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Summary: This paper presents a novel material model for the simulation of strain rate and
damage growth in unidirectional carbon non-crimp fabrics reinforced epoxy (NCF) compos-
ite in transverse compression. Therefore, a viscoelastic-viscoplastic model for the matrix and
a transversely isotropic model for the carbon fibres together with continuum damage is intro-
duced. The model is based on computational homogenization with a subscale represented by
matrix and fibre constituents at finite deformation. The developed material model is imple-
mented in Abaqus/Explicit. A good agreement between the finite element model response and
the observed experimental data for transverse compression tests is obtained.

1. INTRODUCTION

Carbon fibre reinforced polymer composites offer high specific stiffness and strength as well
as an adjustable energy absorption capacity [1]. Therefore, they are well suited for developing
lightweight structures in aviation, vehicle constructions and machine building. On the other
hand, textile technology, offers economically attractive alternatives to the traditional pre-preg
composites. The NCF composites have attracted the attention of industries, offering lower
manufacturing costs and improved through-thickness properties with no significant drop in the
in-plane performance. Due to the complex architecture of NCF materials, they have not yet
achieved the necessary level of development for dynamic applications.

The strain rate dependence of composites reinforced by unidirectional fibres or textiles has
been investigated in several experimental studies [2, 3, 4]. For dynamic strain rates split Hop-
kinson bars are frequently used. The results are reviewed by Singh [5] and Sierakowski [6].
Extensive experimental studies of uniweave NCF have also been done by Bru et al. [7] at quasi-
static strain rates. Recently, compressive and tensile loading tests at different strain rates were
performed on the uniweave NCF composite considered in this paper [9].

There are a few dynamic constitutive models addressing the nonlinear strain rate effect
coupled to damage growth and anisotropy but only limited to unidirectional composites. Models
by Gerbaud et al. [10] and Eskandaria et al. [11] used phenomenological invariant based
formulations to represent viscoelastic/viscoplastic effects in polymer composites but without
damage growth. A micromechanics based model for unidirectional polymer composites under
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quasi-static and high strain rates was proposed by Larsson et al. [12], where the matrix is
assumed to be viscoelastic-viscoplastic while the carbon fibres are elastic transversely isotropic.
Recently, this model was extended to include continuum damage in unidirectional composites
[13]. In this paper, the model by Larsson et al. [12, 13] is utilized to simulate dynamic behaviour
of a uniweave NCF composite, due to the similarities with unidirectional prepregs.

2. Implementation of homogenized matrix-fibre response

This section describes the computational homogenization technique used to relate the sub-
scale matrix-fibre response to the macroscale.

Consider a Representative Volume Element (RVE) B, of the fibre/matrix composite as
shown in Figure 1. The matrix material is defined by the region Bg’m and the fibre material
by the region Bg’f in the RVE.

| Bg’f N. M=N '® N

Figure 1: Representative volume element with volume Vi with a fibre region BY' € BY (with
the fibre orientation M) embedded into the polymer matrix B%’m in BY .

To describe the microscopic lagrangian strain field E locally in B2, it is assumed that the
microscopic strain field E split into a macroscopic, constant (average) strain £ in the RVE
(where E is the macroscopic displacement of the solid), and a fluctuating portion E.

E=E+EecB} ()

Following [12], a Hill-Mandel condition is used to derive the homogenized response of
the deformation process in the RVE. It states that the homogenized virtual work done by the
macroscopic strain and stress equals the virtual work done by the microscopic strain and stress
fields in the RVE.

0E:S=0E:<(I+alg):S8>p +E:<daS >y Yéa ()

where, S is the homogenized (continuum) stress in the material form.

A simple but realistic representation of the homogenized response of the composite has
been implemented by assuming a constant strain (Voigt model) in the fibre direction, even in
the non-linear regime of the micro-mechanical response. A constant stress (Ruess model) is
used in the transverse direction of the fibres. The fluctuation is most significant with respect to
the transverse direction of the fibre.
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To formulate the strain fluctuation a piecewise constant scalar field ¢ in BY is assumed
where F is the projected macroscopic strain tensor onto the transverse direction of the fibre.

E=aFE (3)
where
af X e BY st X eBY @
a = . =
a® X € B" S™ X e BI"

Upon inserting these expressions into the Hill-Mandel condition, (eq 2), we find that the
homogenized (continuum) stress in is obtained as

S =< <I—|—a1>:S>B%:vam+Ufo—|—amvmf:(Sm—Sf) (5)
The homogenization in spatial form follows as
T =< (I + a%) P T >po= "™ ol 4 a™™i (7™ — ) (6)
together with
(Tm—ff):é:Owithé:i:éandé:%(1—1)‘1) )

Here, & is the projected Eulerian strain tensor € onto the transverse fibre direction. 7 = F-S- F'
is the Kirchhoff stresses in the spatial form. A more in detailed explanation and discussion of
this implementation is given in [13].

2.1 Constitutive response of matrix and fibre constituents

This section describes the model developed for the matrix and the fibre constituents. This
development represents [12] and it’s extension to include a damage enhanced effective matrix
material model [13].
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Figure 2: Rheologcial model for viscoelastic-viscoplastic response of the polymer matrix of the
composite.
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To model the polymer matrix, a rheological model in Figure 2 for the viscoelastic-viscoplastic
coupling is considered. This coupling is described by six parameters. A quasi-static and dy-
namic shear moduli, Gy, G (via (G5) and the visco-elastic damper t5, represent linearly vis-
coelastic response. This is coupled with the viscoplastic response defined by the o,, 0. defining
the quasi-static yield stress of the polymer matrix in tension and compression and the visco-
plastic damper ...

In order to model the matrix material we consider the stored free energy ™ related to the
volume of matrix material in the RVE. This is defined as

U™ = fla] (90 + Vo) + 0 (®)

representing the deviatoric (or shape distortion) energy and the volume change energy of the
matrix material.

Using the basic postulate of the mechanical dissipation rate D™ > ( we obtain the total
Kirchhoff stress of the matrix as

Tm = f[a]+;r;o + T:"Ll]' with 7A_Ii20 = 7A-rlr:iso + %r2n,iso (9)

f[a] is the damage degradation function degrades only the matrix
flal=(1—a)*+r (10)

whereby f'[a] < 0for0 < a < 1.
We introduce the viscoplastic-viscoelastic evolution rules related to the matrix shear be-
haviour defined as

0" . 3T
dp:)\ﬁ:Af Wlthf: 55 (113.)
1
o (11b)

= — T :
v 2
2G2t2* ,180

A is the viscoplastic multiplier obeys the Bingham model

1 . < T —(¢y+p) >
— > h — € Y
A= nlo] 2 0 with nf¢] o

where . is the viscoplastic relaxation time and 7 is the Bingham overstress function.

(12)

For the carbon fibres, a transversely isotropic hyper-elastic response is assumed. The total
elastic response is obtained from the stored free energy ¢! defined as

Y=g+ U + U5+ Y (13)
Hyperelastic response of fibre material in terms of the 2nd Piola Kirchhoff stress is
ot f f f f
= o5 = Su+ S+ S+ 5M (14)

Push forward to spatial coordinates yields the Kirchhoff stress as 7/ = F - ST . F'. This
gives the total Kirchhoff stress as 71 = 70, + 7+ +{ + 7.
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3. Continuum damage, Material data and Numerical examples

In this section, continuum damage evolution, material data and the numerical examples are
discussed. To predict the onset and evolution of global failure of the composite a damage model
is exploited. Following the developments in [13, 14], damage evolution ¢ is coupled to the
viscoplastic part of the matrix model, where the damage variable « degrades the matrix material
asin eq.(9). In this paper rate dependent local damage model is advocated, involving the fracture
energy G., the internal length parameter /. and the damage progression speed parameter v*. The
model is applied on a chosen geometry and material in order to demonstrate the capabilities of
the proposed model for simulating the dynamic behaviour of an NCF composite.
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Figure 3: Specimen geometry for HT'S45-LY556 NCF composite laminates subjected to trans-
verse compression loading through the prescribed horizontal velocity v at the right edge.

The rate dependent damage model developed in [13] is implemented in the finite element
(FE) code Abaqus/Explicit to simulate transverse compression tests through the user defined
material subroutine VUMAT. The 8-node reduced integration, C3D8R solid element with di-
mensions of 0.1 x 0.1 x 0.1 mm? is used to discretize the ply. The backward Euler method is
used to integrate the viscoelastic-viscoplastic flow rules and a radial return mapping algorithm
implemented to update Cauchy stress.

Table 1: Considered applied loading rates and consequent (homogeneous) compressive strain
rates for the fibre off-axis specimens [7, 9].
Strain rates in compression [/s] | Loading rate v [mm/s] | Estimated

Fibre angle 6 | Quasi-static \ Dynamic Quasi-static \ Dynamic | v* [mm/s]
90° 2.5 x 107° 496 0.025 4960 5000
90° - 984 - 9840 10000
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Table 2: Material parameters for the carbon fibre.
By, Epr G Gprp Ky vip vpp V'

GPa GPa GPa GPa GPa - - %
240 24 30 90 246 025 0.5 60

Table 3: Material parameters for the epoxy at quasi-static loading.
E™ ym G1 =@Gm K™ O¢ Oc gc

GPa - GPa GPa MPa MPa N/mm
4.9* 0.35 1.81 544 73 106 0.09

The material consists of epoxy reinforced by a unidirectional non-crimp fabric (NCF). The
NCF is a Porcher 4510 "uniweave" with 96.5 percent HTS45 carbon fibres and 3.5 percent
glass/polyamide weft yarns. The epoxy consists of Araldite LY556 epoxy resin, an Aradur
HY917 hardener and a DY070 accelerator with weight proportions 100/90/0.5 ("System 1")
[16]. The test specimen, subjected to uniaxial compression under quasi-static and dynamic
loading, is shown in Figure 3. The quasi-static experiment on the NCF composite was per-
formed by Bru et al. [7] in tension and compression. Recently, Olsson et al. [9] performed
dynamic tests on off-axis specimens of the same material system in tension and compression.

The elastic fibre properties are shown in Table 2. The longitudinal modulus is according to
the manufacturers data [15] and other fibre properties are estimated. The adopted properties for
LY556 epoxy (shown in Table 3) are obtained from [16], except [17] for compressive strength
and in-house data for tensile strength. To improve the stiffness prediction of the model for shear
and transverse loading of the composite in the viscoelastic range the elastic modulus of the resin
was corrected by an enhancement factor 1.53. The factor was selected to obtain a good match
with the Halpin-Tsai expressions, which account for the inhomogeneous stress state in fibre
composites. This correction is indicated by e marker.

3.1 Calibration and model parameters

This section summarizes the steps for the determination of model parameters associated
with the material system, HT'S45/LY556.

The model parameters are shown in Table 4. The procedure for determining the viscoelastic
and viscoplastic model parameters has been thoroughly explained in [12, 13]; a brief summary
is given here.

Some of the model parameters are estimated. The damage parameter /. is estimated based
on the order of the distance between the fibres in UD composites, i.e. ca.0.005 mm. Further-
more, v* should be higher than the applied loading rate i.e. v* > v to properly capture the
damage localization in FE simulation. For others, a calibration method is used to find the best
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Table 4: Model parameters for neat epoxy matrix material. The damage progression velocity
parameter v* is adjusted for each test case (see Table 1) as indicated by the Y marker.

Calibrated Estimated
G 2 tQ * t* l c v *
GPa S S mm mm/s

250 1.12x107°% 9.50 [ 0.005 %

90° off-axis
350 7
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Figure 4: Comparison of experiment and material point stress-strain predictions under uniaxial
transverse compression after calibration to the material parameters listed in Table 2 and 3.

possible value using the least square fit. Like in [12, 13], the calibration is carried out, using
a MATLAB/FORTRAN implementation, for uniaxial compression tests at the material point
level. Both quasi-static and dynamic tests are included in the calibration.

The calibrated model parameters for the 90° off-axis case are shown in Table 4. Figure 4
shows the good correlation between experiment and the calibrated response.

3.2 Validation

This section describes the validation of the material model at rate dependent intralaminar
failure predictions of the NCF composite in transverse compression. The FE model predictions
are compared with the experimental response of the NCF composite specimen at different strain
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Figure 5: Comparison of experiment and FE stress-strain predictions of the complete specimen
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in Figure 3 under uniaxial transverse compression at different strain rates.
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(d) Out-of-plane crack growth at 984 /s

Figure 6: FE predictions for dynamic failure of 90° off-axis specimen in compression.
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There is a good qualitative agreement between experiment and simulation results in Figure
5. The FE-based stress strain response agrees well for the quasi-static and dynamic loading of
984 /s, whereas initially a too stiff response is obtained for the dynamic loading of 496 /s while
later FE-predictions agree well.

Figure 6 shows axial strain distribution €, from the FE predictions of the dynamic compres-
sive failure in the NCF. A localized transverse in-plane behaviour is observed for both strain
rates, cf. Figures 7a-7b, whereas 45° out-of-plane shear bands are observed in the x-z plane,
cf. Figures 7c-7d. At 496 /s, a single out-of-plane shear band is observed, whereas multiple
out-of-plane shear bands are observed at 984 /s in the x-z plane. The damage patterns agree
well with the dynamic transverse compression test performed on IM7/8552 material system by
Koerber et al. [2].

4. Conclusions

A recent rate dependent micromechanically based model [12], extended by continuum dam-
age, has been presented to predict the out-of-plane intralaminar failure modes of an NCF com-
posite in transverse compression. The model predictions are in good agreement with the con-
sidered transverse compressive experimental results of the NCF composite at both quasi-static
and dynamic strain rates. The increase in stiffness and strength together with softening due to
the progressive damage at increasing strain rates is successfully captured by the model. The
different failure modes of the composite under transverse compression are in line with other
relevant studies [2].
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