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Abstract: With the dissemination of composite materials in the aeronautical industry, including structural elements subject
to impact loading, accurate damage models are becoming progressively necessary, in order to assess the material response
to impact events and its capability of withstanding damage. This work proposes a damage model for composite materials,
considering viscoelastic and temperature-dependent effects, inasmuch as many of the commonly employed composites
have polymeric matrices; the model was, then, tested by comparison against experiment data.
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INTRODUCTION

The use of composite materials in aeronautical industry is becoming progressively more generalized nowadays, bring-
ing special interest in their properties under impact. This interest arises with the aim of designing structural elements with
increased crashworthiness, improving safety, which, in turn, requires comprehension of the complex and diverse failure
modes occurring simultaneously in the material (Ribeiro et al., 2013), in addition to requiring capacity of predicting im-
pact damage size and its influence on the mechanical properties of the composite, especially on its residual strength (U.
S. Department of Transportation, 2009).

Aiming for efficient and effective methodologies to predict impact damage, many authors (Ribeiro et al., 2013; Tan et
al., 2015; Goldberg et al., 2018) have recently proposed constitutive damage models based on continuum mechanics, for
use on finite element simulations. As many of the composites used on the aeronautical industry have polymeric matrices,
viscoelastic behavior and temperature dependence are phenomena that have to be accounted for (Abouhamzeh et al.,
2015); viscoelasticity also has a direct influence on elastic wave propagation inside the material (Prakash, 2012), and,
consequently, on impact damage initiation processes.

Hence, the purpose of this work is to propose a damage model for composite materials under impact which also
considers viscoelastic and temperature-dependent effects from the matrix. This damage model was tested with an impact
simulation, by computationally modeling the assembly present in Ribeiro et al., 2013, and, subsequently, comparing
the experimental results from that research with those obtained from the simulations. Furthermore, this work presents
comparisons considering the overall influence of viscoelasticity and temperature on the results, and the influence of the
model boundary conditions on the latter.

MATERIAL MODEL

The composite was considered as a plane-stress viscoelastic material allowing fiber and matrix damage, properly
written as a VUMAT (Vectorized User Material) subroutine, for simulation with the commercial finite element software
ABAQUS™; the constitutive model employed on the simulations is presented below.

Viscoelastic behavior

Stress relaxation effects were considered by adopting the model proposed by Abouhamzeh et al., 2015: linear vis-
coelastic behavior is accounted for by modeling the material as a set of linear Maxwell networks in parallel, each with its
own stiffness and relaxation time, as of Fig. 1.
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Figure 1 — Generalized Maxwell rheological model, Pekaje, 2007

Each component of the material stiffness tensor is calculated from Eq. 1 below, as of Abouhamzeh et al., 2015, with
C;; being the material stiffness tensor components at time ¢, with the influence of temperature explicited and explained
at the following section. The tensor was written as a Prony series expansion, with the term (7} being the fully relaxed
stiffness components, and Cl-’;? the transient ones, subjected to exponential decays with independent time constants, t;?}-,
for each stiffness component and for each of the N,, Maxwell networks; this work considers the composite as a single
Maxwell network, however. Nevertheless, material behavior at the fiber-dominated direction was considered as linear

elastic, thus independent of time and temperature.
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The fully relaxed and the transient stiffness tensors were considered functions of the elastic properties from Ribeiro et

al., 2013, by properly multiplying the elastic stiffness tensor, Cff‘”””, by a stiffness relaxation factor, R, as of Eqs. 2 and
3, below:

C,o; — Rcff;astic (2)

lasti
i =1 -R)Cj;"™ 3)
With both stiffness tensors, the stresses were determined according to the analytic incremental solution, Eq. 4, adapted

from Abouhamzeh et al., 2015, which relates the current stress components, 6;(#,) to those from the previous time incre-
ment, 6;(f,—1 ); the model is presented below, already simplified to the single network case.

; Tij At At
Gi(ty) = 6i(th—1) —&—Cf}“mc {R+ (1-R)-Z [1 —exp (—)} }A8i+ [exp (—) — l} Sii(tn) 4
At Tij Tij
Above, Ag; are the strain increment components, with Az being the simulation step time increment, whereas S;;(t,) are
the stress components acting on the network, recursively calculated from their previous values, S;;(t,—1), according to Eq.
5, also adapted from Abouhamzeh et al., 2015.

At Tij . At
Sij(tn) = exp (‘c) Sij(ta—1) + i(l *R)Cf;amc {1 —exp (Tﬂ Ag; ®)

ij ij
Damage model

According to Herakovich, 1998, it was experimentally verified that only fiber breakage degrades the fibrous composite
longitudinal (fiber-dominated direction) modulus; therefore, fiber damage and matrix damage were evaluated separately.
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Fiber damage

Modeling of fiber damage was done according to Ribeiro, 2013, associating failure at the fiber-dominated direction
with a corresponding degradation of the material longitudinal modulus; fiber failure was considered as entirely governed
by the longitudinal normal stress (Gy1).

1. Fiber damage under longitudinal tension

The maximum stress criterion, shown on Eq. 6, was used to model fiber tensile damage:

2
FFy = (‘;Tl) ©6)

Above, Xt represents the material longitudinal tensile strength, FFr being the failure parameter: complete ten-
sile fiber failure occurs if this parameter becomes greater than unity, bringing the longitudinal modulus, Eq;, and
Poisson’s ratio v, down to 1% of their proper undamaged values.

2. Fiber damage under longitudinal compression

Fiber damage under compression is also modeled through the maximum stress criterion, as of Eq. 7:

2

Xc represents the material longitudinal compressive strength, with FF¢ being the parameter for gradual failure:
when its value becomes greater than unity, it triggers a progressive degradation of the longitudinal modulus and
Poisson’s ratio v, 1, due to nonlinear geometric effects related to ply behavior; these nonlinear effects were modeled
through a polynomial fit of experiment data (extracted from Ribeiro, 2013).

Matrix damage

Matrix damage was evaluated according to the model presented by Ribeiro, Tita, and Vandepitte, 2012, which pro-
poses progressive degradation of the properties at the transverse (matrix-dominated) direction, with the onset of failure
triggered by the transverse normal stress (G22) and the inplane shear stress (G12) only, independently of the longitudinal
normal stress. Degradation is considered irreversible, measured with monotonically-increasing damage variables, whose
evolution occurs only when the failure initiation criterion of Eq. 8 is met.

1. Damage initiation

The initiation law for matrix damage is expressed by Eq. 8, f being the failure variable, and S, and 622, being
experimentally determined constants, whose values were extracted from Ribeiro, 2013.

2
f=y/on+0h,—Sn, [—1+ ®)

lon|?
I+ (0220 )
2. Matrix shear damage

Once damage is initiated (f being greater than zero), the shear damage variable, dg, is calculated from its respective
thermodynamic force, Yg: the latter is calculated first, from the current stress state and the previous value of its
corresponding damage variable, as expressed by Eq. 9, whereas the former is, then, updated, considering the fiber
orientation angle, 6, of each layer, as of Eq. 10. The composite shear modulus is, then, progressively degraded, by
a factor of (1 —dp).
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dg = (C9+D)Y6—Y60 (10)

Above, Gi; is the undamaged shear modulus, with C and D being experimentally determined constants (from
Ribeiro, 2013), and Yg, being the first value of the shear thermodynamic force, calculated when damage initiation
first occurs. Complete shear failure occurs when dg reaches its upper limit of 0.99, reducing the material shear
modulus to 1% of its undamaged value.

3. Matrix damage under transverse tension

As the shear damage case, the damage variable for transverse normal stress, dp, and its corresponding thermody-
namic force, Y», were defined in an analogous manner, as of eqs. 11 and 12, below, with E»; being the undamaged
transverse modulus, A and B being experimentally determined constants (from Ribeiro, 2013), and Y;, being the
thermodynamic force for transverse normal stresses when damage initiation first occurs. As in the shear damage
case, Y, is evaluated with the previous value of d», which is, then, updated.

3
PR S an
2E>, (l — d2)2

dr = (A9+B)Y2*Y20 (12)

Degradation of the tranverse modulus and Poisson’s ratio v,;, thus, occurs through a factor of (1 —d), with com-
plete failure taking place when d; reaches its upper limit of 0.99, bringing both material properties down to 1% of
their respective undamaged values.

4. Matrix damage under transverse compression

From Ribeiro, Tita and Vandepitte, 2012, matrix damage under transverse compression was evaluated considering
nonlinear geometric behavior: failure initiation (Eq. 8) triggers progressive degradation of the transverse modulus
and Poisson’s ratio Vi3, modeled through a polynomial fit of experiment data (from Ribeiro, 2013), similarly to
the evaluation of fiber damage under compression. Nevertheless, for cases in which the normal transverse strain
is tensile, even though the transverse normal stress is compressive, damage is, instead, calculated through the
thermodynamic force approach, using eqs. 11 and 12, with values of parameters A and B taken from experiments
(from Ribeiro, 2013) considering compression.

Complete failure brings both the transverse modulus and Poisson’s ratio vi» down to 1% of their respective undam-
aged values. In this case, it may happen because of nonlinear geometric effects (transverse compressive strain) or
due to the damage variable d> reaching its upper limit of 0.99.

5. Strain energy failure

Complete matrix failure is also allowed to occur whenever the specific strain energy associated to the current stress
state reaches the experimentally determined (Ribeiro, 2013) material limit; if this occurs, both matrix damage
variables, d, and dg, become immediately their upper limits, bringing all the three matrix-dominated properties
(Ex, V21, G12) down to 1% of their respective undamaged values. Evaluation of the specific strain energy, U, is
done as of Eq. 13, with &y being the transverse normal strain, and ), being the inplane engineering shear strain.

1
U= 5(\022822|+|<512Y12|) (13)
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MATERIAL PROPERTIES

The modeled composite was a cross-ply carbon—epoxy prepreg M 10, with layup [0°/90°/0°/90°/0°]s; its elastic prop-
erties and values of strength, considering plane stress, were obtained from simulations coupled with experimental tests
(as of Ribeiro et al., 2013). The values of the material properties are listed under Tab. 1, and Tab. 2, below:

Table 1 — Elastic properties and mass density of the composite material

Elastic properties Values
E11 (longitudinal elastic modulus) [GPa] | 127.0
E»; (transverse elastic modulus) [GPa] 10.00
v, (Poisson’s ratio) 0.34
G2 (shear modulus) [GPa] 5.40
p (mass density) [kg/m’] 1580

Table 2 — Values of strength for the composite material
Strengths Values
Xr (longitudinal tensile strength) [MPa] 1 400
Xc (longitudinal compressive strength) [MPa] | 930.0

For its temperature-dependent viscoelastic properties, the composite creep master curve was extracted from Goertzen
and Kessler, 2006, with the relaxation modulus obtained from it, through Eqs. 14 and 15, from Park and Kim, 1999.
Below, G(z) represents the relaxation modulus, and J(¢) the creep compliance.

1 sin(nm)

G(t) = 70 nm (14)
d{log[J (1)}
"= ‘ d{log(#)} ’ =

Tem The creep compliance master curve from which the relaxation modulus was extracted corresponded to a reference
temperature of 30°C. In order to assess the effects of temperature changes on the simulation results, time-temperature
shifts were performed on the relaxation curve, through the shift factor ar, as of Eq. 16, with ¢’ being the reduced timescele
and 7¢ the unshifted timescale.

1
=2 (16)
ar

Calculation of the shift factor was performed as of Arrhenius relationship, Eq. 17, from Goertzen and Kessler, 2006,
with AH being the molar activation energy, whose value was taken from said reference; R represents the universal gas
constant, 7' the current temperature, and T,ef the reference temperature.

ln(ar)z% (1— 1 ) (17)

Properly shifted, the data were extrapolated to shorter timescales and fitted to Prony series, as of Eq. 1, although with
a single exponential term. From the data fits, the relaxation times were obtained, being considered the same for transverse
and shear moduli, and for Poisson’s ratio, but assumed extremely large for the longitudinal modulus; also, the stiffness
relaxation factors, R, were estimated by dividing the value of the series at zero time by its value at infinite time. The
results are shown under Tab. 3, below, for temperatures of 30°C (unshifted), 20°C and 10°C, the latter being the average
temperature at which the results from Ribeiro et al., 2013 were obtained.
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Table 3 — Viscoelastic properties for the composite material, at different temperatures
Viscoelastic properties

T (current temperature) [°C] 100 | 200 | 300
AH (molar activation energy) [kJ/mol] 324.0

T,y (reference temperature) [°C] 30.0

R (gas constant) [J/kg-K] 8.314

ar (time shift factor) 8 778.9 80.25 0.0

R (stiffness relaxation factor) 0.4823 0.5509 0.5444
711 (relaxation time for longitudinal modulus) [s] Assumed infinite

Ty (relaxation time for transverse modulus) [s] 4.618-10° | 4.222:107 | 5.260-10°
T2 (relaxation time for Poisson’s ratio) [s] 4.618-10° | 4.222-107 | 5.260-10°
T12 (relaxation time for shear modulus) [s] 4.618-10° | 4.222-107 | 5.260-10°

FINITE ELEMENT MODEL

The low-velocity impact test on the composite plate was simulated on ABAQUS™, with explicit steps and automatic
time increments, employing a subroutine VUMAT for the material model. The plate was modeled with linear full-
integration shell elements, with 3 integration points through each layer thickness; realistic boundary conditions were
simulated by clamping the plate between two steel disks, modeled with solid full-integration hexaedron elements. One of
the disks had all its degrees of freedom restrained, whereas the other was attached to the first one through four screws,
modeled with solid reduced-integration hexaedron elements; a torque of 27 N.m was simulated on the screws, by applying
a 0.157 mm displacement on the free disk.

For modeling contact between the composite and the disks and between the former and the impactor, a hard contact
algorithm was imposed at the normal direction, and a penalty contact algorithm with a friction coefficient of 0.1 was
imposed at the tangent direction; the impactor was modeled with rigid quadrilateral elements, with a total mass of 1.2 kg
concentrated at its reference point, and an initial velocity of 3.13 m/s. The finite element model is presented under Fig. 2,
below.

baquersiandard 6,145 Fri Aug 21 142720 032018

1000

Figure 2 — Finite element model
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RESULTS
Influence of viscoelasticity and temperature

In order to evaluate the effectiveness of the damage model and the influence of viscoelasticity on the material behavior,
four cases were simulated: one purely elastic and three viscoelastic; both cases were, thus, compared with experimental

results from Ribeiro et al., 2013. The results are shown below, on Fig. 3, with relevant parameters for comparison between
results also shown under Tab. 4.

Comparison between viscoelastic and purely elastic models
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Figure 3 — Contact force history for experimental, elastic and viscoelastic cases
Table 4 — Comparison of experiment and simulation results - effect of viscoelasticity
Cases Experiment | Viscoelastic, 10°C | Viscoelastic, 20°C | Viscoelastic, 30°C | Elastic
Impact duration [ms] 4.095 4.600 4.400 4.400 4.300
Peak normal contact force [N] 3048 3011 3182 3183 3305
Peak force instant [ms] 1.975 2.1000 2.000 2.000 2.000

The viscoelastic cases at 20°C and 30°C present very similar responses between each other, as their respective curves
are practically coincident; on the other hand, the viscoelastic case at 10°C presents the closest estimation of the peak
normal contact force, with a difference of less than 2.0%, in comparison to 4.4% for the other temperatures and 8.4% for
the purely elastic case. Nevertheless, the 10°C case presents the largest difference of impact duration, in comparison to
the experimental case, being of 12.3%, in contrast to that of the elastic case (5.0%); in addition, the 10°C case showed the
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largest difference in peak force instant from the experimental case (6.3%), in comparison to the other cases (1.2%).
Influence of boundary conditions

The sensitivity of the model to changes in boundary conditions was evaluated through comparison of results, consid-
ering different values of contact friction and torque on the fixation screws.

Friction coefficient

Results for different values of the friction coefficient, applied and modified at all contact surfaces in the model, were
assessed, being presented on Fig. 4 and on Tab. 5, below.

Results for different values of friction coefficient
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Figure 4 — Contact force history, for different values of contact friction

Table 5 — Comparison of experiment and simulation results - effect of contact friction

Friction cases Experiment | 0.1 0.3 0.5

Impact duration [ms] 4.095 4.600 | 4.600 | 4.600
Peak normal contact force [N] 3048 3011 | 3060 | 3149
Peak force instant [ms] 1.975 2.100 | 2.100 | 2.200

From above, changes of the friction coefficient are shown to have negligible effect on impact duration. For increasing
values of the friction coefficient, the peak force instants suffered only slight shifts to later times, while the normal contact
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forces increased, although by an amount no greater than 5.0%, in relation to the case with the lowest friction coefficient.
Torque on the screws

The model sensitivity to different values of torque on the four fixation screws was evaluated and presented below, on
Fig. 5; different torque values were modeled by applying different displacements on the four screws: torques of 27 N-m,
50 N'm, and 100 N-m were modeled as displacements of 0.157 mm, 0.291 mm, and 0.582 mm, respectively.

Results for different values of torque
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Figure 5 — Contact force history, for different values of fixation screw torque

Inasmuch as the three simulation curves above are practically coincident, the computational results are shown to be
not sensitive to changes in the fixation screws torque.

CONCLUSIONS

This work presented a damage model for composite materials, considering their viscoelastic and temperature-dependent
behavior. The damage predictions through the force history showed relatively good agreement, although the impact dura-
tion and, consequently, the energy absorbed were, in many of the cases,found to be higher, showing, thus, the necessity of
improvements, such as evaluation of plastic behavior. Nevertheless, simulations with the material at 10°C (approximately
the same from the experimental data), even with considerable differences in impact duration and peak force instant, pre-
dicted well the peak normal contact force. In addition, whereas the model showed to be insensitive to changes in the
torque of fixation screws, adding friction tended to move the results towards the purely elastic case.
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