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ABSTRACT

The non-linear behavior of the RTMG6 aerospace grade epoxy resin is characterized and modeled by
addressing the effects of strain-rate, temperature and hydrostatic pressure. The elastic-plastic
constitutive model is based on a simple pressure dependent modified Von Mises yield criterion. A
hardening function incorporating pre-upper yield non-linearity, softening and re-hardening is
developed. Strain-rate and temperature dependences of the true stress-strain curve are introduced via
the coefficients of the hardening function. The constitutive model is selected in order to be directly
applicable with the standard distribution of the general purpose finite element software Abaqus,
without the need for coding a user defined material subroutine. The introduction of the identified
model in the current engineering practice is thus straightforward and will facilitate the use of the
identified mechanical behavior of RTM6 in numerical multi-scale analyses of composites.

1 INTRODUCTION

Three key elements in the use of accurate experimental mechanical characterization of epoxy resins
in the frame of multi-scale analyses reside in the availability of a constitutive model with a reasonable
number of parameters which can be identified in a straightforward manner, in the robustness of
implementation and in the simplicity of use in general purpose finite element simulation packages. In
this context, the present work aims at proposing a simple constitutive model motivated by an in-depth
analysis of the aerospace grade epoxy resin RTM6, partly inspired from the ‘metal plasticity’ culture.
The proposed model combines the simplicity of an elastic-plastic model such as the one proposed by
Hobbiebruken et al. [1], while incorporating the major physical principles of the mechanics of
polymers (pressure-sensitivity, possible compressibility, strain-rate and temperature dependence
through e.g. Eyring’s law of transition of state [2], entropic resistance to chain alignment at large
strains) which have been largely taken into account in the family of visco-plastic models originated
from the pioneering work of e.g. Boyce [3] or Tervoort [4]. This contribution also addresses the
modelling of the post peak yield behaviour, including softening and re-hardening, and, in this sense,
goes one step beyond the experimental and modelling work by Gerlach et al. [5] on the mechanical
behaviour of RTM6 under impact loads. Based on the experimental results presented in this paper and
using the identified hardening behavior, a micromechanical failure criterion has been developed and
identified — see the companion paper by Chevalier et al [6].

2 MATERIALS AND TESTING METHODS

2.1 Material

Hexflow RTM6, supplied by Hexcel, is a mono-component epoxy resin specifically developed to
fulfill the requirements of aerospace and space industry in advanced RTM process. It is an amine-
cured glassy thermoset composed of a premixed system of a tetra-functional epoxide precursor
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(TGMDA) and a blend of two di-amine hardeners (MDEA and MMIPA). After curing, this aerospace
qualified resin has a high glass transition temperature (Tg) around 220°C, thus providing high stiffness
(E ~ 3 GPa at room temperature) and good thermal stability properties. A modified cure cycle has
been developed in order to manufacture thick resin slabs while avoiding temperature overshoot
problems in the specimen core due to the exothermal character of the crosslinking reaction.

The mechanical behaviour of the resin generally shows limited variability in a single batch, while
batch to batch variability can be significant (5 to 15% difference in stress and modulus) due to
different thermal history before, during and after curing.

2.2 Machining and mechanical testing

Cylindrical resin slabs were machined into small cylindrical specimens (12mm height by 12mm
diameter) for uniaxial compression tests and into cylindrical dog bone specimens (either 6mm
diameter by 36mm gauge length or 9mm diameter by 50mm gauge length) for the uniaxial tensile
tests.

The tests were carried out on a screw-driven universal testing machine (Zwick-Roell with an
external loading cell of 250 [KN]). These tests were performed either at constant true strain rate (CSR)
or at constant crosshead displacement rate (CCDR) covering 4 decades of strain rates (between 10 s
and 0.1 s™ for the CSR tests and between ~1.65 10 s and ~0.165 s for the CCDR tests). The
behavior in tension has been characterized either at a constant true strain rate of 10° s (CSR tests) or
at a constant crosshead displacement rate of Imm/min (CCDR tests). With the exception of the tensile
tests at a constant true strain rate, all the tests were performed at three different temperatures: room
temperature ~20°C (293K), 100°C (373K) and 150°C (423K).

For compression tests, Teflon strips were used as solid lubricant between the compression platens
and the samples in order to minimize the barreling. Compared with any other liquid lubricant (e.g.
grease oil), Teflon really allowed avoiding specimen barreling.

3 CONSTITUTIVE MODEL

The constitutive model is selected in order to be directly applicable with the standard distribution
of the general purpose finite element software Abaqus [7], without the need for coding user defined
material subroutines. The introduction of the identified model in the current engineering practice is
thus straightforward.

The behavior of the material is assumed to be elastic-plastic. In its present formulation, the model
is not intended for being used in the simulation of creep or relaxation. The dependence of the
hardening behavior on the strain rate and temperature is given explicitely to Abaqus, which makes the
model useful for simulating loading rate and temperature effects in the frame of quasi-static
simulations (given a characteristic simulation time or loading history).

The selected yield criterion follows a linear Drucker-Prager [8] model, inspired from the ‘metal
plasticity’ or ‘geo-materials’ cultures, which is a simple pressure dependent Mises yield surface.
Isotropic hardening is assumed — i.e. no kinematic hardening is accounted for.

A hardening function incorporating pre-upper yield non-linearity, softening and re-hardening is
developed. Strain-rate and temperature dependences of the true stress-strain curve are introduced via
the coefficients of the hardening function. The strain-rate and temperature dependence of these
coefficients can for instance be deduced from some principles of rubber elasticity or can be connected
with thermally (and mechanically) activated segmental and macromolecular motion through the
Eyring’s law of transition of states expressed for the effective plastic strain rate p:

5 = (224) 0 ()

where P, is some reference transformation rate, & is the applied stress, £2, is the apparent activation
volume associated with the transformation, AG is the activation enthalpy associated with the
transformation, kz is the Boltzmann constant, R the gas constant and T the temperature.
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3.1 Yield criterion

In polymers, the yield behavior is sensitive to the hydrostatic stress. This phenomenon is due to the
different behavior of the free volume under tensile or compressive stresses (see e.g. [9]). A simple
approach to the modeling of the yield behavior is to modify classical plasticity yield surfaces to
account for the influence of hydrostatic stress. Modified Tresca or Von Mises yield surfaces are often
proposed. Among them, pressure dependent yield surfaces like the Mohr-Coulomb and Drucker Prager
models are often used for polymers.

In this paper, the original linear Drucker-Prager yield criterion is selected:

_tan(ﬁ:])g

=0

.
F= Fmm 1
% +—3 n(f5) ( 3

where a_is the Von Mises effective stress, o, is the trace of the stress tensor, & is the yield stress
in compression. The term f is the friction angle, defined as

1—r
tan(f5) =3m

with the so-called ‘instantaneous uniaxial stress ratio’

T,
= |—

O

where @, and @, are the uniaxial true stress in uniaxial tension and compression at an arbitrary
uniaxial plastic deformation p. In this contribution, the asymmetry of yielding between tension and
compression is simply expressed by the ratio of peak yield between uniaxial tension and uniaxial
compression tests (i.e. ¥ = py) even if they are obtained at slightly different plastic strains
(Bye F Py,)-

In the linear Drucker-Prager model implemented in Abaqus, no dependence of the hardening
behavior on the stress-state is allowed (i.e. isotropic hardening). Hence the hardening behavior is taken
from uniaxial compression tests.

Although some strain rate and/or temperature dependence of the friction angle cannot be excluded,
it is not addressed in the present paper.

3.2 Flow rule

Beside the definition of the yield surface, yield is described by a flow rule. In this frame, the flow
potential G is defined as

Jmm
G= g, + Ttan(fp:]

where ¢ is the ‘so-called’ dilation angle in the (crg,—%Tm) plane. When ¢ = f5 | the incremental
plastic strain vector is normal to the yield surface in the (crg,—%Tm) plane and the plastic flow is

associated with and derives from the yield criterion. When ¢ is different from £ the flow is non-
associated. When @ = 0, then plastic incompressibility is assumed. The non-associated flow rule
might cause some convergence issues of the host finite element software when dealing with
heterogeneous stress states.

The dilation angle at a given plastic strain p is computed as
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_3(1-2v,)

tan (¢) = 2(1+7,)

where 1:1;,'_ is the plastic ‘Poisson’ coefficient measured in compression given by

£ _
v, =

Pr

Pz

with p,. and p. the radial and axial plastic strains in an uniaxial compression test. The plastic strain
tensor is given by

Pi; = 55— Siwak

where £;; is the strain tensor, @y, is the stress tensor, 5;;; is the elastic compliance matrix of the
resin.

Although some strain rate and/or temperature dependence of the dilation angle cannot be excluded,
it is not addressed in the present paper. In its present formulation the Drucker-Prager model requires a
single value of the dilation angle ¢.

3.3 Elastic behavior

The resin is isotropic with Young’s modulus E and Poisson ratio 7. For the sake of simplicity, the
Poisson ratio is taken as rate and temperature insensitive. The asymmetry of Young’s modulus
between tension and compression is neglected as a first approximation. The compression modulus is
thus used. In line with [10] and [5] for what concerns the temperature and the strain rate dependences,
respectively, the compression modulus is assumed to take the following form:

E(T,In(£)) = E(293)e BrT=253) L & _(In(£) —c_)

where E(293) is the compression modulus averaged over all strain rates at room temperature, c. is

the average of the logarithms of all the tested true strain rates, 5 and & are fitting parameters. The
identified strain-rate dependence of the Young’s modulus should hold up to strain rates of 100 s [5].
In most quasi-static loading situations, the dependence on strain-rate could even be neglected.

3.4 Hardening behavior

The temperature and strain-rate dependent hardening behaviour is identified against the uniaxial
compression experiments. It is assumed that the strain hardening does not depend on the stress
triaxiality, which can be admitted as the resin is brittle in tension; however, in general, the re-
hardening part can be highly sensitive to the hydrostatic stress. Hence, Poulain et al. [10] show that
the hardening behaviour of their moderately crosslinked epoxy is different in tension and compression
on the whole range of strain. Besides, the entropic resistance is known to be pressure dependent which
is thus not accounted for in the model.

The hardening behaviour of the resin is described by a sum of three main contributions: the pre-
peak hardening behaviour @ related with main chain segmental motion activation, the softening part
@y coming from shear-transformation, localization combined with free volume rearrangement and
then the re-hardening &~ often referred to as the entropic spring contribution. This approach,
illustrated in Figure 1, is inspired by the seminal work of Haward and Tackray [11].
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Figure 1. Decomposition of the compressive true stress-strain curve of RTM6 into three
contributions : pre-peak hardening, softening and re-hardening.

The formulation presented here relies on the commonly accepted understanding of the molecular
motion of entangled or cross-linked glassy polymers during straining. Below the glass transition
temperature, in order to achieve large inelastic strain, the polymer has to overcome two main types of
physical-mechanical resistance: the intermolecular resistance (o4, + 04+ og) and the entropic

resistance J"-_ii'

At low strains, the polymer has to be stressed enough above the yield stress @3- (and with an
appropriate stress triaxiality) in order to exceed the activation energy for segment rotation (different
types of segment rotations are involved, with different relaxation times). The contribution of this
mechanism to the hardening of the polymer is denoted @; and has the following expression:

gy = Gy (1 — e T4F)

where @, is the targeted plateau stress and * is a fitting parameter driving the hardening rate.

As part of the stress-strain behaviour, significant softening is usually observed after the peak yield.
Softening is due to shear transformation / large inter-molecular movement and can be either related to
the localization of strain under the form of shear bands or more generally to any heterogeneity of stress
which would simultaneously bring loading and unloading of distinct regions in the polymers, at a yet
undefined length-scale. The contribution of this mechanism to the hardening of the polymer is denoted
g and writes:

0y = Ogg(1 — e EF)

where g is the targeted plateau yield drop and *5 is a fitting parameter driving the softening rate.

At larger strains, the latest contribution is due to the entropic resistance to the alignment of the
molecular network. This contribution is derived here from the Arruda & Boyce 8-chain model of
rubber elasticity [12]:

o

—&Eﬁ—i ('1
W

= £ 1d B
3 A, aﬁ) ev(B)

where Cj is the hardening modulus (C is the rubbery modulus for material in the rubbery state), VN
the limiting chain extensibility, B = FF7 is the left Cauchy-Green tensor and dew(B) its deviator,
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with F the plastic deformation gradient (note: in the following expression, plastic incompressibility is
assumed)

gFu 0 0 gFi 0 0 e¥ 0 0
F=| 0 eP= 0 |=| 0 %% 0 |=| 0 e 0
0 0 ePs 0 0 e 05P 0 0 e~/

The term 4, is the stretch on a chain of the 8-chain network defined as

_ |trace (B)
P 4 3
The symbol £ represents the inverse Langevin function, which is here approximated by the explicit
function
3 —x?

-

L7 %)~ 3
(x) —

Other expressions for the re-hardening could be assumed, considering for instance a Neo-Hookean
behaviour, a 3-chain or 8-chain model or the approximated full-chain model by Wu and Van der
Giessen [13]. Note that entropic springs such as the 8-chain model detailed in the expression of o
imply the existence of transverse stresses that should be iteratively removed by applying an
appropriate transverse strain in order to recover a pure uniaxial test; the present model overlooks this
effect by just taking into account the axial component of o .. First, the impact of neglecting the
transverse stresses brought by the entropic spring is that the identified parameters will be slightly
different. Second, considering the spring as a simple hardening function relating the effective stress
and the equivalent plastic strain cancels its ‘multi-axial contribution” and inherent pressure-sensitivity.

The compression stress of the resin can then be expressed as

T =HYD2 + JAE(]._E_PA?J]—F G_ED(l_E_?BJpj+ G-C_I_I
where @ is the axial component of the re-hardening stress.

The strain-rate and temperature dependence of  the stress parameters
Tygz- Tap 1S assumed to follow the inverted Eyring’s equation, i.e.

kyT AG

o, = ﬂ_Ai [111(?5) - ln[ﬁ’uf)) +

i

N2,

with i = Y02 or i = AO; N, is the Avogadro number. Inspired by the work of Boyce in [3] where the
saturation stress is taken as a constant fraction of the so-called ‘athermal shear strength’, the strain rate

and temperature dependence of “sa is introduced through “s0 = —k 0y where k is a strain-rate and

temperature insensitive fitting parameter named “yield drop coefficient’ while v is the strain-rate and
temperature dependent peak yield stress, which also obeys the inverted Eyring’s equation. The

parameter "4 governing the pre-peak hardening rate is taken as

—_ )
T = Ty, T 4+,
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while "=, the parameter governing the softening rate, is kept constant.
In line with the approach of Arruda et al. [14], Cr is assumed independent of strain rate and

temperature. Then +/N is taken independent of strain-rate while its sensitivity to temperature is
expressed as

n(293)N(293)

N(T) = =
B, + A, (1 - g'RaT)

where n(T) is the chain density at temperature T, E, is the thermal dissociation energy and A, and By,
are fitting parameters. This last expression expresses the fact that the number of efficient rigid links
per chain n(T)N(T) remains constant whatever the temperature. Alternately, for materials below the
glass transition temperature, Rottler [15] reports that the hardening modulus Cr should depend linearly
on the lower yield stress (having by consequence the same strain-rate and temperature sensitivities)
and on the hydrostatic pressure.

Table 1 summarizes the parameters that must be identified, some of them can be identified directly
from the experimental results, while other are identified through a procedure of global fitting of the
stress strain curves. The minimum set of experiments must involve 4 compression tests (e.g. 2 tests at
different constant true strain rates and room temperature, and 2 tests at different temperatures,
whatever the selected strain rate) and one tensile test at room temperature and at a constant true strain
rate (for which a RT compression test is available).

Parameters
Modulus parameters Br k. E(293)c.
Poisson ratio v
Stress ratio
Plastic Poisson ratio vy
Activation volumes 2, 02 0
Activation enthalpies AGy AGyy, AGy,
Reference transformation rates Po,, Poyg.Pogg
Yield drop coefficient k
Hardening kinetics coefficients Ty o Tap T T
Rubbery modulus Cx
Efficient chain segments A, B, E, N(293)

Table 1.

4 RESULTS AND DISCUSSION

4.1 Experimental results

Note: in this document stress and strain refer to true stress and true strain.

Compression and tensile tests results at constant true strain rate and constant crosshead
displacement rate are shown in Figure 2 and Figure 3, respectively. Not all but only representative true
stress-strain curves are shown in these figures.
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Figure 2. Experimental results. Left: compression tests at constant true strain rate (from 10 to 10™
1/s) and right: constant crosshead displacement rate (from 0.1 to 100mm/min) for three temperatures

(293K, 373K, 423K).
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Figure 3. Experimental results. Left: tensile tests at constant true strain rate (10 1/s) and room

temperature and right: tensile tests at constant crosshead displacement rate (1 mm/min) for three

temperatures (293K, 373K, 423K).

The compressive and tensile CSR tests were made with the same batch of resin. The CCDR
compressive and tensile tests were performed with samples coming from different batches, but without
samples coming from the ‘CSR batch’.

The following points must be highlighted:

batch to batch variability of modulus and peak yield stress of up to 15% can be observed,

the compressive plastic strain at failure looks rather insensitive to temperature and strain rate,
and close to 0.6, except for the RT tests at a constant true strain rate. However, there is a
significant difference between the tests performed at RT at a constant true strain rate or at a
constant crosshead rate: there is about a 50MPa and a 0.1 drop of the failure stress and plastic
strain at failure respectively for the constant true strain rate tests. No other explanation than
the batch/operator variability can be given to explain this difference;

only the tensile and compression tests performed at the same constant true strain rates can be
directly exploited to extract the asymmetry of yielding at peak yield between tension and
compression. In order to exploit the CCDR tests, the peak yield in compression must first be
deduced using the identified Eyring fit using the average plastic strain rate of the investigated
corresponding tensile test. Then the ratio of peak yield is computed between a real peak yield
in tension and a virtual peak yield obtained from the Eyring fit.

the tensile tests perfomed at room temperature and constant true strain rate and constant
crosshead speed bring slightly different pre-peak hardening behaviors of the resin at low
strains. No other explanation than the batch/operator variability can be given to explain this
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difference. Furthermore the tensile curves at room temperature do not actually reach the peak
yield. However, for one of them the slope of the curve at failure is so close to zero that the
failure stress is assumed to be equal to the peak yield.

4.2 Parameters identification

The identification is made here with the CSR tests only.

The identification of the model parameters is made through a two-step procedure:

1. Several model parameters (13 ) can be identified directly against the experimental results: the
modulus parameters (8r ky, E(293), c.), the Poisson ratio 17, the stress ratio r, the plastic
Poisson ratio v?,‘f , the stress parameters @5, and oy (activation volumes, enthalpies and
reference transformation rates that appear in the inverted Eyring’s equation).

2. The remaining model parameters (13) are identified by minimizing the distance between the
predicted compression true stress-strain curves and the remarkable experimental couples shown
in Figure 4. Additionally the slope of the stress strain curve should be zero at the peak yield
and lower yield. A gradient based optimizer provided in Matlab [16] is used for that purpose.

250

(P=0)
200}

o
w
o

(pUnUU)

=
o
=]

True stress (MPa)

(puo0)
(0.002,0 o)
50t

E

0

0 0.1 0.2 0.3 04 0.5 0.6 0.7
True strain

Figure 4. Remarkable (plastic strain, stress) couples used for parameter identification.

The parameters identified using the aforementioned procedure are listed in Table 2.

Br k. E(293) C: v r T-";? Qay Qaygs Q49
1K MPa s MPa 1/s - - - mm?® mm?® mm®
-0.00261 30.64 2587 586 | 038 | 0912 | ~0.5 |18107° | 38107"° | 26107
AGy AGygy | Ay Poy | Poyoz | Poao k Ta.a Tas My g
J/mol J/mol J/mol 1/s 1/s 1/s 1/K

2.86 10° 2.06 4.76 283 | 304 | 879 | 0.954 | 8526 | 43.4 | 465 | 1.536
10° 10° 10% 10’ 10%

Cr A, B, E, N(293)

MPa - - J/mol -

225 1.19 10% 9 10% 5.4 1.81
Table 2.

The identified activation volumes are in the same range as those reported in [17] for a DGEBA epoxy
resin. The main parameters of the re-hardening part (Cz, N(293)) are also comparable with values
reported in the literature for other glassy polymers. The resulting true stress-strain curves are shown in
Figure 5.b, with representative experimental results reproduced in Figure 5.a for the sake of
comparison. A good agreement is found in terms of capability to reproduce the hardening behavior in
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the given range of strain rates and temperature. As shown in Figure 6.a, the model is also capable of
predicting the behavior in tension however discrepancies are observed at low plastic strains as the pre-
peak hardening behavior was shown to be different in tension and compression. The tensile curves
predicted at the other temperatures (with the average strain rates computed from the CCDR tests) are
shown in Figure 6.b. While the behavior is well predicted at room temperature, this figure suggests
that the pressure sensitivity of yielding is temperature dependent as well.
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Figure 5. a) experimental true stress - true strain curves for RTM6 from compression tests; b)
responses identified by the present model. Note that the curves predicted by the model are arbitrarily
interrupted at a plastic strain of 0.7 as failure is not addressed in this paper.
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Figure 6. Comparison of model predictions and experimental responses in tension: a) tensile true
stress-true strain curve at a constant true strain rate; b) tensile true stress-true strain curves at a
constant crosshead displacement rate.

5 CONCLUSION

The proposed hardening law associated with the linear Drucker-Prager yield surface and non-
associative flow rule is capable to reproduce the sensitivity to strain rate, temperature and hydrostatic
pressure of the non-linear deformation behavior of a thermoset polymer. It has been identified for an
important aerospace grade epoxy system, namely the RTMBG6 resin. It has been used in a companion
paper to identify a micromechanical failure criterion [6] for the resin. The model can now be used as a
key ingredient in the multi-scale analysis of the deformation and failure of composites under
monotoneous loadings without the need for implementing a user-defined material subroutine. Hence
the identified model paramaters can be used readily in the standard distribution of the general purpose
finite element software Abaqus. Current limitations of the model include the fact that it cannot
reproduce the back stress observed upon unloading, it cannot be used to simulate creep of relaxation
experiments, it cannot handle the apparent temperature dependence of the pressure-sensitivity of
yielding. Ongoing parallel research intended to circumvent these limitations is presented by V.-D.
Nguyen et al. who develop a large strain constitutive model for amorphous glassy polymers and
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assess it against experimental results for the same RTM®6 epoxy resin.
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