° 20° 10°
1.6 45°
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APPENDIX C — JOHNSON-COOK PARAMETERS F7020

Stress behavior

c(sp, ép,T) = (A + Bsp“) (1 + Cln(

z_l(j)) <1 <T1T;r)m>

Material | A (MPa) | B (MPa) n(-) C() m@-) | & (/s) | T (K) | Ty (K)
F7020 260 278.9 0.2659 0.01929 0.915 0.001 293 940
Damage initiation
€ T-T,
eb(ep &p T) = (dy + dpe¥s™) (1 +d4In (S—p)) (1 +ds ; )
0 m-r
Material | d; (-) dz (-) ds (-) dy () ds (-) | & (/s) | Tr (K) | Ty (K)
F7020 0.0459| 0.06506 -4.586 0.02y 2.71 0.026 203 0 %4
CCH-FCC SIMPLIFIED EXPRESSION — PARAMETERS F7020
E n m
1) = (o (&) o me () +v (2))| (o)
cr(sp,sp,T) = Y<1 @T, In <ép>> + Bv1-e™p <1 + 1y In ;. +v : 1 TT,
Y (MPa) ¢ () B (MPa) k(-) MO v(-)
260 1.9186e-5 232.7 6.042 -0.00345p 0.00008508
Ny (') m (') ér (/S) Tr (K) Tm (K) /
0.4889 1.307 0.0001 293 940 /
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APPENDIX D — VISCOUS DRAG PHENOMENON

Viscous drag effect is present in all conditionswéin rates — dislocation velocity — and tempeat
(except at OK). It is caused by various mechaniatmthe nanometric level and are experimentally
predominant (in metals) in dynamical conditionsofa1.000 /s). At the macroscopic level, the viscou

drag effect results in a very strong strain ratessizity of the stress.

The mechanisms responsible of viscous drag caedieas Newtonian drag forces per unit length of a

moving dislocatiortgb and is given by:
tgb = Bv
With B the net drag coefficient ardthe dislocation velocity.

The net drag coefficier is the sum of each drag coefficient of the diffen@mechanisms involved in
the viscous drag effect such as electron scattegimg) viscosity (only in electronic conductors),
thermoelastic damping effect (generally negligilaieyl phonons scattering and viscosity. In Physics,
phonon is a quantum of vibration energy of a ctiystasolid.

The mechanisms related to phonons (and electrongh# electronic conductors) are the most
predominant ones in metallic materials and moreifpally viscosity factors which are around ten

times greater than scattering.

Physically, phonons viscosity is caused by the amgation of the different frequency modes of the
phonons when they are crossed by a dislocatiorhagher strain rate. The augmentation of modes of
frequencies of the phonon leads to an increasaafyg the crystalline solid and therefore the lafel

stress required for a dislocation to pass throughgments. The phonon scattering phenomenon tensis

in a momentum transfer between dislocations and@i®leading to a drag effect.

The influence of the electrons also causes (irtr@leic conductors) viscosity and scattering effette
viscosity effect comes from the momentum transfanfelectrons to phonons caused by the strain field
This phenomenon leads to a rise of the mode oftidons of the phonons and a high heat dissipation
which is strongly dependent on the electrical tegig. This phenomenon is called, at the macrogcop
level, the adiabatic heating effect. Electron seaty is similar to phonon scattering at the exioept
that it is athermal. Momentum transfer between phsrand electrons are always present amplifying

the heat dissipation phenomenon even in noncondoettals.
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APPENDIX E — MODEL PARAMETERS FOR THE AA7020-T651 ALUMINUM ALLOY

The parameters of the constitutive models usetienFigure 11 for the AA7020-T651 have all been
determined in this work and are gathered in thiesabbelow:

Johnson-Cook

o= (A+Bg") (1 +C IOgi_I;) (1_ (ﬂ) )

Tm'Tr
A (MPa) B (MPa) n C m T (K) &g (/s)
400 136.9 0.2015 0.01506 1.036 293 0.001

Molinari-Clifton
N m v
_ €p T
O = Oogp” (g) (T_O)
oo (MPa) n m \Y Ty (K) &y (/9)
533.2 0.03931 0.01363 -0.9356 293 0.001

Zerilli-Armstrong

0 = 0, 4 ByVePe (@ Ine)T

o, (MPa) B, (MPa) n ag ay
400 1777 0.2163 0.01 0.0002809

Rusinek-Klepaczko

E(T) .
o= E, (Gu +o )

o, = Y

{ ,
. & m
O'*(Sp’ ép’ T) = B(ép’ T)Epn(EP'T) [1_D1 lln <81:nax>]

\ Tm

€p
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A

T fmax)
B(¢,, T) = By <ﬁln ‘;“”‘>

p
T £
n(¢,, T) =n (1-D —1n<_ P ))
\ ( P ) 0 sz €min
Y (MPa) B, (MPa) D1 D2 m \Y
400 270.3 0.1109 0.01 6.38 -0.1
Ng Tm (K) 9* émin (/S) E':max (/S) EO (GPa)
0.2029 898 0.9 10 107 75
Mechanical Threshold Stress
. . . E(T)
c(sp, sp,T) =0, + (cs(sp, sp,T)Sg(sp, sp,T) + O'i) _Eo
T * Tm
E(T) = E, [1-—ee (1'T)]
T
) 1
o) T
= - n -—
° gosllb3 Sp
. dos(sp, €p) T)
0(ep, &p, T) = d—sp =0 [1-F(X)]
9 == 90 + ellnép + ezsp
F(X) = 0-0,4
Ogs~0y
1 <ésso> _ p-b3gsso (Gss)
n|— = In
€p kT Ogso
(0P (MPa) Oj (Mpa) Oeso (Mpa) 8ose 8oss Pe de 2 (GPa)
24.8 398 280 1 0.2 2/3 1 27
b (nm) 0" T (K) Eg0 (IS) | £&es0 (/S) | 0y (MPa) | 8, (MPa) | 6, (MPa)
0.286 0.9 898 10° 108 3525 14 0.044
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APPENDIX F — VUMAT ALGORITHM

If ;, = 0 and element exists

If.‘:‘].,ﬂ_‘ =0

Ifspn =10

Compute straln rate
Usinig the striin tevictor

Compute initial flow stress

9y,

n
Ey3SvrEgdid

Ci strain rate

Using the stroin devivtor

Update flow stress o, -
Eg 35 or EqQ3.33

Update temperature

JEIRL.

To=Toitx
N Ay

o,y =1

Compurte equivalent plastic
strain at fallure
£y 342

D, 4 <1

L}

‘Compute principol stresses
@, &y ond aypp

Compute von Mises equivalent
Stress myy

Compute stress trioxiality o

If Gy, = ay

LUpdate equivalent plastic strain &, o 1o linear
R LN |+ =volution of the siress
S fetwean two steps

Campute demage parameter

D,

L]
Compute equivalent stress
including D
T, =y (1-D,]

x

Upderte stress component
tensar

Update specific internal energy
{fer stability check purpase)

Upgrate time

Update the dissipated inelastic
sperific energy

Lney = Ly + 88

Delete alement
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I o Charles FRANCART iCUBE

~ Experimental and numerical

study of the mechanical
behavior of metal/polymer
multilayer composite for
ballistic protection

TS

Résumeé

L'étude présentée porte sur le développement d'odéhe numérique destiné a évaluer les performarces

balistiques d'une structure multicouche polymergain&ittée par procédé SPS. Les matériaux son
alliage d’aluminium 7020 et un polyimide thermopigse amorphe qui sont ensuite assemblés ave(
résine epoxy. Le comportement mécanique de ces rimatériaux a été étudié sur de larges gamme
vitesses de déformations (de 0.0001 /s a 50.00&t &3 températures (de -70°C a 500°C) correspor
aux conditions extrémes rencontrées lors d'impadtsutes vitesses. Afin d’améliorer la précision
résultats, des approches analytiques ont été gipéss autant pour la modélisation du métal que qeler
les polymeres. Aprés la calibration des modélesdeeniers ont été implémenté dans ABAQUS®/Exp
(éléments finis) via des subroutines VUMAT en c6@RTRAN. Des essais d'impacts de billes a ha
vitesses ont été réalisés sur des cibles monocsyche valider les modéles numériques. De nombse
configurations de composites multicouches ont ea®ié étudiées numériquement et leurs performa
balistiques ont été comparées.

Comportement mécanique ; balistique ; VUMAT ; mas#dlon ; polymere ; métaux
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Abstract

The present study deals with the development afraemical model to evaluate the ballistic perforne
of a polymer/metal multilayer structure sintered3®S. The materials are an aluminum alloy 7020aan
amorphous thermoplastic polyimide which are theseatbled using an epoxy resin. The mechar
behavior of these three materials has been stodmdvide ranges of strain rates (from 0.00010/50;000
/ s) and temperatures (from -70 °C to 500 °C) gpoading to the extreme conditions encountereadt
impacts at high velocities. In order to improve #iteuracy of the results, analytical approaches baen
developed both for the modeling of the metal andttie polymers. After the calibration of the mods
these models were implemented in ABAQUS® / Expl(@iniite elements) via VUMAT subroutines
FORTRAN code. Ball impact tests at high velocitvesre performed on monolayer targets to valic
numerical models. Numerous configurations of mayr composites were then studied numerically
their ballistic performances have been compared.

Mechanical behavior; Ballistics; VUMAT; constituéymodeling; polymer; metals
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INTRODUCTION

De nos jours, I'un des principaux problemes abordés dans I'industrie du transport consiste a
développer des matériaux légers visant a réduire la consommation de carburant et a accroitre
I'autonomie des véhicules. Cette problématique est également pertinente dans l'industrie militaire a
des fins stratégiques. En effet, plus I'autonomie des véhicules est élevée, plus leur zone d'action sera
importante. Par conséquent, le développement de matériaux de protection légers est actuellement a
I'étude. Ce travail concerne plus précisément les structures légeres soumises a des conditions
extrémes subies lors d'un chargement d'impact.

Cette étude vise a développer un modéle numérique (avec ABAQUS®/Explicit) permettant
I'évaluation de la réponse mécanique dynamique d'un composite fritté polymere/métal multicouche
dans des conditions d’impacts a hautes vitesses. Les deux matériaux (alliage d’aluminium 7020 [1] et
polyimide thermoplastique [2]), ont été frittés a I'aide du procédé Spark Plasma Sintering (SPS) et
sont développés a I'Institut franco-allemand de Saint-Louis (ISL). Ce travail a pour objectif d'évaluer
leur potentiel de protection. A cette fin, la séquence d'empilement des couches leur nombre et leurs
épaisseurs respectives doivent étre étudiés numériquement pour optimiser |'efficacité et le colt de
développement. Le comportement mécanique de l'interface résine époxy est abordé en tenant
compte de la présence de ce matériau en tant que couche intermédiaire possédant ses propres
propriétés matérielles. Cependant, I’étude mécanique concernant ce matériau n’est pas abordé cette
version abrégé du manuscrit de thése.

Ce travail vise a présenter une méthodologie de développement d’un modele numérique prédictif
qui pourrait étre adapté a d'autres types de matériaux. L'outil numérique offrirait alors la possibilité
d'optimiser les structures composites multicouches pour atteindre les spécifications ciblées (poids,
volume et performances). Le premier chapitre de ce manuscrit vise a expliquer les principaux
mécanismes liés a la résistance mécanique et a la rupture des métaux et des polymeéres amorphes
ainsi que des modeles existants permettant de représenter ces mémes mécanismes.

Le deuxieme chapitre de ce travail concerne la caractérisation expérimentale du comportement
mécanique de chaque matériau (alliage d'aluminium fritté 7020, polyimide thermoplastique et résine
époxy). Les réponses mécaniques des comportements de la contrainte et de la rupture doivent étre
étudiées afin de comprendre les sensibilités des phénomenes a la déformation, a la vitesse de
déformation et a la température. L'identification de ces différents phénoménes permet un meilleur
développement de la modélisation constitutive du comportement mécanique (contrainte et
rupture).

Dans le troisieme chapitre, une nouvelle approche pour développer des modeles constitutifs
décrivant le niveau de contrainte des métaux CFC est suggérée [3]. Le modele qui en résulte permet
une modélisation précise du comportement mécanique de I'alliage d'aluminium 7020 sur une large
gamme de vitesse de déformation et tient compte des phénoménes microstructuraux tels que la
dissolution des précipités. La modélisation du comportement mécanique polyimide fritté est basée
sur I'expression du modele coopératif [4] couplée au modele hyperélastique de Gent [5]. Le
comportement de la rupture est modélisé avec deux phénomeénes couplés: I'évaluation de la
déformation plastique a l'initiation de la rupture (en fonction de I'état de contrainte, de la
température et de la vitesse de déformation) et ensuite de |'évolution de I'énergie
d’endommagement.
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Le dernier chapitre du manuscrit consiste en la mise en application des modéles identifiés dans le
logiciel ABAQUS®/Explicit par le développement de subroutines VUMAT en code FORTRAN. Les
simulations sont réalisées en modélisant la configuration expérimentale utilisée pour les essais
d'impact afin d’assurer les mémes conditions limites pour la validation du modéle numérique. Dans
un premier temps, des essais sur des cibles de matériaux monolithiques sont réalisés afin de valider
les modeles numériques séparément avant de traiter les cas multicouches dans un second temps.
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Chapitre 1 — Comportement mécanigue
des matériaux métalligues et polymeres
1.Modéelisation des mécanismes liés a I'eévolutionade |

contrainte

Dans cette étude, les matériaux étudiés sont un alliage d’aluminium, un polyimide thermoplastique
et une résine époxy (polyméres amorphes). Dans les cas, le critére de plasticité considéré est le
critere de Von Mises et les déformations plastiques ¢, et contraintes équivalentes o évoquées le
sont suivant ce critére.

a. Matériaux métalliques

i Mécanismes de déformation

La déformation des matériaux métalliques peut étre divisée en deux parties principales : I'élasticité
linéaire (phénoméne réversible impliquant de petites déformations) et la viscoplasticité
(phénomenes irréversible impliquant les grandes déformations). La limite entre ces deux domaines
est caractérisée par une valeur de la contrainte appelée la limite d’élasticité Y.

Le domaine plastique de déformation est celui qui est le plus complexe. En effet, de nombreux
phénomeénes conduisent au niveau de contrainte macroscopique observé. La contrainte plastique
équivalente o (suivant le critére de plasticité de Von Mises) est composée d’une partie athermique
Oqtn POUVant étre sensible a la déformation plastique équivalente &, et d’une partie thermique gy,
sensible a la déformation plastique €, a la température T et a la vitesse de déformation &, [6]. La
contrainte thermique a;;, peut étre également séparée en deux parties : une contrainte effective
defy décrivant la contrainte indépendante de I'état de déformation plastique ¢, et est sensible a la
température T et a la vitesse de déformation £, ainsi qu’une contrainte interne o, décrivant
I'écrouissage structural du métal avec la déformation plastique ¢,, la température T et la vitesse de
déformation &, [7]. La contrainte interne o;,,; est générée par I'évolution de la densité de dislocation
p conduisant a I'écrouissage structurel du matériau et a sa déformation plastique [8] (déplacement
des dislocations mobiles). Les mécanismes thermo-activés impliqués dans le déplacement et la
multiplication des dislocations peuvent étre fortement sensibles a la température et a la vitesse de
déformation. La contrainte effective g, peut correspond a la modélisation de I'évolution de la
limite d’élasticité du matériau avec la température et la vitesse de déformation. Cependant, cette
notion est plus complexe car elle vise a prendre en compte de nombreux phénomeénes thermo-
activés a I’échelle microscopique tels que le franchissement des barriéres de Peierls [9]. L'énergie de
Peierls étant I'énergie nécessaire pour qu’une dislocation se déplace d’une position d’équilibre a
celle suivante.

La contrainte athermique g, est provient principalement de propriétés intrinseque du matériau
considéré et de mécanismes impliquant de tres faibles sensibilités a la température tels que les
interactions entre les dislocations et les obstacles a trés grandes distances (supposés alors
athermiques).

D’autres contraintes provenant de phénomenes liés par exemple a I'élévation de la vitesse de
déformation peuvent étre considérées telle que la contrainte de « viscous drag » ayp. En effet, dans
le domaine dynamique de vitesse de déformation, des phénomenes liés a des transferts
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énergétiques entre les phonons et les dislocations se propageant a grande vitesse ralentissent ces
dernieres [9]. L'énergie nécessaire pour déformer le matériau augmente alors avec la vitesse de
déformation d’ol I'existence de gy p.

ii. Modeles constitutifs pour la contrainte

De nombreux modeles constitutifs visant a représenter I’évolution de la contrainte plastique o des
métaux avec la déformation &, la température T et la vitesse de déformation &, ont été développés
et sont trouvables dans la littérature. Un bref état de I'art est présenté dans ce rapport.

Le modéle phénoménologique de Johnson-Cook [10] (Eg. 1) est probablement celui qui est le plus
utilisé dans l'industrie de par sa simplicité d’utilisation et du fait qu’il soit implémenté dans la plupart
des codes de calculs par la méthode des éléments finis. Cependant, ce modele considére une unique
sensibilité linéaire a la vitesse de déformation pour les contraintes interne et effective. Conduisant a
une validité limitée a une faible plage de vitesses de déformation. Ce n’est pas un modele prédictif.

J=(A+Bsp")(1+Clogi—:)<1—(%))m (1)

Avec A4, B, C,n et m des paramétres phénoménologiques du modele, T, et &, sont respectivement
une température et une vitesse de déformation de référence et T, la température de fusion du
métal. On peut noter que n est aussi appelé le coefficient d’écrouissage.

Le modele de Zerilli-Armstrong [11] provient d’hypotheses physiques sur le mouvement des
dislocations. Des expressions différentes existent pour les structures cristallines CFC et CC.
L’expression pour les métaux CFC est présentée ici (Eg. 2). Cependant, le modéle de Zerilli-Armstrong
présente des difficultés a représenter le comportement mécanique dans de nombreux cas. En effet,
la contrainte effective o, est considérée comme athermique et le matériau ne parviendra pas a
représenter I'adoucissement du matériau a haute température. De plus, le coefficient d’écrouissage
est ici considéré de base comme étant égal a 0.5 (racine carrée) pour limiter le nombre de
parametre. Cette hypothése conduit souvent a une modélisation approximative du durcissement
structurel dans de nombreux cas.

0 = Ogp + ByVePe~(@o—aIneh)T (2)
Le modéle MTS [7] (Mechanical Threshold Stress) a été développé sur des bases physiques pour les
matériaux CFC et CC. Ce modele considere la séparation des contraintes interne gy, et effective g, ¢s
ainsi que des contraintes athermique et thermique (Eq. 3). Ce modeéle constitutifs et les autres basés
également sur une telle décomposition (modéle Rusinek-Klepaczko [12]) proposent généralement un
meilleur domaine de validité en température T et en vitesse de déformation £, et donc une
meilleure prédictibilité que les modeles phénoménologiques tel que Johnson-Cook.

E(T)

0 = Ogth + (O-int(‘gp; ép; T)Sg(sp, ép, T) + JeffSl-(ep, ép, T))E_O ( 3 )

b. Matériaux polyméres amorphes

i Mécanismes de déformation

Le comportement mécanique des polyméres amorphes peuvent étre, tout comme les métaux,
décomposés suivant plusieurs domaines de déformation. Cependant, contrairement aux deux
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principaux domaines des métaux, les polyméres amorphes en présentent trois en plus de limite
élastique o), : la viscoélasticité (faibles déformations), I'adoucissement plastique (moyennes
déformations) et I’hyperélasticité (grandes déformations).

La viscoélasticité est, comme élasticité linéaire, un mécanisme réversible. Elle est basée sur le
principe de superposition de Boltzmann selon lequel le comportement viscoélastique global est la
superposition de nombreux mécanismes indépendants d'élasticité linéaire possédant des propriétés
d’activations différentes [13]. Le concept de limite d’élasticité o,, dans les polymeres est basé sur
I'activation de la reptation des chaines moléculaires les unes par rapport aux autres [14]. Ce
phénomene définissant alors le début de la déformation irréversible &, dans le matériau. La limite
d’élasticité est, pour les polymeres amorphes, fortement sensible a la vitesse de déformation €, et a
la température T. L’adoucissement plastique est un phénomene débutant dés I'activation de la
reptation des chaines moléculaires a la limite d’élasticité mais prenant de plus en plus d’ampleur
avec la déformation €,. En effet, une fois que les molécules commencent a glisser, la complexité du
réseau de chaines peut étre observée. D'une part, un fort frottement, influencé par I'état de
contrainte local entre les chaines, augmente la résistance du matériau avec la déformation ¢,,.
D'autre part, les chaines ne sont pas encore en tension et une importante liberté de mouvement des
segments de chaine est présente, entrainant alors une diminution de la résistance du polymeére. Ce
mouvement libre relatif des chaines dure jusqu'a ce que la majorité de ces chaines commence a étre
localement en tension, provoquant le phénomene d'hyperélasticité et la génération de la contrainte
de recouvrement gy causée par la résistance du réseau de chaine a la déformation [13].

ii. Modeles constitutifs pour la contrainte

Le nombre de modeles constitutifs visant a représenter I’évolution de la contrainte plastique o des
polymeéres avec la déformation &, la température T et |a vitesse de déformation &, est relativement
faible. En effet, de par la décomposition des phénomeénes de limite élastique gy, et de contrainte
hyperélastique o, les approches physiques ont plus tendances a les traiter séparément. Un bref état
de I'art est présenté dans ce rapport.

Le modeéle de G’Sell-Jonas [15] est le principal modéle phénoménologique existant proposant une
modélisation de I'ensemble du domaine de déformation plastique (Eg. 4). Cependant, il est a noter
que les sensibilités a la vitesse de déformation et a la température ne permettent pas au modele
d’étre valide sur de larges gammes de conditions de tests.

a
o= Kehspnefépm (4)
Concernant la modélisation de la limite élastique o, le modele le plus classiquement utilisé est le
modele de Ree-Eyring [16] (Eq. 5). Ce modeéle est physiquement basé sur le concept de probabilité de
« sauts » de segments de macromolécules d’une configuration a une autre conduisant alors a la
reptation de la chaine. Ce modéle considere donc un phénomene thermo-activé et dépendant de la

vitesse de déformation.
N
o C;¢ AHi
73/ = Z A; sinh™? <%eka> (5)
i

Un autre modele, plus avancé, a été développé a partir de cette théorie. Il s’agit du modéle
coopératif [4] (choisi pour cette étude), prenant en compte avec une meilleure précision les
sensibilités a la vitesse de déformation et a la température. De plus le modéle coopératif est le seul
modele valide en-dessous et au-dessus de la température de transition vitreuse T (Eq. 6).
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2k
oy = 0;(0) —mT +

= (6)

T
sinh™! ) forT <T,
e

£

| orT >T,
vV AHg ln(lO)Cg(T Tg)/ f g

éOe_ RT e (o5 IyT— Tg

La modélisation de la contrainte hyperélastique des polyméres amorphes peut étre réalisée avec un
tres grand nombre de modeles existant [17]. Cependant, seuls quelques-uns sont réellement utilisés
dans le cadre pratique.

Le plus connu est certainement le modele 8-chaines [18] mais présentant, malgré des performances
intéressantes, une non-linéarité dans son expression handicapante pour les cas d'implémentation
numérique dans les codes de calculs par éléments finis. Dans cette étude le modele choisi est le
modele de Gent [5], présentant une expression simple d’utilisation et de trés bonnes performances
en grandes déformations. L’expression dans le cas uniaxiale est présenté (Eq. 7) [13].

i = (1 = ) " (7)

2.Modélisation des meécanismes liés a la rupture

i. Mécanismes de rupture

La rupture des matériaux est de la plus haute importance dans la modélisation du comportement
mécanique. En effet, ces mécanismes représentent la limite des matériaux et permettent la
conception efficace des éléments fonctionnels dans les systémes mécaniques. A cette fin, le
comportement de dela rupture doit étre étudié en plus du comportement relatif a la contrainte pour
compléter I'étude a I'égard d'un modele numérique complet. Le comportement de la rupture des
matériaux peut généralement étre décomposé en deux étapes: l'initiation de la rupture a laquelle
commence I'évolution de I'endommagement conduisant a la rupture finale du matériau.

L'initiation de I'échec correspond au critére de Considere mathématiquement représenté par
I'expression suivante (Eq. 8).
doy,
—=0 (8)
de,
Les mécanismes d’endommagement commencent a la valeur de déformation vraie 2;: pour laquelle

le critere Considere est rempli. Ces mécanismes peuvent étre de deux natures différentes:

- Apparition et expansion de bandes de cisaillement adiabatique conduisant a des segments de
fissure localisés (pour un état de triaxialité inférieur a I'état de traction).

- La germination, la croissance et la coalescence des vides conduisant a la création de cupules
(pour un état de triaxialité positif) (Figure 1).
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Figure 163 — lllustrations des différentes étapedadrupture ductile

Une tendance générale de la sensibilité de la déformation plastique a l'initiation de la rupture s{;

avec la triaxialité peut étre observée:

- La valeur de s{; augmente exponentiellement avec une triaxialité décroissante jusqu'a une

. ; . . 1
valeur de limite pour I'état de contrainte de compression pure ¢* = —en dessous de laquelle

la valeur de s{; est considérée comme infinie (Domaine 1 de la Figure 2).

La valeur de s{; converge de maniere asymptotique a une faible valeur dépendant du matériau

spécifique a une grande triaxialité (Domaine 2 de la Figure 2).
Cependant, la sensibilité a la triaxialité de ces matériaux est beaucoup plus complexe dans le

. . . R L . 1
domaine de I'état de stress positif. Une valeur de créte de 815 dans I'état de tension pure (¢* = 5)
peut étre observée.

Dans le cas de matériaux présentant une faible cohésion interne (typiquement les matériaux frittés),
une rupture intergranulaire mésoscopique entre les grains de poudre frittés peut étre observée pour
les états de triaxialité mettant en ceuvre des mécanismes de germination et de coalescence de vides.

1.5 O Ubpsetting tests
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Figure 164 — Sensibilité typique a la triaxialité th déformation a I'initiation de la rupture [19]
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L'évolution de 25 et celle de la contrainte ¢ du matériau est étroitement liée. En effet, I'énergie

mécanique potentielle absorbée par le matériau reste la méme pour toute température (dans le cas

d'une rupture ductile impliquant un phénomeéne d’écoulement). Par conséquent, la valeur de Sz};

augmente avec l'adoucissement thermique du matériau [20]. Cependant, pour les métaux, le
comportement peut étre beaucoup plus complexe car de nombreux phénomeénes microstructural
différents peuvent se produire avec I'élévation de la température [21] (durcissement par
précipitation ou adoucissement par dissolution).

En ce qui concerne les polymeres amorphes, le comportement de la contrainte du matériau a une
incidence significative sur la propagation de la fissure a cause de la présence des fibrilles [22] (Figure
3). En effet, plus la résistance des fibrilles est faible (faible vitesse de déformation et/ou température
élevée), plus la propagation des fissures sera plus lente. Le principal changement microstructural
consiste en la transition de I'état vitreux a I'état caoutchoutique a la température de transition
vitreuse Ty pendant laquelle le comportement mécanique du matériau baisse considérablement.
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Figure 165 - Représentation schématique de propagatune fissure dans un polymeére [23]

Pour les matériaux métalliques, la sensibilité positive a la vitesse de déformation de 515 peut étre

divisée en deux domaines séparés par une vitesse de déformation de transition €455 (~1000 /s) au-
dessus de laquelle I'effet de « viscous drag » ne peut étre négligé.

- Au-dessous de Eranss sz]; ne montre peu de sensibilité a la vitesse de déformation.

. S f
- Au-dessus de €rqns, la sensibilité de &,

principalement due aux effets de micro-inertie rencontrés dans les phénomeénes de « viscous
drag »

suit une tendance positive exponentielle qui est

Concernant les polymeres amorphes, I'évolution e/ avec la vitesse de déformation peut également

P
étre divisée en deux domaines. Cependant, la vitesse de déformation de transition &4, Séparant
ces deux comportements différents peut étre tres différente selon le polymére considéré [24]. En
effet, plus I'enchevétrement des chaines est élevé, plus la valeur de &4y sera faible. A faible vitesse

de déformation, le transfert de contraintes est efficacement redistribué sur toute la longueur des
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chaines enchevétrées (Figure 4). Si la structure de la chaine n'a pas assez de temps pour s'adapter a
la déformation, 'endommagement commencera a apparaitre dans le matériau de plus en plus tot.
Cet effet s'appelle le phénomeéne de verrouillage [25]. Par conséquent, les tendances sont opposées

a celles observées pour les métaux: la valeur de 515 diminue avec la vitesse de déformation.

-

Low Strain Rate High Strain Rate
Full Network Limited Network

Deformation prior to Deformation prior to
Fracture Fracture

{Efficient stress (Constrained stress
transfer transfer

and redistribution via segments of the

via full length of the entangled
entangled molecules)

molecules)

Figure 166 - Effet de la vitesse de déformationlaistructure de chaines enchevétrées des polyrf#sgs

ii. Modélisation de la rupture

La déformation plastique a l'initiation de la rupture 515 est sensible a la triaxialité o*, a la vitesse de

déformation &, et a la température T et montre un effet couplé entre ces deux derniers parametres.
La construction d'un modele multiplicatif [26] qui prend en compte tous ces effets peut conduire a
I'expression suivante (Eq. 9):

f . _ . .
€ (o%, €p» T) = fa(G*)st(Ep)fT(gp' T) (9)
La fonction f; modélise la sensibilité a |'état de contrainte et modélise la valeur de 25 dans les
conditions de vitesse de déformation et de température de référence. La fonction fsz vise a

modéliser I'évolution de 515 en condition isotherme avec la vitesse de déformation et f; décrit la

sensibilité a la température de sz]; avec éventuellement un couplage avec la vitesse de déformation.

De nombreuses expressions pour chacune de ces fonctions peuvent trouvées dans la littérature [27]
afin de développer un modeéle sur mesure pour le matériau considéré.

L’évolution de I'endommagement est ensuite modélisée suivant des expressions telles que des
modeles énergétiques ou tenants compte I'évolution de fraction volumique de vide (germination,
croissance et coalescence de vides) comme les modeles de Tvergaard [28], Gurson [29] ou NAG [30].
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Chapitre 2 — Caractérisation mécanique
des matériaux métalligues et polymeres

1.Matériaux
a. Alliage d’aluminium F7020

La dénomination F7020 correspond a un alliage d'aluminium spécifique mis en forme avec le procédé
de frittage Spark Plasma Sintering (SPS). La densité du F7020 est p = 2880 kg.m™3 et sa chaleur
spécifique est C, = 875]. kg~'.K~! Le module élastique est E = 72 GPa et le rapport Poisson v =
0.3. La composition chimique du F7020 se trouve dans le Tableau 1.

Tableau 42 — Composition chimique de I'alliage drainium F7020

Element Al Zn Mg Cu Fe Si
F7020 Wt. % Bal. 4.80 1.20 <0.20 <0.35 <0.35

Les alliages d'aluminium sont considérés comme des métaux CFC qui présentent un durcissement
structurel cinématique en raison de la germination et de la propagation des foréts de dislocations. A
température ambiante, les principales phases en présence sont, en plus de matrice Al, MgZn, (6 %) et
AlgMn (1.5 %) (Figure 5) [31, 32]. Ces deux phases se dissolvent dans la matrice a environ 500 K et
une phase Al-Fe-Mn-Si apparatt.

Figure 167 — Images (a) MEB et (b) optique de igge d’aluminium fritté F7020

b. Polyimide fritté

Le polyimide (Pl) étudié dans ce travail a été fritté a I'aide du procédé Spark Plasma Sintering (SPS)
(Figure 6.a). Le polyimide est un polymere thermoplastique amorphe avec des propriétés
mécaniques tres élevées (enchevétrement limité). De telles performances mécaniques sont
principalement dues a la trés grande température de transition vitreuse du polyimide fritté (T, =
583 K — Figure 6.b) qui permet une forte résistance a la déformation a température ambiante. A une
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température encore plus élevée (T; = 683 K), le polymere atteint son état de dégradation
conduisant a une défaillance globale du matériau. La densité (a température ambiante) du Pl p =
1380 kg.m™3 et sa chaleur spécifique est C, = 1170 J.kg™'.K ™. Le ratio de Poisson est pris

commev = 0.4.

Heat Flow (mW)

-1.0

T T T
-100 100 200 300 400

Temperature (°C)

o -

(a) (b)

Figure 168 - (a) Image MEB et (b) résultat DSC dlypoide fritté

2.Analyse du comportement mécanique des matériaux
a. Alliage d’aluminium F7020

Il a été expliqué précédemment que le comportement mécanique des matériaux métalliques se
compose de deux contraintes différentes: contraintes athermique et thermique. Les deux
composantes de contrainte de la contrainte thermique (contraintes interne et effective) ont leur
propre réponse spécifique a la vitesse de déformation et doivent étre étudiées séparément. Le
comportement mécanique du F7020 est étudié ici avec des tests de compression. Le matériel est
supposé isotrope en raison de la nature du processus SPS.

La contrainte interne est la partie de la contrainte thermique correspondant a la contribution du
durcissement structurel du métal. La sensibilité a la vitesse de déformation observée est causée par
la différence d'histoire de dislocations entre les différents tests qui peut étre représentée par
I'augmentation de la densité des dislocations forét stockées. Les données expérimentales (Figure 7.a)
ont été obtenues par compression a température ambiante avec une presse uniaxiale pour les
conditions quasi-statiques et intermédiaires dynamiques (de 0,0001 /s a 1/ s). Les tests dans des
conditions ont été effectués avec des essais SHPB [33] (de 500 /s a 15 000 / s) et avec des tests
d’impact direct (de 10 000 / s a 55 000 / s). D'autres tests ont été effectués dans |'état de contrainte
de compression-cisaillement [34].

La Figure 7.b montre le comportement de durcissement plastique d{ a la multiplication des
dislocations stockées en raison de la propagation des dislocations mobiles [8] (et des sources Frank
et Read). Ce type de comportement est typique des métaux présentant un durcissement
cinématique avec un durcissement linéaire a haute déformation. Les étapes lll et IV de durcissement
sont clairement visibles sur ces courbes [35], mais les étapes | et Il semblent négligeables.
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La sensibilité a la vitesse de déformation de la contrainte interne peut étre considérée suivant une
échelle logarithmique (Figure 7.c). Le régime de sensibilité a la vitesse de déformation peut étre
séparé en deux domaines. Le premier est essentiellement dans le domaine quasi-statique (jusqu’a
environ 100 /s) et correspond au domaine ou le mouvement des dislocations est régi par les
mécanismes thermo-activés [9]. La sensibilité a la vitesse de déformation est quasi-nulle pour le
F7020 sur cette gamme de vitesse de déformation. Le second domaine correspond aux vitesses de
déformation plus élevées. La sensibilité a la vitesse de déformation y est beaucoup plus élevée que
dans le premier domaine. Cela est causé par I'augmentation de I'effet de « viscous drag » avec la
vitesse de déformation [9].

La contrainte effective a été étudiée séparément et présente une sensibilité linéairement positive a
la vitesse de déformation.

Concernant la sensibilité de la contrainte thermique avec la température (Figure 7.d),
I'adoucissement observé est non linéaire. En effet, autour de 500 K, la dissolution des précipités de
MgZn, (au fort potentiel durcisseur) et d’Al6Mn et I'apparition de la phase Al-Fe-Mn-Si causent un
changement important dans le comportement mécanique du F7020. Un plateau quasi-athermique
est observé pour les températures supérieures a 500 K.

La contrainte est calculée a partir de la taille de I'obstacle aux dislocations le plus grand. Il s’agit de la
taille moyenne de grains (Dy) = 14 pm (Figure 5.b). Pour les matériaux CFC, elle est considérée
comme étant constante et dans ce cas Y, = 36.5 MPa.
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Figure 169 — (a) Comportement de la contrainte a@érature ambiante sur une large gamme de vitesselgfbrmation du
F7020, (b) focus sur I'écrouissage du F7020, (cis#alité normalisée a la vitesse de déformationadeontrainte interne
du F7020 et (d) évolution du ratio calorifique avadempérature du F7020

b. Polyimide fritté

Le comportement mécanique des polyméres amorphes peut s'expliquer par quatre phénoménes
principaux : le phénomeéne de viscoélasticité, la limite d'élasticité définissant le niveau de contrainte
globale (dépend de la température et de la déformation), I'hyperélasticité représentant la résistance
a I'alignement du réseau de chaines (dépend de la température et de la déformation) et
I'adoucissement plastique, résultat du phénomene de relaxation des chaines provoquant une
libération de I'énergie stockée dans les chaines et une diminution de la contrainte.

Le polyimide présente clairement chacun de ces phénoménes mécaniques qui peuvent donc étre
étudiés, interprétés puis modélisés. De plus, ce polymere particulier présente un niveau de
contrainte trés élevé pour un polymere (Figure 8.a). Le comportement mécanique du polyimide est
étudié ici avec des tests de compression (le matériau est supposé isotrope en raison de la nature du
processus de frittage).

La dépendance a la vitesse de déformation de la limite élastique du polyimide se compose en deux
domaines a une température donnée (Figure 8.b). Les deux domaines augmentent de facon
monotone avec une pente plus raide dans le domaine dynamique [4]. Cette observation peut étre
effectuée pour toutes les températures testées, méme si la pente dans le domaine dynamique
devient plus raide lors de I'augmentation de la température et révele un couplage de la vitesse de
température/déformation. Plus I'enchevétrement des chaines est fort, plus la sensibilité a la vitesse
de déformation est élevée.

La Figure 8.c montre la sensibilité expérimentale du module de caoutchouc Cg a la température et la
vitesse de déformation [36]. On constate que le comportement hyperélastique entraine un
durcissement du matériau en diminuant la température et en augmentant la vitesse de déformation.
L’adoucissement de C avec la température est di aux vibrations beaucoup plus élevées des chaines
qui provoquent un phénomene de reptation plus facile réduisant alors le niveau de réticulation des
chaines polymeres. Le durcissement de Cy avec la vitesse de déformation est causé par la durée de la
déformation locale des chaines qui devient plus courte que le temps de relaxation caractéristique
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(qui permet une réorganisation optimale des molécules). Par conséquent, a des vitesses de
déformation élevées, les chaines interférent dans le mouvement des autres plus qu'a faibles vitesses.
On peut supposer que le module caoutchoutique devient nul au-dessus de la température de
transition vitreuse pour le polyimide. Le comportement couplé a la température/déformation

observée de Cy doit étre soigheusement modélisé.

L'adoucissement plastique correspond a |'effet de la relaxation du réseau de chaine apres la limite
d’élasticité atteinte, ce qui conduit a une réorganisation optimale du réseau de la chaine. Beaucoup
de molécules sont moins étirées au cours de ce phénomene et il en résulte une libération d'énergie
du matériau au niveau macroscopique. L'équilibre énergétique peut étre observé en considérant le
rapport de I'équilibre énergétique du comportement mécanique expérimental complet du polymere
et du comportement estimé en considérant uniquement les phénomeénes de limite élastique et
d'hyperélasticité. La Figure 8.d montre I'évolution de I'équilibre énergétique normalisé en fonction
de la déformation plastique. On peut voir que le matériau libére de I'énergie stockée pour atteindre
un minimum a &,~0.27 et augmente jusqu'a la rupture ultime du matériau. Cette augmentation
peut étre interprétée comme le phénomeéne opposé de la relaxation qui est le frottement entre les

molécules étirées.
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Figure 170 — (a) Comportement de la contrainte a@érature ambiante sur une large gamme de vitesselgfbrmation du

polyimide fritté, (b) évolution de limite d’élasti&du polyimide fritté avec la vitesse de défoioraet la température, (c)

sensibilité du module caoutchoutique du polyimid&favec la température et la vitesse de défoimnagt (d) évolution de
la balance énergétique de I'adoucissement plastayex la déformation pour le polyimide fritté

3.Analyse du comportement a la rupture des matériaux

La caractérisation des mécanismes menant a la rupture des matériaux revét une importance capitale
pour la modélisation mécanique des structures. Le critére utilisé dans ce travail est la contrainte

plastique a l'initiation de la rupture szf.

a. Alliage d’aluminium F7020

Le mécanisme responsable de la rupture pour les sollicitations ayant une triaxialité positive est la
décohésion des grains de poudre frittés [37] (rupture intergranulaire mésoscopique — Figure 9.a). Par
conséquent, ces tests ne donnent que la réponse mécanique de la structure frittée et non les

propriétés intrinséques du matériau. L'influence de la température et de la vitesse de déformation

f

de &

ne peuvent étre étudiées a travers ce type de tests avec un état de contrainte positif.

Pour cela, des essais de compression-cisaillement ont été réalisé [34]. Ces tests permettent la
rupture des grains de poudre par des mécanismes de cisaillement (Figure 9.b). Comme on peut le
voir, la rupture est effectuée par déformation des grains de poudre et plus particulierement par la
germination des bandes de cisaillement adiabatique. Dans ces conditions, les propriétés mécaniques
du F7020 sont impliquées dans les mécanismes de la rupture. Les sensibilités a la température et a la
vitesse de déformation des mécanismes de rupture peuvent donc étre étudiées.

Pour résumer le comportement de 515 du F7020 avec I'état de contrainte, on constate que sa valeur
diminue exponentiellement avec la triaxialité (Figure 9.c). Aucune rupture n'a été observée dans

. . . 1
|'état de contrainte de contrainte (¢* = — 5).

La sensibilité de 515 a la vitesse de déformation est quasi-nulle jusqu’a environ 1000 /s ou elle

commence a augmenter exponentiellement (Figure 9.d). Cet effet est causé par des phénomenes de
micro-inerties liés a I'effet de « viscous drag ».

Sur la figure 9.e, on peut voir clairement |'évolution de la déformation a l'initiation de la rupture avec
la température: une augmentation entre la température ambiante et environ 490 K. Celle-ci est
suivie d'un plateau athermique jusqu'a 773 K et enfin Une augmentation tres importante jusqu'a la
fusion compléte du matériau. La présence du plateau athermique s'explique par la microstructure du
matériau. En effet, la dissolution des précipités de durcissement dans la matrice d'aluminium s'est
produite autour de 500 K et apres cette température, la microstructure présente peu d'évolutions.
En effet, les mécanismes de diffusion dus a I'élévation de température n'influencent plus les
précipitations car ils sont complétement dissous dans la matrice.

Dans cette étude, la quantification de 'endommagement est effectuée grace a I'évaluation d'une
énergie absorbée par le matériau a partir de l'initiation de la rupture. La quantité d'énergie absorbée
par le matériau apres le critere Considére est calculée pour chaque test et est étudiée en fonction de
I’état de contrainte (Figure 9.f) [38]. Dans les cas d'états de contrainte positifs, I'énergie
d’endommagement est supposée inexistante en raison du comportement fragile de la rupture (le
critere de Considére n'est méme pas atteint). Cependant, il peut étre facilement calculé avec les tests
présentant une triaxialité négative (tests de cisaillement-compression). En outre, I'évolution de cette
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énergie avec la vitesse de déformation n'a révélé aucune sensibilité particuliere de méme qu’avec la
température. Par conséquent, seule la dépendance a la triaxialité est considérée pour le F7020.
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(e) (f)

Figure 171 — (a) Image MEB du faciés de rupturerantion et (b) en compression-cisaillement du F¥,g&nsibilité de la
déformation a l'initiation de la rupture avec (@ triaxialité, (d) la vitesse de déformation et l@fempérature et (f) la
sensibilité de I'énergie d’endommagement avecidialité du F7020

b. Polyimide fritté

Le polyimide fritté présente le méme type de rupture par décohésion des grains de poudres frittés
que le I'alliage d’aluminium F7020 présenté précédemment pour des essais présentant un état de
contrainte positif (comme la traction). Il peut étre noté que le polyimide fritté est extrémement
fragile en traction ou il ne présente méme pas de domaine plastique (élastique-fragile). Par
conséquent, un test présentant un état de contrainte permettant une rupture par déformation de
ces grains est utilisé pour I'étude des sensibilités a la vitesse de déformation et a la température

de Ez};. Il s’agit ici de I’état de compression. En effet, en état de compression, le polymére atteint une
valeur critique de déformation a laquelle I'échantillon éclate en raison du blocage de la structure des
chaines (phénomene de verrouillage des chaines). Le résumé du comportement mécanique en
fonction de la triaxialité de la déformation a l'initiation de la rupture du polyimide fritté se trouve a la
Figure 10.a.

La sensibilité a la vitesse de déformation de sz}; du polyimide a été étudiée a travers les essais de
compression. Les mécanismes de rupture pour de tels matériaux sont contrélés par I'étirement local
des chaines provoqué par un transfert de contraintes le long de leurs segments de molécule
enchevétrés. La sensibilité a la vitesse de déformation est pratiquement inexistante sur une large
gamme de vitesses de déformation et diminue soudainement a partir de s'{,mns = 10* /s en raison
du verrouillage de la structure des chaines [25] (Figure 10.b). La valeur élevée de la vitesse de
déformation de transition signifie que le temps caractéristique de relaxation de la structure des
chaines est assez faible et permet une réorganisation rapide des chaines polymeres. Plus
I’enchevétrement des chaines est fort, moins la vitesse de déformation de transition s'émns le sera.

La sensibilité a la température a également été étudiée avec les expériences de compression. La

sensibilité a la vitesse de déformation de sz};est considérée ici dans son état isotherme. La valeur de la

. . Ly \ . InN
contrainte lors de la rupture szfest directement liée au parametre de verrouillage N (515 = T)' La

sensibilité a la température (Figure 10.c) semble étre linéaire sur la gamme des températures
testées. Cette tendance s'explique principalement par la reptation plus rapide et plus facile des
chafnes pour les températures plus élevées conduisant a une plus grande mobilité des chaine dans
les fibrilles et donc a la diminution du temps caractéristique de la relaxation des chaines
(augmentation de la valeur du parametre de verrouillage N). Le phénomeéne de verrouillage est donc
atteint plus tard dans les fibrilles en raison de leur grande mobilité et les fissures se propagent
lentement, retardant la défaillance du matériau.

L'évolution de I'énergie d’endommagement (aprés l'initiation des mécanismes de rupture) est
étudiée en fonction de I'état de contrainte [38] (Figure 10.d). En effet, la différence de mode de
rupture entre la triaxialité positive (décohésion de la poudre de grain) et négative conduit également
a deux comportements d’endommagement trés différents:

- En cas de triaxialité positive, la rupture est fragile et aucune énergie d’endommagement
n'est observée. Les mécanismes de rupture sont presque instantanés en raison de la
décohésion simultanée de la poudre de grain sous le chargement (décohésion intergranulaire
mésoscopique).
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1.0

- En cas de triaxialité négative, les mécanismes de rupture entrainent I'apparition du
phénomeéne de verrouillage des chaines polymeéres et une rupture progressive: une énergie
d’endommagement peut étre observée (décohésion intragranulaire).
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Figure 172 — Sensibilité de la déformation a l'iatton de la rupture du polyimide fritté avec (a)thiaxialité, (b) la vitesse
de déformation et (c) la température et (d) la #aht® de I'énergie d’endommagement avec la trédiké du polyimide fritté

La méme approche d’étude du comportement mécanique (contrainte et rupture) que celle utilisée
pour le polyimide fritté a été employée pour la résine epoxy étudiée dans cette thése.
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Chapitre 3 — Modélisation du
comportement mécanique

1.Modéelisation de la contrainte plastique
a. Alliage d’aluminum F7020

Afin de tenir compte de tous les phénomeénes observés et discutés dans la partie précédente, une
approche pour construire des modeéles constitutifs spécifiques pour un matériau métallique a été
développée : I'approche Crystallo-Calorific Hardening (CCH) [3]. Seul le cas de la FCC sera discuté

dans ce travail. L'expression analytique globale du modele constitutif pour la contrainte peut étre
écrite avec Eq. 10.

0(ep, €5, T) = 0aen(p) + err (Ep, TIUELT) + Oine (€, €p, TIQ(€p, To) (10)
Avec g,¢pla contrainte athermique, o, la contrainte effective, g;,,; la contrainte interne, Q le ratio
calorifique et T, la température initiale.

Chacune des contributions a la contrainte globale o (0, Off, (L €t 04¢,) peut étre modélisée en
utilisant des expressions appropriées. Les expressions suggérées dans ce travail pour décrire chacun
de ces phénomenes peuvent étre remplacées par tout autre qui pourrait étre considérées comme
plus adaptées pour le matériau considéré. L'expression présentée dans ce chapitre a été choisie pour

obtenir un haut niveau de précision pour la modélisation de la contrainte globale o.

600

600

550 550 -
500 —— 500 4 .---.-.--l--l--l-~l--«-~...-
450 Jummes 20 S 450 i
—_ Y Tie —~ m
< 400 e © 4004 S
% "/0' g aeccE- % K -0 S W-0-0-0-0-g-g-g-y-.
2350 1 - - o _0--0--0--8 2350 Wi
@ o " .__.___..-.-- - (7] ’ o - i & <k ~£ - A~ A~ -h -4,
9300 - -e-- 930 ,°® e w A AT A W A A CLCAS A .
o R - o ° kKA A
3 250 Ba. &0 72509, &K gV YVVYVYVVYTUY
P <8 o Taloy ;111—’-0-0""‘*"‘"""
S 200 ERUNE i D
- BT 2 2 = 203K F---Model 203 K
150 & 293K F---Model 293 K 150 - e 206K F---Model 406 K
100] F7020-001/s = 398K F---Model 398 K 1004 ~ F7020-2000/s A 491K -=--Model 491 K
Adiabatic Condition ® 453K F---Model 453 K Adiabatic Condition v 570K | ---Model 570 Kl
50 483 K Model 483 K 501 & 796K |---Model 796 K
0 T T 0 T T T T T
00 01 0,2 03 0,0 0,1 0,2 03 04 05

True Plastic Strain (-)

(a)

True Plastic Strain (-)

(b)

295



800

700 "‘MAAAAA A,

IR e Y
'/ I ~ ~’-A“A’A“"~“~”’*~~
6009 ./ a oo ALAadaadn]
< / ¢ e v gy -y-
%500_ '/Alet;.==:=:=:.,====I=.=-.__.__.__
= g/, E =
@ [}
8 400 W
B
23004 F7020 - T =293 K
= Adiabatic Condition
200 4
= 3750/s Model 3750 /s
100 ® 8750/s | |---- Model 8750 /s
A 55000/s| [===-= Model 55000 /s
0 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
True Plastic Strain (-)
(c)

Figure 173 - Modélisation du comportement mécanau&7020 (a) en quasi-statique, (b) en dynamidue)ex trées hautes
vitesses de déformations

Les différentes expressions utilisées pour modéliser les différents phénomeénes sont rassemblées
dans le modeéle complet du stress général o (Eq. 10). La précision du modéle CCH construit est
ensuite controlée sur de larges plages de température et de contraintes.

La modélisation dans des conditions quasi statiques et dynamiques (Figure 11.a et 11.b) avec une
température initiale différente présente un excellent résultat en raison de la capacité du rapport
calorifique a prendre en compte les changements de microstructure et a I'expression non linéaire
suggérée pour la modélisation de la sensibilité a la vitesse de déformation de la contrainte interne.

On peut voir sur la Figure 11.c, que le modeéle CCH suggéré est en bonne corrélation avec les données
expérimentales méme a des taux de contrainte trés élevés (55000 / s). Par conséquent, I’évolution de
la contrainte du F7020 est trés bien modélisée avec le modele CCH proposé.

b. Polyimide fritté

Le comportement mécanique des polyméres amorphes peut étre représenté par les trois
phénomeénes suivants (détaillés au chapitre 2):

- Lalimite d’élasticité o,, dépendante a la température et a la vitesse de déformation.

- L'hyperélasticité générant une contrainte de recouvrement gz dépendant de la température
et de la vitesse de déformation augmentant exponentiellement avec la déformation.

- Le phénomeéne d’adoucissement plastique de la contrainte qui peut étre observé comme un
équilibre énergétique normalisé Y. On suppose, dans ce travail, ce phénoméne indépendant
de la température et de la vitesse de déformation.

La contrainte o correspondant au comportement mécanique macroscopique est calculée avec un
modele spécifique qui prend en compte les trois phénomenes précédents (Eq. 11).

a(sp,s'p, T) = (ay(s’p,T) + GB(sp,e'p,T)) lp(ep) (11)
Dans cette étude, la limité d’élasticité g,, est modélisée suivant le modele coopératif [4], la
contrainte hyperélastique gz avec le modéle de Gent [5] et le bilan de I'équilibre énergétique
définissant I'adoucissement plastique par une expression phénoménologique développée pour ce
travail (Eq. 12).
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wlep) =

Oy + Onyp
Avec A, B, C et D des paramétres phénoménologiques.

= AeBe + CePér (12)
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Figure 174 - Modélisation du comportement mécaniuolyimide fritté (a) en dynamique et (b) engjtsiatique

Une fois que tous les phénomenes différents ont été modélisés séparément, les différentes
expressions sont rassemblées afin de modéliser le niveau complet de contrainte o du polyimide (Eq.
11).

De larges gammes de températures et de vitesses de déformation ont été testées et utilisées pour la
validation du modéle suggéré (Figure 12.a et 12.b). On constate que le niveau de contrainte est
correctement modélisé pour toutes les conditions en raison de la performance du modeéle coopératif
pour la limite d’élasticité. En outre, |'adoucissement thermique du phénomene d'hyperélasticité est
bien représenté dans tous les cas (méme a haute température). Le modele suggéré fournit un outil
efficace pour évaluer le niveau de stress concernant le polyimide fritté.

La résine epoxy étudiée dans cette these a été modélisée avec le méme modele.

2.Modélisation de la rupture

La modélisation constitutive de la rupture des matériaux étudiés s'effectue par une approche
similaire qui consiste en deux étapes:

- La modélisation de la déformation plastique a l'initiation de la rupture en fonction de la
triaxialité, de la vitesse de déformation et de la température.

- Lamodélisation de I'énergie d’endommagement aprés l'initiation de la rupture en fonction de
la triaxialité (les sensibilités aux taux de température et de contrainte peuvent aussi étre
considérées).

La modélisation globale de la déformation plastique a I'initiation de la rupture sz]; est modélisée par
une expression multiplicative qui peut étre écrite par Eq. 9 [26].

Avec f ;+(a*, 8)une fonction définissant |'évolution de 25 avec |'état de contrainte aux états de
référence de température et de vitesse de déformation (Figures 13.a et 13.b), f,,r une fonction
correspondant a la sensibilité a la vitesse de déformation (Figures 13.c et 13.d) et fo une fonction

modélisant la sensibilité a la température (Figures 13.e et 13.).
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Les expressions choisies dans cette étude pour les différentes fonctions présentées sont les suivantes
(Egs. 13 a 16).

fo.*(a*)=d1+d2ed3"* (13)
& &\
fvf(sp) = 1+lvfln —p +Uf " p (14)
Eoff forf

. . . -1
fr (ép,T) =0(&p, T) = [2(4,, T)] (15)
=140 " (16)

fo ) - Tg _ Tr

L’énergie d’endommagement E,; est modélisée par I'expression suivante (Eq. 17) et utilisé suivant

les Egs. 18 et 19 [38] (Figures 13.g et 13.h) pour obtenir la contrainte tenant compte de
I’endommagement g,,.
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la vitesse de déformation (c) du F7020 et (d) dyipude fritté et a la température (e) du F702qfgdu polyimide fritté
ainsi que de I'énergie d’'endommagement en fonc®ta triaxialité pour (g) le F7020 et (h) le patyide fritté

L’étude de caractérisation mécanique et de modélisation mécanique effectuée pour I'alliage

d’aluminium F7020 et le polyimide thermoplastique fritté a également été faite pour la résine epoxy.
Les résultats concernant ce matériau sont présents dans le manuscrit de these.
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Chapitre 4 — Validation du modele
numerique par le biais d’essais
d'impacts a hautes vitesses

Les résultats expérimentaux obtenus sur les structures impactées par les projectiles sphériques en
acier, puis comparés aux simulations calculées avec ABAQUS®/Explicit en utilisant les subroutines
VUMAT en code FORTRAN. Les modeles constitutifs suggérés dans la partie précédente sont utilisés
dans la simulation afin d'évaluer les performances du modéle numérique.

1.Impact sur les matériaux monolithiques

Les essais d'impact d'une bille en acier sur les matériaux monocouches permettent de vérifier
séparément la précision des modeles avant la modélisation du matériau multicouche.

a. Alliage d’aluminium F7020

Concernant l'alliage d'aluminium F7020, 12 essais ont été effectués pour la validation du modele
dans différentes configurations. Deux parametres ont été étudiés pour les essais: la vitesse d'impact
et |'épaisseur cible (2 mm, 2.5 mm, 3 mm et 4 mm). Le nombre d'essais d'impacts expérimentaux est
limité a 12 en raison du processus de mise en forme complexe (Spark Plasma Sintering) qui ne
permet pas la production en masse des matériaux étudiés.

Le modele CCH (Egs. 9 et 10) développé dans le cadre de la these et présenté dans le chapitre
précédent a été utilisé dans les simulations. Les mesurables choisi pour évaluer I'efficacité du modele
numérique sont la vitesse résiduelle du projectile V. et la vitesse du plug éjecté V,. Ces derniers sont
étudiés en fonction de la vitesse d’impact du projectile V.

Les Figures 14.a and 14.b montrent que le modéle CCH parvient a reproduire avec une excellente
précision les phénomenes liés a la perforation a grande vitesses de I'alliage d’aluminium fritté F7020.
On peut noter une convergence de la valeur de la vitesse résiduelle V. vers la vitesse d’impact V,
pour toutes les épaisseurs étudiées.

La Figure 14.c présente I'évolution d’un parametre de performance balistique Py (Eq. 20) en fonction
de V; pour différentes épaisseurs de plaques. Ce paramétre permet de comparer les résultats
balistiques pour des matériaux présentant des densités surfaciques 4, différentes.

Vo2 =12
Py=——u-"" (20)
AqaVo

On observe que la valeur de Pz augmente avec I'épaisseur de la cible pour I'alliage d’aluminium fritté
F7020. Cela signifie que le gain en rigidité de la cible compense I'augmentation de la densité
surfacique.
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b. Polyimide fritté

En ce qui concerne le polyimide fritté, 12 tests ont été effectués pour la validation du modele dans
différentes configurations. Comme indiqué précédemment pour I'alliage d’aluminium fritté F7020,
deux parametres ont été étudiés pour les essais: la vitesse d'impact et I'épaisseur cible (2 mm, 2.5
mm et 3 mm). Le nombre d'essais d'impacts expérimentaux est limité a 12 en raison du processus de
mise en forme complexe (Spark Plasma Sintering) qui ne permet pas la production en masse des
matériaux étudiés.

Le modele utilisé pour les simulations est le modéle pour les polyméres qui a été présenté dans le
chapitre précédent (Egs. 9 et 11). Les mesurables choisi pour évaluer I'efficacité du modele
numérique sont la vitesse résiduelle du projectile V,. et le diametre arriére du cone de fragmentation

(Back Channel Diameter). Ces derniers sont étudiés en fonction de la vitesse d’'impact du

projectile V.

Les Figures 15.a and 15.b montrent que le modeéle unifié suggéré dans cette étude parvient a
reproduire avec une excellente précision les phénomenes liés a la perforation a grande vitesses du
polyimide fritté. On peut noter une convergence de la valeur de la vitesse résiduelle V. vers la vitesse

d’impact V;, pour toutes les épaisseurs étudiées.
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V, (m/s)

La Figure 15.c présente I'évolution d’un parametre de performance balistique Py (Eq. 20) en fonction
de V; pour différentes épaisseurs de plaques. On observe que la valeur de Pz diminue avec
I’épaisseur de la cible pour le poylimide fritté. Cela signifie que le gain en rigidité de la cible ne
parvient pas a compenser I'augmentation de la densité surfacique.
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Figure 177 - Evolution en fonction de la vitessegact du projectile de (a) la vitesse résiduellepdojectile, (b) diametre
arriere du cone de fragmentation de la cible etde)la performance balistique pour le polyimidétéri

2.Simulation d’'impact sur les matéeriaux bicouches

Aprés la validation de la modélisation numérique des deux matériaux principaux dans les conditions
d'impact (alliage d'aluminium F7020 et polyimide fritté), le modéle numérique des matériaux
multicouches peut étre effectué. Cette modélisation permet d'étudier I'évolution de la vitesse
résiduelle du projectile V.. en fonction de sa vitesse d'impact V;, pour différentes configurations de
couches et d'identifier les phénomeénes structurels conduisant a la perforation de la cible impactée.

Malheureusement, certaines difficultés dans la fabrication et la préparation des matériaux n'ont pas
permis d'essais expérimentaux d'impacts a grande vitesse sur les composites multicouches. Par
conséquent, seule I'étude numérique paramétrique de différentes configurations de composites
multicouches a été réalisée dans ce travail.
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Un systéme de notation est utilisé: X1_T1 / X2_T2 avec X1 le matériau du coté impacté et X2 le
matériau a l'arriere (F7020 ou PI) et T1 et T2 leurs épaisseurs respectives. L'épaisseur de la résine
époxy est toujours de 0.5 mm et se situe entre X1 et X2.

a. Perforation de différents types de configuration cilde

multicouche

Les configurations bicouches consistent en une couche d'alliage d'aluminium F7020 et une couche de
polyimide fritté assemblées ensemble par une couche de résine epoxy de 0.5 mm d’épaisseur.
Plusieurs parametres peuvent étre ajustés tels que |'épaisseur de chaque couche et leur position
respective dans la cible (c6tés arriere ou avant). Les résultats suivants présentent la réponse
balistique de ces matériaux bicouches sur une large gamme de vitesses d'impact (de la vitesse
balistique limite a 400 m/s).

Dans le cas F7020_X/P1_Y, le comportement typique sous charge d'impact consiste en grands
fragments de polymeére arrachés de la face arriére de la cible et également de petits fragments
d'aluminium (Figure X.a). Concernant le cas PI_X/F7020_Y, les seuls fragments observés proviennent
des pétales qui ont été arrachés de I'alliage d'aluminium F7020 situé a I'arriere de la cible. Seulement
qguelques fragments de polyimide frittés provenant de la face avant cible sont observés a travers les
simulations.

Afin de visualiser les mécanismes de perforation des cibles en fonction de la position des différents
matériaux (face avant ou arriére), des coupes de simulation de deux cas typiques (F7020_2.5 /
Pl_2.5, et PI_2.5/F7020_2.5) sont présentées (respectivement Figure 16.a et 16.b). Dans chaque cas,
la vitesse d'impact du projectile a bille en acier est de 300 m / s et les données représentées
correspondent a la contrainte normalisée de Von Mises.

F7020_2.5/PI_2.5
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Pl_2.5/F7020_2.5

=

(b)

Figure 178 — Evolution de la perforation par undléd’acier @8mm &, = 300 m/s pour les configurations (a)
F7020_2.5/P1_2.5 et (b) PI_2.5/F7020_2.5 avec ABS®LExplicit

b. Performance balistique

Les courbes de la vitesse résiduelle du projectile V. en fonction de la vitesse d’'impact V, pour chaque
configuration étudiée sont présentées sur la Figure 17.

On peut voir que quelques soit la configuration étudiée, la réponse mécanique de la cible sous la
charge d'impact diminue avec la quantité de polyimide fritté.

En effet, dans le cas F7020_X/PL_Y, la résistance mécanique relativement élevée de la couche de
polymére empéche la couche métallique de se déformer comme dans le cas monocouche. Par
conséquent, le projectile est décéléré sur une distance plus petite que si la couche métallique était
utilisée seule. La couche de polyimide fritté étant déja fortement endommagé lorsque le projectile
I'atteint, l'impact de cette derniere sur la décélération de ce dernier lors de sa perforation est
négligeable. Cela explique les performances balistiques inférieures des cibles bicouches par rapport
au cas monolithique F7020_3 (Figure 17.a). En outre, on constate que les valeurs de Py n'évoluent
pas beaucoup avec le rapport volumique du polyimide fritté (40%, 50% et 60%) et restent proches de
I'un des cas de monocouche polymere (Figure 17.b).

Concernant les configurations de type PI_X/F7020_Y, on constate également que la réponse
mécanique de la cible sous la charge d'impact diminue avec la quantité de polyimide fritté (Figure
17.c). Cependant, cette tendance est due a une raison différente. En effet, pour les configurations
impliquant la couche de polyimide fritté sur le c6té impacté, cette derniére ne peut parvient pas a
ralentir significativement le projectile pour de telles vitesses d'impact et, par conséquent, son
influence est négligeable. En outre, la présence de la couche métallique en face arriere empéche
toute déformation de la couche de polymeére, réduisant encore plus ses performances. Ceci explique
les performances balistiques Py inférieures des différentes cibles composites bicouches comparées
au cas monolithique F7020_3 (Figure 17.d). Comme pour les configurations F7020_X/Pl_Y, on
constate que les valeurs de Pz n'évoluent pas beaucoup avec le rapport volumique du polyimide
fritté (40%, 50% et 60%) et restent proches des cas de monocouche polymere Pl_3. On notera
également que les performances balistiques des configurations PI_X / F7020_Y sont légérement
inférieures aux configurations F7020_X/PL_Y.
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Les Figures 17.e et 17.f montrent les résultats des simulations pour des configurations bicouches
présentant des épaisseurs totales différentes mais des ratios volumiques 50%/50% pour chacun des
matériaux principaux (F7020 et polyimide frittés). On observe les mémes phénomenes que pour les
autres configurations déja étudiés : une performance balistique beaucoup plus faible que le cas
F7020_3 a cause des faibles performances balistiques du polyimide fritté qui de plus empéche une
déformation optimale de la couche d’alliage d’aluminium F7020. Cela conduit alors a une perte de

performance balistique Pg par rapport au cas monolithique F7020_3 (renforcé par une augmentation
importante de la densité surfacique du matériau bicouche).
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Figure 179 — Evolution simulée en fonction de tasse d’'impact du projectile de (a),(c),(d) la site résiduelle du
projectile et de (b),(d),(f) la performance baligie pour plusieurs configurations de matériaux bitwes (avec

CONCLUSION

La caractérisation mécanique des différents matériaux impliqués dans ce travail (alliage d'aluminium
F7020, polyimide fritté et résine époxy) a révélé plusieurs comportements différents. Les
mécanismes de déformation concernant le métal sont complexes en raison de sa microstructure

ABAQUS®/Explicit)

différentes sensibilités a la vitesse de la déformation (contraintes interne et effective). En ce qui

concerne le comportement de la rupture, le comportement observé est trés spécifique au matériau
fritté. En effet, dans le cas de triaxialités positives, la rupture est causée par la décohésion
intergranulaire des grains de poudre. Pour les cas de triaxialité négative, la rupture est causée par le

cisaillement intergranulaire des grains de poudre. Dans ce but, les sensibilités a la vitesse de

déformation et a la température ont été effectuées a l'aide de tests de compression-cisaillement. En

ce qui concerne le polyimide fritté, les mécanismes liés a la déformation sont controlés par le

déplacement des chaines. La limite d'élasticité, qui définit le niveau de stress global du polymere,

présente des dépendances importantes a la température et a la vitesse de déformation. Le
comportement d'hyperélasticité a été étudié dans ce travail avec des dépendances du module

caoutchoutique aux conditions thermiques et a la vitesse de déformation. Le comportement e la
rupture est trés proche de celui observé pour I'alliage d'aluminium F7020. La rupture est donc régie a
une échelle différente par rapport aux mécanismes de déformation.

La modélisation du comportement mécanique de I'alliage d’aluminium fritté F7020 a été réalisé a

partir d’'une nouvelle approche développée au cours de la thése : I'approche Crystallo-Calorific

Hardening (CCH) [3]. Celle-ci permet de prendre en compte des effets de changement de
microstructure telle que la dissolution des précipités avec la température contrairement a d’autres.
Concernant le polyimide fritté, le comportement mécanique a été modélisé en couplant le modele
coopératif pour la limite d’élasticité avec le modele de Gent pour I'hyperélasticité. Ces deux modeles

ont ensuite été associés dans une expression analytique unifiée prenant en compte également

I"'adoucissement plastique. Ce modele a également été utilisé pour la résine epoxy. La modélisation
de la rupture a été réalisé suivant la méme approche tous les matériaux : une expression

multiplicative définissant la déformation a l'initiation de la rupture en fonction de I'état de
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contrainte, de la température et de la vitesse de déformation. Pour chaque matériau, une expression
spécifique a I'évolution des sensibilités a chacun des parameétres expérimentaux cités a été choisie.
Les modeles finaux sont donc différents pour chaque matériau.

Aprés la détermination de tous les parametres des modeles, les expressions analytiques ont été
implémentées via une subroutine VUMAT en code FORTRAN pour ABAQUS®/Explicit. La validation du
modele numérique a d'abord été réalisée par des comparaisons avec les résultats expérimentaux des
impacts a grande vitesse d'une bille en acier sur des matériaux monocouches (alliage d'aluminium
F7020 et polyimide fritté). Dans chaque cas, les modeéles proposés sont capables de représenter avec
précision la vitesse résiduelle du projectile. Le polyimide fritté présente un mode de perforation par
fragmentation. Les résultats numériques sur les composites bicouches ont montré que la forte
fragilité du polyimide fritté entraine une perte de performance balistique du matériau quelle que soit
I'épaisseur des couches. L'augmentation de la ductilité du polyimide fritté en retardant la rupture
intergranulaire entre les grains de poudre serait une maniére intéressante d'améliorer ce matériau.
La simulation et la validation expérimentale avec un matériau tri-couche ou plus serait également un
aspect intéressant de I'étude sur le développement de ces matériaux multicouches.

Pour aller plus loin dans le projet, il est obligatoire de procéder a la validation expérimentale du
modeéle numérique d'impact sur le matériau multicouche pour plusieurs configurations (plusieurs
essais par conditions) et il serait intéressant d'effectuer des tests supplémentaires pour les cibles
monocouches. En outre, le travail présenté ne porte que sur les impacts du projectile en acier
sphérique sur des cibles minces. Par conséquent, les parametres a étudier pour une validation plus
large pourraient étre: I'épaisseur des cibles, la position relative des couches, la forme du projectile, la
vitesse du projectile (vitesses plus élevées), le nombre de couches, le type de sollicitation.
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