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ARTICLE INFO ABSTRACT

Keywords: The strain rate-dependent material characteristic of carbon fiber reinforced plastics (CFRP) is widely known
Carbon fiber and has been investigated in detail at coupon level. In this study, for the first time the strain rate dependent
Epoxy characteristic of a three-dimensional CFRP structure was investigated. The evolution of the determined strain
gzzj:fate rate dependency was correlated with the results at coupon level. For this purpose two special 3-point-bending
Component testing fixtures were developed to obtain the flexural impact response of the investigated T700S DT120 prepreg system
3-Point-bending at coupon and component (hat profile) level. The rectangular coupon specimens were loaded with quasi-static to
Finite element analysis intermediate impact velocities from 3.3x10~> to 10m s~ 1, while the structural sub components were tested using
impact velocities from 3.3x10™ to 1m s~ 1. With increasing impact velocities, the experimental tests showed a
significant increase in force at first failure and maximum deflection at coupon level. The increases in force were
of 52% and 120%, respectively. However, the increase for structural hat profile components was just 12.4%
due to a different failure mode. The observed initial failure modes were compressive failure provoked by fiber
kinking for the coupon and interlaminar shear failure for the structural component. Regardless of the different
failure modes this work proves the necessity of considering the strain rate dependency of a composite material
to accurately predict the maximum load capacity of a CFRP structure during a dynamic load event. Additionally,
the comparison of the experimental results restults to numerical results revealed weaknesses in the prediction

accuracy of the currently used models.

1. Introduction

Although carbon fiber reinforced plastics (CFRP) can be found in
sport car bodies, the usage in high volume automotive body structures
is still a rarity. The main goal in body structure development is to de-
sign lightweight and stiff structures as cost-efficient as possible. A major
key component in pricing is the elevated cost of carbon fiber. To close
the gap to conventional metal structures, the full potential of CFRP has
to be exploited in the design process. This research contributes to the
approach of maximal material usage for relevant crash applications by
considering the strength increase of CFRP with increasing strain rate.

The research boundaries in terms of numerical approaches are highly
connected to the requirements of full vehicle crash simulations in the
automotive environment. Major requirement and limitation is the us-
age of shell elements to save computational effort of the huge models
(~ 10 million elements). One of the element’s type major restrictions
is the missing ability to consider delaminations. Knowing this restric-
tions and challenges there is a need to perform multiple validation steps
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to obtain reliable predictions of the results obtained from simulations
and experiments. For this purpose a kind of building block approach,
subjecting different geometrical shapes of the specimen/ structure to
different dynamical loading scenarios, is required. These dynamic tests
are highly challenging in terms of force and strain measurements, signal
processing and data analysis. Hence, this study presents two specially
developed fixtures to load coupons and structural components by quasi-
static and dynamic 3-point-bending. The obtained force-displacement
curves are analysed by their change in strength with increasing strain
rate and compared to the equivalent properties obtained from numerical
simulation.

During a crash event, body structures are subjected to dynamical
flexural loadings. This results in multi-axial stress states in which the
strain rate-dependent response needs to be investigated. As stated in
previous multiscale investigations [1,2] it is possible to transfer the re-
sults of strain rate dependency from coupon to structural component
level. This has been proven for an axial compression load case scenario —
experimentally and numerically.
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At coupon level, a well-known strain rate dependency of CFRP is
stated in literature. The investigations reported strain rate effects on the
mechanical properties of carbon epoxy laminates such as: shear [3,4],
transverse [5,6] and longitudinal compression [7-9], and transverse in
tension [10,11]. One of the first studies in the field of dynamical 3-
point-bending on carbon epoxy laminates was performed by Lifshitz
et al. [12]. Using a drop tower AS4/3502 carbon epoxy specimens were
subjected to dynamical flexural loading. The resulting forces were de-
rived by pre-processing the signal of an acceleration sensor multiply-
ing with the impactors mass. Comparable investigations were carried
out by Sinchez-Séez et al. [13] using a drop tower equipped with a
force sensor. Both studies report no significant increase in maximum
force at first failure for all tested laminates. A plausible explanation
is found in the initial failure type by reaching the longitudinal tensile
strength on the bottom side of all specimens. Multiple studies inves-
tigating the longitudinal tensile properties of carbon epoxy laminates
reported no change of the mechanical properties with increasing strain
rate [10,11,14]. [0°/90°]3, and [90°/0°]3, carbon epoxy laminates were
tested in a 3-point-bending by Wiegand [15], where 0°-direction is in ac-
cordance with the longitudinal beam axis. The quasi-static experiments
were carried out using a universal screw driven testing machine. The
dynamical tests utilized an impactor accelerated by a gas gun. The test
set-up functional principle was identical to a method used by Hallett
[16]. The fixture was used in different configurations, the support span
was varied in two distances (30mm and 50mm) resulting in a short and
long beam configuration. The [0°/90°]5, specimens showed for the dy-
namical loading compared to the quasi-static test an increase in max-
imal force at first failure and fracture strain of approx 54% and 58%,
respectively. All specimens failed by reaching the ultimate compressive
strength at the top side of the specimen characteristically by fiber kink-
ing. For the [0°/90°]5, specimens, at 30mm support span a first failure
was initiated by reaching the compressive strength of the matrix at the
really top layer of the specimen or by fiber kinking of the second layer
seen from the top. The dynamical maximum force at first failure was
approx 30% (30mm support span) to 80% (50mm support span) higher
compared to the quasi-static loading. The 50mm support span in com-
bination with the [0° /90°]5; specimens resulted in fiber kinking as well
as fiber tensile failure. Additionally, all dynamical tests in this configu-
ration showed fiber tensile failure as initial failure type. In accordance
with the studies from Lifshitz et al. [12] and Sanchez-S4ez et al. [13] no
significant influence of the loading rate on the maximal force or ulti-
mate strain was observed when fiber tensile failure occurs. Carpentier
[17] performed 3-point-bending tests using a short beam configuration
to obtain the shear properties of the tested carbon epoxy laminate. The
shear strain y,; and the initial failure mode of interlaminar shear failure
was determined by using high-speed DIC system. For the dynamic tests
at 4.4m s~ 1 impact velocity (¢ ~ 100s~!), an increase in maximum force
was found. The shear strength and shear modulus from the dynamical
tests compared to the quasi-static loading increased by 32% and 28.5%,
respectively.

The reviewed studies [12,13,15,17] show for carbon epoxy lami-
nates subjected to 3-point-bending a dependency from loading rate con-
trolled by the initial failure type. All specimens that initially failed due
to fiber tension showed no change in maximum force or fracture strain
with increasing loading rate. On the contrary, in case of shear, compres-
sive or transversal tension as characteristic failure type the mechanical
properties as maximum force and fracture strain increase with increas-
ing loading rate.

In literature, limited information is available to compare the quasi-
static and dynamic response of carbon epoxy structures subjected to 3-
point-bending. Impact testing is often performed at one specific testing
speed to validate the corresponding crash model [18-20] or to obtain
the structural component’s specific energy absorption (SEA) [21-23],
respectively.

Current studies of Belingardi et al. [24] and Fischer et al. [25] in-
vestigated the quasi-static and dynamic impact response of compos-
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ite beams loaded on 3-point-bending. The hybrid specimens [24] were
made of a pressed organo sheet stiffened by an injection moulded rib
structure. A significant increase in force (ca. 18%) at initial failure was
seen between the quasi-static and dynamic (127mm s~1) loading sce-
nario. They concluded for the previously obtained coupons strain rate
dependency a continuation on component level. The carbon epoxy hat
profiles used by Fischer et al. [25] were made of [0°/90°/ + 45°/ — 45°]
layup and were manufactured in a HP-RTM process. At dynamic test-
ing speed of 3m s~ 1 an increase of initial modulus and maximum load
is reported. Using a strain rate-dependent material card obtained form
quasi-static and dynamic coupon tests, the experimental and numerical
achieved force-displacement curves were in good accordance.

Fagerstrom et al. [26] used a drop tower to load open carbon epoxy
hat profiles at testing speeds ranging from 5 to 10m s~ 1. Four quasi-
static reference tests were performed at 3.6mm s~ 1. The specimen’s
layup contained [90°/0°],5,, where 0° direction is along the beam’s lon-
gitudinal direction. Between quasi-static and 5m s~1 testing speed an
increase of 70% of the maximum force was obtained. Contradictory, is
the decrease in maximum force by increasing the testing speed from 5
to 10m s~ 1. The authors give no explanation for this, but the reported
fractography pictures lead to the conclusion of initial failure type by de-
lamination and matrix cracks at the region of the hat profile’s shoulder.

The aim of this research is to get a better insight of the character-
istics of strain rate evolution from a coupon to a structural component
loaded on 3-point-bending. After proving the strain rate evolution for
an axial compression load case [2] the current investigation is supposed
to investigate a conventional structural crash load case scenario next to
axial compression in relation to its strain rate sensitivity. For that pur-
pose quasi-static and dynamic 3-point-bending tests are performed first
using rectangular coupon specimens and in a second step carbon epoxy
hat profiles. Finally, the experimental data is validated by comparing to
numerical simulation results using the developed strain rate-dependent
material card from a previous study [2].

2. Materials and specimen preparation
2.1. Materials

The specimens manufactured consist of DT120 (DeltaTech, Altopas-
cio, Italy) epoxy matrix reinforced with high-strength standard-modulus
T700S (Toray, Tokyo, Japan) carbon fibers. The unidirectional prepreg
tape is 0.5mm thick and has a fiber areal weight of 150 g m~2.

2.2. Rectangular cross section specimens preparation

The 500 x 600mm sized layers of the prepreg material were posi-
tioned by hand in 0° direction and were consolidated in the autoclave
for 1.5h at 120°C and 6bar pressure. According to that procedure, nine
plates were manufactured with different plate thicknesses between 1.49
and 5.52mm. For each plate, nine fiber volume measurements were
taken. An average fiber volume content of 54.09% was measured. The
cutting of the plates was done with a rotating water-cooled diamond
saw. For the 80mm wide support span, the specimens were cut to a
length of 100mm and a width of 15mm. For the 60mm wide support
distance, the specimens were cut to shorter dimensions, having 80mm
in length and 15mm in width. Thus, it was ensured both specimen con-
figurations had a 10mm excess on each side.

2.3. Hat profile cross section specimens preparation

The layers of the prepreg material were manually stacked on a con-
vex hat profiled tool and were consolidated in the autoclave using the
same parameters as the coupons from Section 2.2. The hat profile and
cover plate were manufactured in one part and process step, obtained
by cutting the part in two pieces after curing. The cut was realized at
the end of the flange of the hat profile. After trimming the edges of
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Fig. 1. Schematic view (a) and cross sectional view (b) of the hat profile com-
ponent with the location of strain gauges and the cutting edge.
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Fig. 2. Strain calculation by using KIRCHHOFF plate theory and the neutral fiber
location.

the hat profile, both components were prepared for bonding. Therefore
the 28mm wide bonding surface was sandblasted and cleaned with n-
Heptan. To bond the cover plates to the flanges of the hat profiles the
adhesive type BETAFORCE™ 9050M (DOW®, Midland, USA] was used.
To measure strains and strain rates on the inside surface of the hat pro-
files, two strain gauges were attached before the final bonding of hat
profile and cover plate. The specimens were cut with a diamond pre-
cision saw DIADISC 5200 (Motronic, Rieden, Germany) to their final
dimensions as shown in Fig. 1. Specimens were manufactured with the
laminate layups [0°/90°/ + 45°/ — 45°],¢ and [90° /0°] 4.

3. Experimental setup
3.1. Testing equipment

For this work, the purpose was to study the in plane loading be-
haviour of carbon-epoxy laminates resulting from a out of plane de-
formation subjected to strain rates varying from the typical quasi-static
values (order of magnitude X107 s~ 1 to moderate (up to 100s~1). There-
fore, the static and dynamic tests were performed on a Very High Speed
VHS 160 (Instron®, Norwood, USA) servo-hydraulic testing machine,
using a displacement controlled vertical shaft. Using the same testing
machine across the entire considered range of strain rates ensures that
the effect of the fixture/machine on the measured results are constant.

The position of the impactor and the specimens deflection were mea-
sured by using the digital image correlation (DIC) Software Aramis®
(Gesellschaft fiir optische Messtechnik (GOM), Braunschweig, Ger-
many). Image acquisition was done using two FASTCAM SA-X (Photron,
Tokio, Japan) high-speed cameras. The strain in the contact area with
the impactor on the hat profile’s top surface cannot be measured op-
tically. Therefore the strain is calculated analytically by using the
equation (1) and the data from strain gauges applied on the inside sur-
face of the hat profile, as shown in Fig. 2.

he +1t he\ te
E3 = E3410p T E319c = €] 7 + <52 kil (1)
T T/

Whereby ¢, and ¢, denote the strains measured with the two applied
strain gauges, £; marks the wanted strain on the hat profile’s top surface
and h, h;, t. and t; describe the global and local location of the neutral
fiber. These values are based on the KIRCHHOFF plate theory and take
different layups including different tensile and compressive properties
into account.
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Fig. 3. Self developed component 3-point-bending fixture for coupon specimens
(a) and force measuring by using strain gauges (b) [29].
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Fig. 4. Self developed component 3-point-bending fixture.

3.2. Laminate 3-point-bending fixture

Based on the standard DIN EN ISO 14125 [27] to determine the flex-
ural properties of fiber reinforced plastics, a new fixture was developed,
which is suitable for the conduction of quasi-static (v = 3.3x10™> m
s™1) and dynamic (v = 10m s~1) 3-point-bending tests. As shown in
Fig. 3 (a) the fixture consists of two supports and one impactor. The
impactor and the supports have radii of 5Smm and the support distance
is variably adjustable. The force measurement is done by strain gauges,
which are installed in the bottlenecks of the impactor and the supports
through centric core holes, as pictured in Fig. 3 (b). Through the po-
sitioning of the strain gauges in the shaft, a direct and unadulterated
measurement of the force is reached. To receive reliable absolute force
values, the fixture was calibrated with a universal testing machine Z100
(Zwick, Ulm, Germany) according to the standard ISO 7500-1 [28].

3.3. Component 3-point-bending fixture

Because there are no recent standards for the bending tests of com-
ponents, a new fixture for the conduction of quasi-static and dynamic
3-point-bending tests of components was developed. The new fixture is
pictured in Fig. 4.

The impactor and the supports have a radii of 50mm and the support
distance is, analogous to the laminate 3-point-bending fixture, variably
adjustable. For the force measurement, four strain gauges were applied
on each column of the supports and interconnected to a WHEATSTONE
full bridge. The arrangement of the strain gauges on the inside and out-
side of the columns, as well as their horizontal and vertical orienta-
tion enables the consideration of the transversal contraction to increase
the bridge resolution and the bending-compensated force measurement.
Each column was calibrated with a universal testing machine according
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Table 1
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Load increase of coupons subjected to static (3.08x10~> m s~1) and dynamic (5m s~ 1) 3-point-bending with the correspond-

ing coefficient of determination R? for each configuration.

Support Beam Max. Load at CoD Max. Load at CoD Load Increase from Load Increase from
Span Thickness ~ 3.08x10°ms~1 R’ 5m -1 R? 3.08x1075 to 5ms~1  3.08x107 to 5m sl
[mm] [mm] [kN] [-1 [kN] [-] [kN] [%]
80 1.50 414.56 + 15.37 0.942 482.77 + 68.21 0.733 68.21 16%
80 1.95 724.01 +46.93 0.981 765.47 + 126.61 0.786 41.46 6%
80 2.55 1050.50 + 78.81 0.977 1409.40 + 89.50 0.837 358.90 34%
80 3.00 1307.80 + 75.27 0.991 1764.40 + 113.57 0.839 456.60 35%
80 3.45 1588.30 +29.61 0.993 2305.50 +£95.17 0.868 717.20 45%
80 4.05 1995.50 + 31.51 0.994 2947.80 + 67.07 0.898 952.30 48%
80 4.50 2298.70 + 48.30 0.995 3382.40 +21.73 0.906 1083.70 47%
80 4.95 2624.70 + 46.29 0.996 4178.30 + 163.50 0.930 1553.60 59%
80 5.55 3159.90 + 266.10 0.996 4660.70 + 221.27 0.927 1500.80 47%
60 1.50 622.26 +37.14 0.970 672.34 +27.65 0.866 50.08 8%
60 1.95 951.98 +30.39 0.981 1184.30 +43.97 0.890 23232 24%
60 2.55 1400.10 + 54.06 0.990 1845.70 + 82.85 0.949 445.60 32%
60 3.00 1793.60 + 113.08 0.990 2322.80 + 76.40 0.948 529.20 30%
60 3.45 2177.50 + 68.33 0.994 2849.70 + 95.36 0.962 672.20 31%
60 4.05 2686.90 + 10.45 0.995 3839.20 + 133.74 0.972 1152.30 43%
60 4.50 3237.80 +72.35 0.994 4435.70 + 79.346 0.969 1197.90 37%
60 4.95 3663.30 + 33.89 0.995 5279.90 + 408.77 0.973 1616.60 44%
60 5.55 4662.90 + 75.36 0.993 6934.70 + 642.67 0.938 2271.80 49%
to the standard ISO 7500-1 [28]. In addition, the force is measured by
a piezoelectric force sensor installed above the impactor. The impactors 1200 [Momar T7005.150.D7120 [UD]

mass and the high accelerations result in inertia forces, which distort
the force signal. For the correction of the force signal, impactors ac-
celerations are first determined using DIC, then multiplied by the im-
pactors mass, and last subtracted from the measured force signal. With
this method, the measured force signals of the support columns and the
impactor correlate. Because of restrictions of signal processing due to
the use of strain gauges on the specimen, the reported results in this
paper are the corrected force signal of the piezoelectric force sensor.

4. Experimental results
4.1. Rectangular cross section specimens

The unidirectional specimens with the nine different thicknesses
were tested with two different support distances (60mm and 80mm) and
with different impactor velocities between 3.3x10™> ms~1and 10m s~ 1.
For every parameter combination 3 replicates were performed. The me-
chanical response of the UD laminate subjected to 3-point-bending are
summarized in Tab. 1.

The aim of studying this broad variety of thicknesses, two support
spans and different testing speeds was to determine the reliability of
measured maximum force and maximum midpoint displacement. The
results show a significant influence of testing speed on the vibrations
of the force signal, as shown in Fig. 5. So, based on the analysis of the
test data comparing the coefficient of determination R?> (CoD) of linear
fits to every single force displacement curve, it was concluded that, for
the unidirectional carbon/epoxy composite tested, the best configura-
tion would be the one that has a support span of 60mm and a thickness
between 4 and 4.5mm. These configurations were the ones that gave low
standard deviation in the test results and minimised the specimen de-
tachment from the impactor. An explanation is the increasing beam stiff-
ness with increasing specimen thickness and decreasing support span,
which leads to less vibrations during the test and more reliable results.
Nevertheless, in the previous sections all available data is presented.

For laminate thicknesses < 3mm at 80mm support distance strong
vibrations and no increase in maximum force have been observed.
Whereas for laminate thicknesses < 3mm an increase of the maximum
force and the maximum deflection with increasing testing velocity has
been determined as shown in Fig. 6. In comparison with the quasi-static
results, the results at the lowest dynamic impactor velocity showed an
increase of over 20% for the maximum force and the maximum deflec-

Temperature: 23 °C
1000 H Thickness: 2mm
Supports Span: 80 mm
Testing speed 0.00003 m/s
800 H - - -Testing speed 0.003 m/s
------ Testing speed 1 m/s
-=-=Testing speed 3 m/s

600

400

Impactor Force [N]

200

0 2 4 6 8 10
Impactor Displacement [mm]

Fig. 5. Exemplary force displacement curves of coupons loaded on 3-point-
bending with support span of 80mm with the resulting increase of vibrations
in the force signal with increasing testing speed.
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Fig. 6. Maximum force of coupons with different thicknesses loaded on 3-point-
bending with support span of 80mm at various strain rates.
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Fig. 7. Maximum force of coupons with different thicknesses loaded on 3-point-
bending with support span of 60mm at various strain rates.

tion. For the highest impactor velocity, the maximum force increased
up to 74% compared to the quasi-static result. For laminate thicknesses
> 3.5mm, an increase of the maximum deflection of 100% up to 120%
was determined, whereas the maximum deflection of the thinner lami-
nates increased less with higher impactor velocities (40% up to 63%).

The specimens tested with the 60mm support distance also showed
a significant increase of the maximum force (up to 58%) and the max-
imum deflection (up to 95%) with higher impactor velocities as shown
in Fig. 7. Compared to the tests with 80mm support distance, a lower
scatter was determined. An explanation for that is the reduced amount
of vibrations during the test procedure.

In every experiment, fiber compressive failure (kinking) as initial
failure mechanism was observed. Initial failure on the compressive side
of the specimen was also reported by Wiegand [15]. For the clarification
of the reproducible failure mechanism, a low flexural stiffness configu-
ration with a 80mm support distance, a 3.5mm thick specimen and a
testing velocity of v = 5m s~1 is shown in Fig. 8 (a). The high flexu-

3) 5500 Material: T700S-150-DT120 [UD] — Specimen 1
Temperature: 23 °C . .
4500 || Thickness: 3.5mm Spec!men 2
Supports Span: 80 mm l Specimen 3
__ 3500 Testing Speed: 5 m/s N
Z
8 2500 ~ A
8] o
5 VAN
1500 p
K7
500 /W \,
j% ~"<\’>°\4
-500
0 4-10* 8-10* 12-10* 16-10™*
Time [s]

(a) Fiber kinking (b) Advancing

compressive failure

(c) Tensile failure

Composites Part C: Open Access 4 (2021) 100079

ral stiffness configuration with the same support distance and testing
velocity, but with a 5mm thick specimen is pictured in Fig. 8 (b).

The mentioned compressive failure type was expected due to
the known lower compressive laminate strength compared to tensile
strength, as already reported in a previous study [2]. In addition, the
axial and flexural loaded laminates show both an increase of the in-
vestigated in plane mechanical properties with increasing strain rate.
Triggered by the compressive failure the increasing maximum force and
maximum deflection from the 3-point-bending scenario follow the trend
of increasing laminate properties loaded on axial compression.

4.2. Hat profile cross section specimens

The 3-point-bending tests were performed using three different im-
pactor velocities from 6mm min~1 to 1m s™1, two different laminate
layups (biaxial [90°/0°]4,) and quasi-isotropic [0°/90°/ + 45°/ — 45°]5)
and a support distance of 260mm. To ensure the reliability of the mea-
sured data five replicates for each configuration were conducted. Fig. 9
exemplary shows the failure progress of a [90°/0°]4, hat profile spec-
imen loaded on 3-point-bending using a support span of 260mm at a
testing speed of 1m s~ 1 in 6 increments of impactor displacement. The
failure type and progression in the investigated area of velocity is inde-
pendent from the loading rate. At 10mm impactor displacement a local
intrusion of the specimen is causing a interlaminar failure due to high
transverse shear stresses, as shown in Fig. 10. After this first failure a
further intrusion of the impactor in the hat profile’s web is observed, and
after 48mm the maximum loading capacity of the specimen is reached.
With progressing impactor displacement the hat profile’s neutral axis
shift constantly down what is causing at ca. 30mm impactor displace-
ment fiber compression failure in the flanges and the cover plate. The
ultimate failure occurs at ca. 48mm impactor displacement (Fig. 9).

For the experiments of the hat profiles with the biaxial laminate
layup at the highest impactor velocity, there was a significant increase
for the force at first failure compared to the quasi-static result. Fig. 10 de-
picts the computed tomography (CT) scan of the hat profile shoulder
after the first failure. The scan shows that the first failure is initiated
by delamination and the occurrence of matrix cracks at the hat profile

b) 5500 .
Specimen 1
4500 (@) (© — Specimen 2
/&')\[\,’\-/ — Specimen 3
— 3500
<
g 2500
i
1500 Material: T7008-150-DT120 [UD]
Temperature: 23 °C
Thickness: 5 mm
500 Supports Span: 80 mm
Testing Speed: 5 m/s A A
-500
0 4-10* 8-10* 12:10* 16-10*
Time [s]

(b) Advancing
compressive failure

(a) Fiber kinking (c) Delamination

Fig. 8. Failure mechanism of 3.5mm (a) and 5mm (b) thick specimens. Support span of 80mm at a testing velocity of 5m s~ 1.
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Impactor displacement = 20 mm

Impactor displacement = 50 mm

Fig. 9. Typical failure progress of a [90°/0°],, hat profile specimen loaded on 3-point-bending in 6 increments of deflection using a support span of 260mm at a

testing speed of 1m s~ 1.

Fig. 10. CT-scan showing the delaminations in radius between top surface and
web of the hat profile.

shoulder. Consequently the increase of strength with higher testing ve-
locities is a result of the strain rate-dependent shear properties of the
matrix, which brittles with increasing testing velocities. Fiber compres-
sive failure on the top surface of the hat profile as initial failure can be
ruled out because the measured compression at the failure moment was
significantly below the fracture strain.

The initial stiffness shows in the respective testing velocity range a
slight increase of 19.8% with no statistical significance. While the max-
imum force and the specific energy absorption show no increase at all
with increasing testing speed. This results are in accordance with previ-
ous investigations of the strain rate dependency on the crushing proper-
ties of CFRP [30-32]. The respective results are summarized in Table 2.

Nevertheless, for hat profiles containing the [0°/90°/45°/ — 45°]4
layup the force at initial failure increased significantly by 18.8%. A
CT analysis of a specimen loaded quasi-statically just to its first failure
shows a delamination in the hat profile radius connecting the horizon-

Table 2
Experimental results of the hat profile components with [0°/90°],, layup at
three different testing speeds.

Impactor Mean Value Mean related

Velocity + Standard to quasi-static

[m/s] Deviation Value [%]
Load at first 10 6.12+0.21 kN -
Failure 102 6.65+0.16 kN +8.7

1 6.88 +0.27 kN +12.4
Maximum Load 10~ 15.1+£0.7 kN -

102 14.8 +0.8 kN -1.9

1 159 +0.4 kN +5.5
Initial Stiffness 10~ 2.40 +0.16 KN/mm -

102 2.53 +0.13 kN/mm +5.4

1 2.88 +0.36 kN/mm +19.8
Energy 10 670 + 64 | -
Absorption 102 706 +35 | +5.4

1 692+55] +3.3

tal top surface and the vertical web (shoulder), as shown in Fig. 10. In
accordance with the biaxial [90° /0°]4, specimens, the strain rate depen-
dency results from the strength increase of the matrix’ shear properties
with increasing strain rate. For the initial stiffness an increase of 41.1%
was determined. However the significance of this value is low because of
the high scatter. One possible explanation for the stiffness increase is the
embrittlement of the matrix in the failure critical areas of the hat pro-
file shoulders. The maximum force increased by 6.3% but did not show
a general trend, which would indicate a strain rate dependency of this
value. For the energy absorption there was not a significant change with
increasing testing velocities. The results for the quasi-isotropic layup are
summarized in Table 3, while an overall comparison of both layups is
depicted in Fig 11.
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a) Load at first failure in function of the impactor velocity
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b) Stiffness in function of the impactor velocity
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Fig. 11. Experimental results for load at first failure, maximum load, initial stiffness and energyabsorption (up to 50 mm impactor displacement) of hat profile

specimens loaded with different impactor velocities.

Table 3
Experimental results of the hat profile component with [0°/90°/45°/ —
45°],, layup at three different testing speeds.

Impactor Mean Value Mean related

Velocity + Standard to quasi-static

[m/s] Deviation Value [%]
Load at first 10 5.59+0.14 kN -
Failure 1072 6.20 +0.29 kN +10.9

1 6.64 +0.28 kN +18.8
Maximum Load 10 19.1+0.2 kN -

102 20.5+0.5 kN +7.5

1 20.3 +£0.6 kN +6.3
Initial Stiffness 10~ 2.88 +0.26 kKN/mm -

102 3.05 +0.06 kN/mm +5.9

1 4.07 +0.57 kKN/mm +41.1
Energy 10~ 606 +42 ] -
Absorption 1072 661 +12] +9.1

1 638 +21 ] +5.3

5. Numerical model

The simulations were carried out using the commercially available
explicit Finite Element software Pam-Crash from ESI. Since the automo-
tive industry requires computation efficiency as well as practical mod-
els for pre- and postprocessing, a ply based concept is used. The one
part shell elements have as many through thickness integration points as
plies defined for the laminate. The ply mechanics are based on a contin-
uum damage approach proposed by Ladeveze and Le Dantec [33]. The
strain rate-dependent model is based on the work of Rozycki [34] and it
consists of using viscosity functions to describe the variation of the ply
properties with the strain rate. The implementation of the strain rate
dependent properties of the material used in this work, is carried over
from a previous work [2].

6. Numerical simulation results and comparison

A simulation model that depicts the experimental crash tests per-
formed with a hat profile cross section structural component was devel-
oped using the previously described numerical model. The simulation
impact velocity was chosen analogous to the experimentally obtained
one.

For all the examined configurations the initial stiffness is in good ac-
cordance with the experimental determined values, as the comparison
of the force-displacement curves shows, pictured in Fig. 12. The simu-
lation model overestimates the force at first failure by an amount be-
tween 14% and 32%. The explanation is the difference in failure mech-
anisms that lead to initial failure. In the experiment, the initial fail-
ure mechanisms are delamination and matrix cracking. The simulation
model however cannot describe delamination, which is why the force
increases steadily until fiber-compression failure occurs at the hat pro-
file top surface. The increase of strength at 1m s~ 1 impactor velocity
compared to the quasi-static value only amounts 1.9% in the simula-
tion. However, the increase in the simulation is based on the strain-
rate-dependent compression properties and is, for that reason, not com-
parable with the experimental results, where the strain-rate dependency
of the shear properties are of primary importance. For the hat profiles
with biaxial laminate layup, the maximum force and the nearly constant
force level are underestimated by the simulation. The usage of a nomi-
nal laminate thickness of 2.4mm in the simulation, instead of an actual
average laminate thickness of 2.49mm is one possible explanation for
the deviation. For the quasi-isotropic laminate layup, the simulation un-
derestimates the maximum force by approximately 30%. For the high
deviation of the experiments with this laminate layup there is a second
possible explanation besides the difference in the used laminate thick-
ness. The maximum force is reached before the webs collapse because
of the global bending. In the used material card, the fracture strain of
the 0°-plies refers to values, which where determined by testing an UD
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a) Testing speed: 107* m/s

b) Testing speed: 1072 m/s
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¢) Testing speed: 1 m/s
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Fig. 12. Experimental and simulation force vs. displacement curves for hat profile specimens.

laminate. Hence, the presence of off axis plies has no impact on the
fracture strain in the simulation. In the experiment the 0°-plies are sup-
ported by the off axis plies against buckling and therefore reach higher
fracture strains. The higher fracture strains of the 0°-plies lead to higher
maximum forces before the webs of the hat profile collapse.

7. Conclusions

The coupon specimens composed of T700 DT120 prepreg with uni-
directional layup manufactured in different thicknesses were loaded on
3-point-bending with respect to different loading rates. The results con-
firm the well known longitudinal compressive strain rate-dependency
[2] for a 3-point-bending loading scenario. With increasing impactor
speed, the maximum load at failure and the deflection increased up to
74% and 120%, respectively. Furthermore, all tested specimens showed
as result of fiber kinking a compressive failure at the top side of the
specimen as initial failure mode. Hence, the increasing properties with
increasing loading rate under 3-point-bending are correlated to the lam-
inate longitudinal compressive properties, as shown in previous work
[21.

On a second level of scale, a hat profile, more comparable to a struc-
tural component, composed of the identical material was loaded on 3-
point-bending at 3 different testing velocities. The hat profile contained
a biaxial [90°/0°]4,) and quasi-isotropic [0°/90°/ + 45°/ — 45°]5¢ layup
and resulted in a load increase of up to 18.8% at dynamic rates at first
failure with respect to the quasi-static loading rate. As initial failure type
delaminations in the hat profile’s shoulder were detected by a CT analy-
sis performed on a specimen loaded quasi-statically until its first failure.
The detailed investigation of this effect using the numerical model led
to the conclusion of transverse shear strength reaching its limit at the
moment of first failure of the specimen. Thus, the increase in maximum
force at first failure with increasing strain rate is associated to the strain
rate-dependent change in shear properties of the matrix material.

The results of the numerical simulation based on shell elements made
obvious that the missing ability to consider delaminations by this ele-
ment type is the restrictive parameter in prediction accuracy of the hat
profiles first failure as response to 3-point-bending. Consequently, in fu-
ture work hat profiles loaded on 3-point-bending can just be accurately
predicted by using e.g. cohesive zone interface elements or tiebreak con-
tacts in between a multi shell stack, as already presented by [35,36].

The comparison of the occurring failure types in combination with
the numerical simulation results between the coupon and hat profile
leads to following conclusions: i) the coupon reaches its maximum load
capacity by reaching the compressive strength of the material and thus
shows a much higher increase with respect to strain rate. ii) the hat
profile is limited in loading capacity due to local failure triggered by
delamination in its shoulders. iii) the used hat profile geometry is limited
to its ability to validate structures which are in direct contact of a barrier
(e.g. rocker in a side pole crash scenario). iv) the differences in failure
type made a comparison impossible in terms of strain rate dependency
of a coupon compared to a structural component subjected to 3-point-
bending.
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