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Abstract Material properties description and understanding are essential aspects when
computational solid mechanics is applied to product development. In order to promote in-
jected fiber reinforced thermoplastic materials for structural applications, it is very relevant
to develop material characterization procedures, considering mechanical properties varia-
tion in terms of fiber orientation and loading time. Therefore, a methodology considering
sample manufacturing, mechanical tests and data treatment is described in this study. The
mathematical representation of the material properties was solved by a linear viscoelastic
constitutive model described by Prony series, which was properly adapted to orthotropic
materials. Due to the large number of proposed constitutive model coefficients, a parame-
ter identification method was employed to define mathematical functions. This procedure
promoted good correlation among experimental tests, and analytical and numerical creep
models. Such results encourage the use of numerical simulations for the development of
structural components with the proposed linear viscoelastic orthotropic constitutive model.
A case study was presented to illustrate an industrial application of proposed methodology.

Keywords Abaqus CAE - Creep tests - Parameter identification - Prony series - Short fiber
reinforced thermoplastic - UMAT Subroutine

1 Introduction

Fiber reinforced thermoplastic materials have received increasing attention in recent years
to manufacture structural parts in industry for products with high added value such as vehi-
cles, aircrafts, household appliances, and so on (Masuelli 2013; Tanasa and Zanoaga 2013;
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Jeyanthi and Rani 2012; Prabhakaran and Kumar 2012; Mertz 2003). The advantages over
traditional materials include, among others, high strength-to-weight ratio and high stiffness-
to-weight ratio. These characteristics are directly related to structural applications, in terms
of materials selection. Additionally, components made of short fiber reinforced thermoplas-
tic materials have relatively low processing costs, especially if the injection molding process
is used (Li 2015; Yang et al. 2013; Ostergren 2013; Vélez-Garcia et al. 2011; Aratjo et al.
2009; Chang and Yang 2001).

According to Banks et al. (2011) and Reese and Govindjee (1998), thermoplastic mate-
rials exhibit simultaneously elastic and viscous behavior, which depends on material char-
acteristics and microstructure. Fiber reinforced composite materials show anisotropic prop-
erties due to fiber orientation and also viscoelastic behavior due to thermoplastic matrix.

In order to prevent failure modes related to viscoelastic behavior in structural parts made
of fiber reinforced thermoplastic materials, an overview of available research was performed.
Abadi (2008) showed an implicit finite element method to analyze the thermoforming pro-
cess of thermoplastic sheets reinforced with unidirectional continuous fibers in which the
transient reversible network theory was used to model anisotropic material behavior. Droz-
dov et al. (2010) derived constitutive equations using finite thermo-viscoelasticity model to
describe polymer melting; parameters were adjusted using experimental curve fitting.

In Despringre et al. (2014), a new micromechanical model was used for high cycle fatigue
damage of short glass fiber reinforced Polyamide-66. Proposed material model considered
damage and nonlinear viscoelasticity matrix.

Nguyen et al. (2007) presented constitutive models considering anisotropy and finite-
deformation viscoelasticity, in which fiber and polymeric matrix can exhibit distinct time-
dependent behavior. Nedjar (2007) examined a fully three-dimensional constitutive model
for anisotropic viscoelasticity, which is suitable for the macroscopic description of fiber rein-
forced composites that experience finite strains. It was considered that the polymeric matrix
and the fibers are treated separately, allowing it to represent as many bundles of fibers as
desired. Nedjar (2011) developed a model for the macroscopic description of unidirectional
fiber reinforced composites. Fiber contribution was considered as time-independent and lin-
early elastic, while viscoelastic matrix experiences creep only in shear. In Chevali (2009),
an analysis of creep as a function of variables like fiber length, fiber volume fraction and
material degradation due to moisture absorption and ultraviolet radiation was performed.
Papadogiannis et al. (2009) evaluated the creep behavior and the viscoelastic properties at
different temperatures for glass fiber and carbon fiber endodontic posts.

In the work presented by Suchocki (2013), the framework of QLV—Quasi Linear Vis-
coelastic theory was used to formulate a new rheological model able to capture the non-
linear viscoelastic behavior of thermoplastics and resins. This model was implemented into
the FE—Finite Element system of commercial software Abaqus. In Puso and Weiss (1998),
a theoretical and computational framework was developed to apply finite element method to
anisotropic viscoelastic soft tissues. A discrete spectrum approximation was developed for
QLYV relaxation function.

Ghazisaeidi (2006) studied the effects of anisotropic material properties of the short glass
fiber reinforced thermoplastics on acoustic behavior. Numerical tools were employed to
investigate steady dynamic responses of the plastic model under a harmonic excitation. Fiber
orientation was obtained using injection molding simulation.

As noted, studies related to material characterization and constitutive models are required
to understand viscoelastic behavior of composite parts. These developments, combined with
a finite element code, allow a significant improvement of product development process.

Due to the lack of a proper model for linear orthotropic viscoelastic materials in current
commercial finite element packages, the aim of this paper is to implement this constitutive
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Fig. 1 Fiber orientation
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model as a subroutine and identify its Prony series parameters by fitting numerical and
experimental creep test data. Considering this numerical tool improvement, it is possible to
study particular failure modes related to viscoelastic behavior in composite parts.

2 Materials and methods

This section describes theory and methodology considered to support research regarding
experimental procedures, data treatment, constitutive model and user subroutine.

2.1 Linear orthotropic viscoelasticity

It is well established that mechanical properties of fiber reinforced plastics depend on mate-
rial orientation. Mechanics of composite materials usually describe longitudinal and trans-
verse directions related to fiber, which are described in Fig. 1.

Orthotropic models consider different material behavior for each orthogonally related
direction. As a consequence, more parameters are needed to fully describe material behavior
when compared to isotropic materials. The stiffness matrix of orthotropic materials showing
elastic constants is presented in Eq. (1), where the term A is defined in Eq. (2):
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It should be noted that the Voigt notation is used through the text due to the symmetric
tensors; thus, second-order tensors are presented as column matrices with independent com-
ponents.

Materials, in general, can exhibit both instantaneous and time-dependent response. As
a reference for this representation, classic viscoelasticity models proposed by Kelvin and
Maxwell describe a spring and a dashpot for instantaneous and time-dependent properties,
respectively.
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Fig. 2 Representation of
generalized Maxwell model [ —gFC

Viscoelasticity behavior is typically observed as two typical phenomena: creep, which
describes a increase in strain due to a constant stress state, and stress relaxation, representing
a decrease in stress when structure is subjected to a constant strain (Christensen 2003).

Linear viscoelasticity hypothesis assumes that strain increment is linearly proportional to
stress, acting as a linear scale factor for creep behavior. This assumption is usually consid-
ered valid for small stress levels. Higher stress states or temperatures can induce nonlinear
viscoelasticity or even viscoplastic material behavior.

2.2 Constitutive model based on Prony series

Generalized Maxwell model defines a material representation as a parallel combination of n
Maxwell’s spring—dashpot association, as shown in Fig. 2. The mathematical representation
of such idealization is a summation of exponential terms defined as Prony series, as shown
in Eq. (3). It should be noted that n also corresponds to the number of summation terms of
Prony series, as stated by Park (2001) and Tschoegl (1989).

Zaieﬁ 3)

i=1
where

«; is the first Prony term, and
B; is the second Prony term.

Commercial FE softwares currently employ Prony series to define time dependency of
stress—strain relation in terms of volumetrical and deviatorical stiffness, as written in Eq. (4).
It is important to highlight that only isotropic behavior is typically available in FE programs
for viscoelasticity models, as also stated by Pettermann and Hiising (2012).

! , de, ’ ! ’ deg ’
a(t)_/oK([_t)dt’dt+/o ZG(I—I)dﬂdt 4)

where

K is the volumetric stiffness,
G is the deviatoric stiffness,

t is the current time,

t' is the previous time,

&, is the volumetric strain, and
&4 18 the deviatoric strain.
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Based on this representation, volumetrical and deviatorical stiffness are time-dependent
functions and are typically represented as Prony series, according to Egs. (5) and (6), re-
spectively:

ng —t

K(t) = Kyero |:a§o + > afert ] ®))
i=1
nG ;(1;

G(t) = Grero [agi +) afeli } (©6)
j=1

The terms K,ero and G ero represent instantaneous material stiffness and are usually ob-
tained from tensile tests. As the variable ¢ approaches zero, Prony series indicates that mate-
rial stiffness is dictated only by these instantaneous values. Moreover, o, terms are obtained
from Eq. (7), as long as Eq. (8) is satisfied. Each «; term is related to the loss of stiffness at
the time indicated by §;. Thus, oo, represents residual stiffness when time tends to infinity:

Qoo =1— iai, @)
i—1

Xn:oll’ < 1. (8)
i=l

For the purpose of this work, each elastic term of constitutive model is then formulated
to consider a function of time ¢ using Prony series. It is shown in Eq. (9) as a function of
elastic modulus for longitudinal fiber direction along time ¢,

nE; =t

E

E\(t) = E‘l.zt=.ro|:‘:oncl + E OliEleﬂi ' :| )
i=1

Elastic modulus in the transverse direction and shear modulus in the transverse plane,
written in terms of Prony series, are presented in Eqgs. (10) and (11), respectively:

nE, =
E-
Ex(t) = Ej yero [afg +Y a2l } (10)
i=1
"Gy -
Gu(r)zGu,zem[afgz + ) ol '2}. (1)
i=1

Considering that strain values vary along time, i.e., £,(t) and &,(¢), it is also expected
that Poisson’s ratio becomes a function of time, as represented in Eq. (12):

(12)

Therefore, Poisson’s ratio is also written in terms of Prony series, according to Egs. (13)
and (14). It should be noted that we use the inverse function due to the ascending shape of
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Prony series curves:

My —t
(Vlz(f))_l = V12,zer0 |:0l;éz + Z“iylzeﬂi B i|’ (13)
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i=l

Regarding unidirectional fiber composites, it is possible to simplify orthotropic stiffness
matrix presented in Eq. (1) as a transversely isotropic material. This assumption considers
that directions 2 and 3 of Fig. 1 show the same properties related to transverse fiber orien-
tation. Therefore, elastic parameters as a function of time, indicated in Egs. (9), (10), (11),
(13), and (14), are finally incorporated into the compliance matrix. According to Klasztorny
(2008), obtained Eq. (15) can be considered as the coupled standard equation of monotropic
viscoelasticity, written using Voigt notation, namely
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o E® Eiit) Eﬁz) 0 0 0 ©
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Y12(1) 0 0 0 m 0 0 T12(t)
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y23(t) G2 23(1)
0 0 0 o0 o 0
- Ey(t)

2.3 Experimental procedures

Material characterization procedures were conducted to identify mechanical properties of
polybutylene terephthalate (PBT) with 20 % content of glass fiber (GF) reinforcement.

Samples for tensile tests are usually obtained from a mold cavity with dimensions indi-
cated by standards. Arjmand et al. (2011) shows schematics of a dog-bone sample obtained
directly from injection molding. This procedure becomes limited to isotropic materials, as
only one direction can be evaluated. Therefore, it is not suitable for characterization of fiber
reinforced materials.

Based on this drawback, an injected plate is proposed to provide samples with different
fiber orientation. It is noteworthy that this injected plate was developed previously and its
intent was to get uniform region in terms of fiber orientation. Rios (2012) performed an
injection molding simulation and indicated that the square region of plate tends to present a
uniform distribution.

Assuming that main region of plate presents uniform fiber orientation, samples were
finally cut accordingly to 0°, 90° and 45°, as shown in Fig. 3. Dimensions were consistent
with ANSI/ASTM D638 and ANSI/ASTM D2990 standards.

The waterjet cutting technique was employed to obtain samples in order to prevent poly-
mer degradation during this process. It should be pointed out that degradation was observed
in previous attempts using laser cutting. The fiber orientation angle of samples 0, defining
local (1,2, 3) and global (x, y, z) coordinate system, is illustrated in Fig. 4.

In order to capture longitudinal and transverse strains in time, strain gauges were at-
tached on a sample and a dummy, as shown in Fig. 5. It is important to emphasize that a
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Fig. 3 Injected plate

Fig. 4 Fiber orientation angle L
——— \_ N
N B
L —

Fig. 5 Strain gauge and a dummy

Table 1 Load of creep test for

each sample orientation Orientation Load (N) Area (mm2) Stress (MPa)
0° 468.15 38.06 12.30
90° 467.17 39.28 11.89
45° 472.02 38.88 12.14

Wheatstone full-bridge configuration was applied in order to prevent eventual thermally re-
lated strain measures, as indicated by Rosa (2004) and Malerba et al. (2008). We also wish
to highlight the fact that the fiber orientation of the dummy is consistent with the sample.
Strain measurements were then stored using data acquisition system HBM Spider 8.

Samples were subjected to tensile tests with prescribed displacement ratio of 5 mm/min,
as indicated by standards. The duration of each experiment was less than 35 s. Finally,
a maximum stress state of 10 MPa was considered as a stopping criterion.

Additionally, creep tests were conducted to study viscoelastic behavior. In this experi-
ment, a constant stress state is applied and strain is measured in time. Samples were loaded
according to Table 1 during approximately 3.5 weeks at a temperature of 23.5 °C. A small
value of stress state, when compared to yield stress, is intended to preserve linear viscolas-
ticity assumptions.
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2.4 Data treatment

Experimental data of strain values at various times are converted to time-dependent elastic
parameters. Elastic moduli (Egs. (16) and (17)) and Poisson’s ratios (Eqgs. (18) and (19))
are obtained from strain values of samples with 0° and 90° fiber orientation, while shear
modulus is identified from results of sample with 45° fiber orientation:

Ei() = =, (16)
8x,0°(t)
Ox,90°
E = : 17
2(8) —r. )
SVOO(t)
= = , 18
v12(2) £r00 () (18)
_8y,90°(f)
V(1) = —r. (19)

Shear modulus G1,(¢) can be written in terms of longitudinal or transverse strain, as
described in Egs. (20) and (21), respectively. As strain values in both longitudinal and trans-
verse directions were collected for the 45° sample, final shear modulus is obtained by taking
the average of both measures, as indicated in Eq. (22):

Grne () cos2(0) sin>(6) 20)
12668007 e 40 cost@) _ sint(0) N 2u12(z)cos2<9)sin2(9))’
Oyx,45° E (1) Es (1) E(r)
Cire ) cos2(6) sin®(9) en
12,658 = e 450 () cos?(0)sin?(0) _ cos>(9) sin(6) 4 2v12(r)cos4<9)sin4(9))’
Oy 45° Ey (@) E(1) Er (1)
G2, (1) + Gra, (1)
Gp(t) = . (22)

2

The value of Poisson ratio of polymer matrix v, = 0.44 was considered constant in time,
and it was obtained from manufacturer’s material data sheet. This information is necessary
to define G,3(t), as given in Eq. (23):

Es (1)

Gu@) = 20 +wm)

(23)

2.5 Parameter identification

In order to introduce such material models in a structural analysis, it is important to identify
mechanical properties in both longitudinal and transverse directions by performing tests
and data treatment. However, the proposed model shows a large number of parameters to
describe viscoelastic behavior in different directions.

In this regard, material characterization is aided by numerical models and proper op-
timization techniques. This so-called parameter identification method consists in finding
the material coefficients by minimizing the difference between experimental and numerical
curves of the same experiment. This procedure is specially useful to characterize nonlinear
materials, as studied by Khalfallah et al. (2015) and Vaz et al. (2015).
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Table 2 FE programs used in this work

Ansys Abaqus Moldflow

Parameter identification Structural analysis with UMAT Injection molding

Table 3 Initial values of §;
Bi B2 B3 B4 Bs Bs B7

2x100 2x10! 2x102 2x103 2x10* 2x105 2x10°

For the purpose of this work, a parameter identification tool already implemented in
Ansys was employed. Even though it is initially intended for a linear isotropic viscoelas-
tic model, the curve fit algorithm could also be used to find Prony terms of the proposed
orthotropic model. As different FE programs were used in the research, Table 2 explains
which Computer Aided Engineering (CAE) program was utilized for each task.

A very useful documentation to describe this Ansys feature was written by Imaoka
(2008), which recommends to stipulate initial values for ;, depending on magnitude or-
der of time of creep test. Initial values for these Prony terms, presented in Table 3, allowed
convergence in the optimization process with residual values as low as 1 x 1075,

2.6 UMAT—user material subroutine

Commercial FE softwares, like Abaqus, allow users and researchers to create their own
material model by writing a Fortran code with a proper stress—strain relation that defines
a constitutive model. User material subroutines are extensively used to evaluate different
material behavior from those already implemented in Abaqus.

During the iterative trial solution, this external subroutine updates stress state based on
strain values, and force equilibrium is checked as described by Wang et al. (2012).

Luo and Lee (2008) evaluated damage of Carbon-Epoxy structures using UMAT. Kim
et al. (2013) developed a constitutive model to represent viscoplastic damage of austenitic
stainless steel. Both Abaqus subroutine studies showed good agreement between experi-
mental and numerical data, indicating the adequacy of material model and user subroutine
implementation procedures.

Implementation of constitutive model allows the evaluation of distinct failure modes of
materials, improving numerical simulation capabilities to solve engineering problems. In
this context, linear orthotropic viscoelastic model can be applied to evaluate short fiber re-
inforced composites, manufactured by injection molding process. This model can predict
nodal displacement along time of a structure when it is subjected to a constant load.

It is particularly noteworthy that time #, which is a variable of constitutive model, was
represented by the time step value of FE program. Furthermore, material orientation was
applied using graphical interface of Abaqus.

The success of subroutine implementation can be checked by running a numerical creep
test with same parameters as the analytic model. Outputs like strain variation in time in both
longitudinal and transverse direction are compared. This verification is very important due
to the inherent complexity of programming process and its data transfer to finite element
solver.

Finally, once the subroutine is properly implemented, it is possible to apply such a mate-
rial model to an arbitrary geometry, making use of all FE benefits in terms of the CAE tool
in a product development context.
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Fig. 6 Tensile test: elastic
moduli E1 and E
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3 Results

In this section, expected results are related to experimental procedures of tensile and creep
tests, optimization results of parameter identification method, and finally numerical results
of subroutine implementation.

3.1 Tensile test

Material stiffness is characterized using averaged stress vs strain curves from tensile tests, as
shown in Fig. 6. As a consequence of fiber orientation, it was found that 0° fiber orientation
samples are stiffer when compared to those with 90° fiber orientation.

Poisson’s ratio is defined by the negative ratio of transverse to longitudinal strain. As seen
in Fig. 7, vy, and v,; are observed as the slopes of a line, considering samples with 0° and 90°
of fiber orientation, respectively. Based on that experiment, it was found that v,; = 0.2948;
however, in order to ensure the symmetry of compliance matrix, v;; was obtained using
Eq. (24). Either way, that symmetry is numerically imposed during the solution for proper
representation of orthotropy model:

(24)

Note that shear stiffness is identified with 45° fiber orientation samples, as also men-
tioned by Yokoyama and Nakai (2007). As it can be seen in Egs. (25) and (26), shear stress
and shear strain can be obtained from experimental data. This procedure is important be-
cause, as noted earlier, experimental data are in the global coordinate system (x, y, z):

Oy 45°
2= 5 (25)
Y12 = €x 450 — €y 45°0. (26)

Finally, the definition of shear modulus is shown in Eq. (27),

Gp=12. 7)
Y12
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Fig. 7 Tensile test: Poisson’s 10—4
ratios vy and vy
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Fig. 8 Tensile test: shear
modulus G o

Shear stress 712 (MPa)

0 Sample 45° |

L L L L L L
0 0.5 1 1.5 2 2.5

Shear strain y12 (mm/mm) 1073

As shown in Fig. 8, shear modulus G, is identified as the slope of the line relating shear
stress and engineering shear strain.

As presented previously by Sonnenhohl (2012), the yield stress of Ticona Celanex 3226
was determined in the longitudinal and transverse directions as oyieiq;1 and Oyielq,2, respec-
tively. Finally, these so-called instantaneous properties obtained from tensile test are then
summarized in Table 4.

3.2 Creep test

The results of creep tests are presented in terms of strain values varying in time. The results
in longitudinal and transverse direction are presented in Figs. 9 and 10, respectively.
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Table 4 Elastic properties obtained from tensile test

Ey (MPa) Ep (MPa) G12 (MPa) V12 V21 Oyield,1 (MPa) Oyicld,2 (MPa)
7178.4 5976.0 1874.6 0.3836 0.3193 52.36 41.54
Fig. 9 Creep test: longitudinal 10-3
strain ‘
—~ 4l .
g
g
B
g 351 -
ER i
g
S 250 -
£
I
Ei
Q 2 |
A
1.5k 1 \ \ | \ =
0 0.5 1 1.5 2
Time (s) .106

—— Sample 0° experimental
o Sample 0° analytical

- - - Sample 90° experimental
O Sample 90° analytical

------- Sample 45° experimental
I Sample 45° analytical

3.3 Parameter identification

Experimental strain data were converted to time-dependent elastic parameters as proposed
earlier. Using the parameter identification methodology, the unknowns of orthotropic vis-
coelastic constitutive model can be properly specified. The Prony series parameters of elas-
tic modulus, shear modulus and Poisson’s ratio are finally presented in Tables 5, 6 and 7,
respectively. It should be noted that a large number of coefficients are needed for each ma-
terial property, as a consequence of a constitutive model using 7 Prony terms. Previous tests
using fewer Prony terms indicated poor material representation; this finding is corroborated
by Imaoka (2008), who described a recommendation regarding the number of Prony terms
as dependent on the magnitude order of the total time of creep test experiment.

In order to verify obtained parameters, curves of material properties varying in time are
plotted comparing experimental and analytical data. Elastic modulus, shear modulus and
Poisson’s ratio are illustrated in Figs. 11, 12 and 13, respectively.

Good agreement between experimental and analytical curves was found, highlighting
the fact that analytical ones employed Prony parameters obtained earlier. As can be seen
in Table 8, consistent values were found for most elastic parameters obtained from tensile
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Fig. 10 Creep test: transverse .10-3
strain ‘
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Table 5 Polybutylene -
terephthalate (20 % content of ! 2] Ex(1)
: 1 E E
glass fiber): elastic modulus E sero oLl E3_zer0 ol2
7230 0.61821 5920 0.57300
E E E E
o 1 B! 1 o 2 B! 2
1 1.4 x 1078 6.068 x 10° 1.7x 1078 1.611 x 102
2 0.081056 4.063 x 10! 0.106020 4.171 x 10!
3 0.021855 4.829 x 10% 0.027796 9.609 x 102
4 0.062266 3.996 x 103 0.061810 5.299 x 103
5 0.031572 4.066 x 10* 0.033271 4.285 x 10*
6 0.089900 1.785 x 10° 0.094028 1.963 x 10°
7 0.095136 1.419 x 100 0.104070 1.536 x 100

and creep tests. Based on the creep test, it was found that v;; = 0.2801; however, in order
to ensure symmetry of the compliance matrix, v,; was obtained using Eq. (24). Therefore,

instantaneous Poisson’s ratio should be modified to V23 zero = 3.14.

3.4 Numerical simulation

As the constitutive model is implemented in a commercial FE program, a numerical creep
test was conducted employing identified material parameters. Therefore, a solid mesh model
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Table 6 Polybutylene

terephthalate (20 % content of i G2 G ()
glass fiber): shear modulus G12.z010 OloGo 12 G23.z010 agozs
2160 0.46507 2055 0.57300
aiGl2 ﬂiGl2 aiGz3 /SiGB
1 0.000270 0.160 x 109 48 %1078 5312 x 103
2 0.154200 1.500 x 10! 0.106020 4.171 x 10!
3 0.047641 5.615 x 102 0.027796 9.609 x 102
4 0.078885 4.142 x 103 0.061810 5.299 x 103
5 0.042497 4305 x 104 0.033271 4285 x 10%
6 0.106050 1.840 x 105 0.094028 1.963 x 10°
7 0.105390 1.317 x 100 0.104070 1.536 x 100
Table 7 Polybutylene - 1 1
terephthalate (20 % content of L (v12(®)) (v21(2))
glass fiber): Poisson’s ratios V12,2610 a;})z V23,610 ag?f
2.57 0.90194 3.57 0.95785
01;}]2 ﬂ;flz a;’23 /3;)23
1 0.008100 7.628x 109  54x1073 0.917 x 100
2 22x107%  1.858x 10! 3.1x107103 1995 x 10!
3 0.001737 2,081 x 102 43x10713 2.000 x 102
4 0.019295 1.982 x 10 0.007505 2.000 x 103
5 0.008047 2.000 x 10*  0.003491 2.000 x 10%
6  0.037233 2.000 x 10> 0.025773 2.000 x 10°
7 0.023668 2.000 x 106 0.000000 2.000 x 100
Table 8 Properties obtained -
from tensile and creep test Tensile test Creep test
E; (MPa) 7178 7230 —0.72%
E, (MPa) 5976 5920 0.94%
G1> (MPa) 1875 2160 —15.20%
via 0.3836 0.3891 —1.43%
w1 0.3193 0.3185 0.25%

representing the test sample subjected to constant stress state according to Table 1 was eval-

uated in time.

Strain values in both longitudinal and transverse directions were recorded from simula-
tion and presented to be compared to analytical ones. The creep test results of samples with
fiber orientation angle of 0°, 90° and 45° are shown in Figs. 14, 15 and 16, respectively.
These comparative results indicated that the subroutine implementation was performed suc-

cessfully.
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Fig. 11 Parameter identification T T T
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3.5 Industrial application: injection molding and structural simulation

Considering that the material subroutine was properly implemented in a commercial FE
program, it is possible to apply such a constitutive model to perform structural analysis of a
product. In other words, this methodology allows engineers to check failure modes related
to viscoelastic behavior. For instance, for some applications it might be interesting to predict
and evaluate displacement over time in a fiber reinforced product subjected to constant load.
It is important to highlight the fact that stress state is compatible with linear viscoelastic
behavior, otherwise simulation would provide misleading results.

A case study is presented in this section to exemplify an industrial application of the
methodology presented in this paper. The fiber orientation was obtained via an injection
molding simulation, and this information was imported into a structural finite element pro-
gram using solid mesh. As mechanical properties are functions of fiber orientation, it is
important to perform a manufacturing process simulation and then import such data to struc-
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Fig. 13 Parameter identification T
results: Poisson’s ratio
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tural analysis. This is an analogous procedure to that when considering residual stresses due
to the forming process in a sheet metal part.

Fiber orientation is a result of the filling stage of the injection process which can be eval-
uated using numerical tools. Moldflow simulation indicates a prediction of fiber orientation
due to the filling stage of injection molding, as presented in Fig. 17. According to Moldflow
documentation and Chung et al. (2002), the fiber orientation tensor measures the proportion
of fiber alignment in a specified direction.

This simulation result also indicates welding lines which are formed when two flow
fronts meet head on (Shoemaker 2006). It can be considered unavoidable in parts with holes
or multigated injection concept. It is important to highlight that mechanical properties are
locally reduced at these locations. Ozcelik et al. (2012) studied a methodology to evaluate
the effects of injection parameters on the welding line tensile strength.
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Fig. 15 Strain variation in time: 103
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Information regarding fiber orientation was imported in Abaqus using a Moldflow script
program to convert such information. Material orientation of elements is presented in
Fig. 18.

As a consequence of constant flexural load applied on the structure, a stress state can
be obtained. As shown in Fig. 19, higher values are observed next to stress concentrators.
Evaluated stress component is aligned with longitudinal direction of fibers. It is noteworthy
that this stress state is in the range of creep test.

A vertical displacement plot is presented in Fig. 20, showing fixed and free edges of the
structure. Due to viscoelastic behavior, vertical displacement tends to increase in time. This
may lead to a component failure depending on the particular product requirements.
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Fig. 17 Moldflow result: fiber
orientation due to injection
process in the x-direction

Fig. 18 Fiber orientation
imported in Abaqus

Fig. 19 Abaqus result: stress in s st
longitudinal fiber direction (MPa) (Avg: 75%)

-8.2
-10.258
-12.289

Fig. 20 Abaqus result: vertical
displacement (mm)

Based on results of converged substeps, a curve showing displacement in time can be
demonstrated in Fig. 21. This information could be used to identify required time to achieve
failure considering this mechanical load. Instantaneous displacement is observed at the first
point of the curve with value of 13.9 mm; after 2 x 100 s, displacement reached 22.9 mm.

This case study using proposed constitutive model shows how numerical tools could
improve mechanical design of a structure. Integration of manufacturing and structural simu-
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Fig. 21 Displacement variation T
in time
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lation results leads to significant improvements on numerical models and allows for product
development of composite structures using virtual prototypes.

4 Discussion

This study aimed to describe the implementation of a linear orthotropic viscoelasticity con-
stitutive model, in order to simulate composite structures. Procedures related to material
characterization, mathematical model, parameter identification and subroutine implementa-
tion were presented.

We found that parameter identification is a good strategy to characterize viscoelastic be-
havior of composite materials, due to the large number of unknowns of proposed constitutive
model. This procedure saved time and provided good results, as confirmed by comparative
curves presenting analytical and experimental data. Although there are other mathemati-
cal functions that could drastically reduce the number of material parameters needed for
time-dependency of material properties, Prony series were adopted in this work due to the
analogy of isotropic material model implemented in current FE programs. Thus, due to this
drawback related to the large number of coefficients, future work could evaluate the use of
fractional exponential function for viscoelastic materials, indicating its analytical inversion
of constitutive equation.

It is important to remark that, due to the stress calculation using Eq. (15), proposed user
subroutine is restricted to external loads defined by the Heaviside step function. Further
work could develop a general material model using a convolution integral form in order to
enable arbitrary load cases.

In regards to identified material parameters for longitudinal and transverse directions, an
interesting fact was observed for Prony series terms. Similar values of «; were obtained for
elastic and shear moduli, remembering that this parameter is related to the loss of stiffness
at the time defined by ;. One should notice that instantaneous properties basically differ-
entiate each property. This observation agrees with the fact that fiber phase, which contains
elastic glass material, implies different instantaneous properties according to fiber orienta-
tion. On the other hand, the matrix phase, which contains thermoplastic material, is strongly
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related to viscoelastic behavior. Thus, instantaneous behavior is a fiber-dominant property
while time-dependent behavior is a matrix-dominant property. As ¢; terms do not depend
on material orientation, viscoelastic characterization might be simplified; characterization
of mechanical properties involves a typical creep test taking several days and, depending
on test device availability for simultaneous data acquisition, this procedure could simplify
material characterization process. This study suggests that viscoelastic characterization of
fiber reinforced materials could be optimized considering tensile tests in three fiber orienta-
tion angles and one creep test considering any fiber orientation in order to describe instan-
taneous and time-dependent properties, respectively. Therefore, based on these findings it
seems reasonable to modify our approach to characterize time-dependent variables of the
proposed constitutive model.

According to Abaqus/Standard 6.14 Documentation, a viscoelastic model available in
the material library must be combined with an elastic material model. Additionally, the elas-
ticity for time domain viscoelasticity must be defined by isotropic linear elastic, isotropic
hyperelastic or anisotropic hyperelastic material. Based on this statement, it is possible to
model orthotropic viscoelasticity by combining viscoelastic and hyperelastic models based
on strain energy functions. In this case, volumetric and deviatoric behavior of viscoelastic-
ity are assumed in the form of Prony series. It is also shown in Abaqus’ user guide that
anisotropic linear elasticity can be used with viscoelastic material in Abaqus/Explicit ver-
sion. The proposed linear viscoelastic model using UMAT considered orthotropic elastic
behavior during implicit solution of Abaqus/Standard. Once this constitutive model allows
evaluation of failure modes related to constant load, it presents a significant improvement
for numerical analysis of composite structures.

The results regarding Poisson ratio along time were similar to those of Pandini and Pe-
goretti (2008) and Tschoegl et al. (2002), showing that this parameter tends to increase in
time. These authors also emphasize the influence of temperature as well.

It was expected that shear modulus would be the same for longitudinal and transverse
strain data, as stated by Egs. (20) and (21). Due to the lack of relation between those curves,
an average curve was assumed. As a result, neither longitudinal nor transverse strain could
properly represent the creep test results for the sample with 45° of fiber orientation, as
presented in Figs. 9 and 10. We propose the lack of a strong alignment in that direction as a
possible explanation of this fact.

The obtained parameters of the constitutive model for this particular material may be
viewed with caution due to small sample size available for this study. These parameters are
valid for a specific production batch, as it is well established that injection parameters can
affect mechanical properties of the samples. Moreover, some implications of the findings
of this work may not be generalized to a broader range of stress state. This constitutive
model, as a consequence of linear viscoelasticity assumption, is more representative if the
stress level is comparable to those of the creep test. So one must check if the stress level and
environmental variables such as temperature allow this linear behavior.

More experimental studies are important to check the limits of linear viscoelasticity as-
sumption, by performing creep tests with increasing load values. Isochronous curves should
be constructed for the tested material, in order to identify the strain range of linear viscoelas-
tic behavior.

Finally, further studies will be necessary to understand how the parameters of manufac-
turing process, like gate design, packing, mold temperature, cooling system and part thick-
ness can modify mechanical properties. In regards to future research, temperature depen-
dency will be important to complement linear orthtropic viscoelasticity and viscoplasticity
models using Prony series.
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Despite the minor limits of this study, we believe our findings may contribute to improve
mechanical design of composite materials using numerical tools, by describing a compre-
hensive methodology concerning the proposed constitutive model. A case study of a hy-
pothetical structure subjected to a constant load was performed using proposed material
model, in which fiber orientation of each element was obtained by injection molding simula-
tion. This exemplifies a methodology to evaluate viscoelasticity failure modes of composite
parts. Thus, this study may contribute to innovations in the field of short fiber composite
structures.

Introducing composite materials to industry brings many mechanical design and manu-
facturing challenges. Therefore, such developments of numerical tools to evaluate structures
considering manufacturing process play an important role to material substitution in an in-
dustrial context. We hope that this work could contribute to disseminate information related
to injected composite parts and their applications.
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