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1 Introduction

Non-crimp fabric composites (NCF-composites)
offer high specific stiffness and strength as well as
an adjustable energy absorption capacity. Thus, they
are ideally suited for applications in machine build-
ing, vehicle constructions, wind power technology
and aviation. For the development of efficient light-
weight structures realistic models for anisotropic
materials are necessary. For quasi-statically loaded
anisotropic materials failure models e. g. by PUCK
and CUNTZE are available [1, 2]. The strain rate
dependent failure and degradation behavior, in par-
ticular of textile-reinforced composites, under highly
dynamic loading has been investigated rudimentarily
only [3, 4]. Corresponding models for the fatigue
prediction of lightweight structures are the focus of
numerous research activities (see e.g. [5-7]).

In material modelling usually a defect free material
is assumed. In practice, often occurring production
and operational related defects (e.g. pores, fatigue or
impact damage) are mostly considered globally us-
ing safety factors which often lead to oversizing [8].
Several non-destructive techniques are potentially
able of detecting defects, but just the exact knowl-
edge of the effects of defects allows the definition of
thresholds for product quality. Here, extensive ex-
perimental and theoretical studies on glass fibre
NCEF reinforced epoxy composites (GF-NCF/EP) are
performed. The focus is put on the influence of fa-
tigue related predamage under subsequent highly-
dynamic tensile loading.

2 Experimental procedures
2.1 Specimen preparation and fatigue predamage

For the experimental and theoretical studies, com-
posites with GF-NCF reinforcement of eight layers
[0/45/90/-45/45/90/-45/0] are considered. The plies
contain different amount of fibers (49 % in 0°, 23 %
in 45°, 23 % in -45 and 5 % in 90°). Using the vac-
uum assisted resin transfer moulding (VARTM)
method, test plates were infiltrated in a flat steel
mould with injection resin RIMR 135 with hardener
RIMH 134 and RIMH 137 in a ratio of 100:21:9.
The mould was evacuated before and during infiltra-
tion process in order to avoid pores and to guarantee
high quality specimens. After infiltration and hard-
ening test specimens with dimensions of 250 mm in
length, 25 mm in width and 2 mm in thickness were
cut from the test plate in angles of 0°, 45° and 90°
by water jet cutting. For the assessment of the fa-
tigue related predamage on the material behaviour
specimens have been fatigued with a uniaxial cyclic
testing machine INSTRON model PSB 100. Con-
stant amplitude under pulsating tensile loading (sine
wave load cycles) with a load ratio R = 0.1 and a
maximum stress of 78.5 MPa at a frequency of 6 Hz
under room temperature was employed. The tests are
stopped for a part of specimen at 50.000 cycles and a
further part at 75.000 cycles whereat 100.000 cycles
is the life time at this maximum stress. The extent of
damage before the subsequent highly dynamic test is
characterized by non-destructive testing.

2.2 Test and measuring equipment for highly dy-
namic tensile tests

For the characterization of materials at high loading
speeds a servohydraulic high velocity test system
(SHP) INSTRON VHS 160/20 is used. The SHP
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enables tests of materials and components at high
deformation speeds of up to 20 m/s and a maximum
force of 160 kN. An upper clamping device “quick
grabber®, specially adapted to highly dynamic tests,
guarantees an impulse-like and rebound-free intro-
duction of forces in tensile tests, as well as constant
strain rates during the loading period. The influence
of the strain rate on the deformation and failure be-
havior was studied in the highly dynamic tests for
strain rates in the range between 0.0004 s and 4 5.
Aside from machine-integrated measuring equip-
ment for recording the machine path, the force and
effective acceleration, an optical measurement de-
vice is used for the analysis of the deformation and
failure behavior. Therefore the specimens are
marked with a dot pattern, whose displacement is
recorded with a high speed camera with maximum
frame of up to 200.000 images per second. Subse-
quently the deformation will be analyzed using the
ARAMIS software. Additional for the failure analy-
sis of defect containing textile composites, the tem-
perature change in the specimen while being loaded
can be recorded using an in-situ high-speed thermo-
graph device.

3 Experimental results

Typical polar diagrams of the Young’s modulus de-
pendent on the strain rate for defect-free specimen,
which are used as references in the future are shown
in Fig. 1. An increase in the Young’s modulus with
rising load speed can be recognized.
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Fig. 1. Strain rate dependent Young's modulus of
GF-NCF/EP

Based on the material behavior under quasistatic
loading conditions, to highly dynamic loads,
strongly strain rate dependent tensile strengths were
determined (Fig. 2). The increase of strength can be
quantified with up to 65 % in the considered strain
range. The strength increase rate for the 90°-
specimens is the lowest with 25 %, which is rea-
soned in the lower fiber volume fraction in 90° di-
rection.
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Fig. 2. Average strain rate dependent tensile
strength of GF-NCF/EP

Further studies on 90°-specimens show the influence
of fatigue predamages on the material behavior of
under subsequent high dynamic tensile loading. In
particular, a drop of strength but an increase with
progressive strain rate can be observed (Fig. 3).
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Fig. 3. Average strain rate dependent tensile
strength of GF-NCF/EP with and without fatigue
predamage in 90° loading direction

For the detailed analysis of the failure behavior and
to localize the beginning of failure an in situ high-
speed thermography device is used. Due to the high
speed rates the arising thermal energy cannot be
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fully transferred to the environment and a change-
over from an isothermal to an adiabatic deformation
process takes place. A temperature rise in the com-
posite specimen has been qualitatively monitored
and a clear local increase of the temperature espe-
cially in the area of the first failure has been ob-
served. As an example a thermo-picture result of
highly dynamic process induced failures in the high
speed tensile test is shown in Fig. 4 for GF-NCF/EP
without and with fatigue predamage at the same
strain rate. Composite samples without and with fa-
tigue predamage have a comparable temperature
distribution and a uniformly distributed energy dis-
sipation under loading conditions. The fatigue pre-
damaged specimens tend to have lower local sample
temperature in comparison to defect free samples
loaded under same conditions (Fig. 5).

Fig. 4. Images of in-situ high-speed thermograph
for analyzing the damage behavior of GF-NCF/EP
specimens during highly dynamic loading at con-
stant strain rate of 4 s™ without (top) and with fa-
tigue predamage (bottom)
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Fig. 5. Maximal temperature of GF-NCF/EP
specimen during high-dynamic loading at a constant
strain rate of 4 s™' with and without fatigue related
predamage

4 Additive damage model

For the mathematical description of the strain rate
dependent material behavior of textile reinforced
composites with defects resulting from previously
fatigue a model is developed, in which the stiff-
nesses and compliances respectively are described
dependent on the strain rate and the extent of mate-
rial damage by means of a strain rate dependent
damage tensor M in the sense of continuum damage
mechanics. From a macroscopic point of view, the
relation between the nominal stress ¢ and the effec-
tive stress G can be stated as

6 =Mo 1)
with
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Here, the damage parameters
d, (3)
D=|d,,
d,



describe the degree of damage, which depend on the
current state of stress, the stress history as well as
primarily induced defects.

The damage is described by adapted evolution equa-
tions according to

D, =DM" . ¢ + DM . &f (4)

with the strain rates g, :[g'ng'zz (,612]T and the

model parameters D", D" for highly dynamic
damage and A (i =1,2,3). The damage parameters

can be determined, assuming a constant strain rate,
by integration over time according to

D, = (DM + D/ @g4 ) g + DO (5)

with integration constants D* . From the initial
conditions

D, ;=0 (6)
in the case of a defect free reference state Di<2) =0

can be obtained. For previously fatigued composites
with defined predamage expressed in a additive term
Di(z) = D # 0 must be valid.

As evident from the experimental material-
mechanical characterizations, the direction related
initial modulus of elasticity and thus the compli-

ances are dependent on the strain rate.
With the aid of the non-linear relation
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respective reference strain rate €, ' — determined

Young’s moduli and shear modulus in undamaged
state and A[ as material constant, the strain rate
dependence of the engineering constant can be de-
scribed in general.

Together with (5), this results, in the elemen-
tary case of a highly dynamic single-axis load under
disregard of the influence of the transversal contrac-
tion, in the relation

o =[1-(0"+D"&/) &+ D] E{““”{H A" ln[ 2 H 5 ®

£,

for the calculation of strain rate and damage depend-
ent stress-strain behavior of textile reinforced com-
posites.

The associated direction related material properties
and model parameters are determined suitably from
highly dynamic experimental investigations for dif-
ferent strain rates by means of inverse parameter
identification (table 1).

Here, the model parameters were determined in high
speed tensile tests of GF/NCF-EP composites in 0°,
45° and 90° direction without and with fatigue pre-
damage for strain rates in the range between 0.0004
s* and 0.004 s™. The model validation was done by
eﬁperiments with strain rates between 0.04 s and 4
ST,

Parameter 90° 45° 0°
E(*™" [GPa] 10,26 14,9 21,15
&0 s™ 0,0004  0,0004 0,0004
A 0,02 0,02 0,004
D 1 0,0001 0,001

pM® 14 10 1

A 0,9 2 0,3

o D 50.000 cycles 0,05 n.d n.d

' DY 75.000 cycles 0,11 n.d n.d

Table.1. Model parameters for strain rate dependent
in-plane tensile strengths
(n.d.: not defined)

Fig. 6 shows the defect free composite specific com-
parison of experimentally and mathematically de-
termined stress-strain curves dependent on the strain
rate for load directions 0°, 45° and 90°. For loading
in 0° direction a nearly linear course can be ob-
served, whereas a strong nonlinear stress-strain be-
havior can identified for loading in 45° and 90° di-
rection. The mathematically determined curves
proved to be in close agreement with the experimen-
tally determined stress-strain curves.
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Fig.6. Comparison of experimentally and mathe-
matically determined strain rate dependent stress-
strain curves of GF-NCF/EP composites

Fig. 7 shows first results for the influence of fatigue
related predamage under subsequent highly dynamic
tensile loading for composites in 90° loading direc-
tion. The mathematically determined curves also
proved a good agreement with the experimentally
determined stress-strain curves.
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Fig.7. Comparison of experimentally and mathe-
matically determined stress-strain curves of GF-
NCF/EP composites at the same strain rate

5 Summary

The design of highly dynamically loaded lightweight
components with new types of textile reinforcement
requires reliable knowledge of the deformation and
failure behavior depending on the loading speed and
the fatigue loading history. A servohydraulic high
speed test unit in combination with a high-speed
camera was used to determine the strain rate de-
pendent material properties of non-crimp glass fiber
reinforced composites with fatigue related damage
under tensile loading. The deformation and failure
behavior of these composites was examined in ex-
tensive highly dynamic tensile loading tests. The
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increase of direction related stiffnesses and strengths
at increasing strain rates was successfully quantified
on the one hand and the influence of fatigue related
damage to subsequent highly dynamic tensile load-
ing was basically characterized. For the mathemati-
cal description of the strain rate dependent material
behavior of textile reinforced composites with de-
fects resulting from previously fatigue an additive
model in the sense of continuum damage mechanics
was introduced and validated.
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