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1. Introduction

                                              

Due to their outstanding specific strength and stiffness combined
with a cost efficient manufacturing process, sheet molding compound
(SMC) has become a very attractive material for the automotive indus-
try, which represents an important and growing field of application for
polymer composites. In contrast to SMC developed in the 1960s, ad-
vanced and structural SMC, developed in the last few years has to fulfill
higher demands regarding mechanical properties, as an example, the
requirement to be used in structural components prone to crash loads.
Structural glassfiber SMC components have recently been implemented
into different vehicle concepts, for example the Dodge Viper [1] or the
Mercedes S-Class [2]. With the BMW 7 series, structural carbon fiber
SMC was also successfully implemented in a production vehicle in the
form of the cross member/trunk cover, molded from an epoxy sheet
molding compound [3]. The implementation of SMC components into
vehicle concepts has prompted the above-mentioned need to under-
stand the influence of loading rate and manufacturing induced anisot-
ropy on the structural behavior of SMC to offer appropriate material
data for simulation. Impact and puncture loadings are important to con-
sider while designing novel materials for the automotive industry since
low-energy impact damages may arise frequently due to low velocity
collisions, dropped hand tools or flying stones on the roads.

The investigation of SMC with advanced resin formulations already
showed their superior mechanical properties and the potential to con-
sider this material class for structural components.

In general, approaches focus on an increase of the fiber volume con-
tent by decreasing the amount of fillers [4] or by reducing the density of
thematerial by adding hollow glass sphere to the resin, for example [5].
Another promising approach to enhance mechanical material proper-
ties is a substitution of the glass by carbon fibers [6].

However, taken loading rate dependence into account, only a few
studies have already investigated the structural and material behavior
of SMC exposed to higher loading rates.

A first attempt to investigate impact properties of SMC by Kau [7]
showed that the thickness of the specimen aswell as the individual con-
stituents, thus fiber and matrix type, influence the impact response of
glass fiber SMC for a puncture velocity of 2.5 m s−1 in a distinct way.
The influence of matrix type on impact properties of SMC was also
stated by Sadasivam et al. [8]. Lee et al. pointed out that failure mecha-
nisms strongly dependon striker type and energy absorption capacity of
SMC increased with increasing specimen thickness for puncture veloci-
ties from 1.4 m s−1 to 4.75 m s−1 [9]. Dear et al. also indicated that the
in-plane modulus is the dominant mechanical property of SMC, if im-
pact loadings are present. Additionally, the observed SMC materials ex-
hibited hidden through-thickness damage long before damage was
visible at the outer surface [10]. Chaturvedi et al. concluded, that the im-
pactor size andmass significantly effects the size and growth of damage
of SMC exposed to puncture loadings [11]. These aforementioned stud-
ies all focused on impact properties of standard SMC materials. No at-
tention was paid to the rate dependence of the SMC material.

To the best of the author's knowledge, literature on loading rate de-
pendence of glass, but most especially on carbon fiber SMC exposed to
puncture loading, is barely available.

Taking recent research results into consideration, this contribution
presents novel aspects in the field of SMC. First of all, the two step curing
resin was successfully implemented to manufacture glass and carbon
SMCwithout fillers. This enables to further increase thefiber volume con-
tent and thus mechanical material properties combined with lower den-
sities as for filled resin systems. Additionally, the novel, two step curing
resin system also enables to manufacture continuously carbon fiber rein-
forced sheet molding compounds in an adapted SMC process [12]. To
combine the advantages of continuously and discontinuously fiber rein-
forced materials, different concepts of hybrid sheet molding compounds
were presentedwithin the last few years. One approach by Fette et al. fo-
cuses on components of discontinuous SMC with a local reinforcement

due to continuous prepregs [13–15]. The same approach was also
followed by Wulfsberg et al. [16] and Corbridge et al. [17] the last few
years. This approach has a decisive disadvantage, since manufacturing
and material costs of continuous carbon fiber prepregs are very high.
Gortner et al. presented an alternative to locally reinforce SMC with dry
textile preforms. However, impregnation of the dry textile during mold-
ing is a critical factor for mechanical material properties [18].

The novel two step curing resin system presented within this study,
allows to manufacture discontinuously as well as continuously fiber re-
inforced semi-finished sheets on a standard SMC processing line in an
economic way [12]. These two components can be combined in a one
shot process during compression molding with the use of the same
resin system for both components enabling a chemically strong bond.
To the authors knowledge, this approach is unique in the field of hybrid
continuous-discontinuous sheet molding compounds.

To better understand the mechanical behavior and to provide data
for material simulation a profound understanding of both constituents,
thus the continuously and the discontinuously fiber reinforced SMC are
necessary. This contribution is a first step towards a deeper understand-
ing of the mechanical properties of the discontinuous glass and carbon
fiber SMC based on the novel two step curing resin system. In addition,
this contribution focuses in detail on puncture properties and damage
evolution of glass and carbon fiber unfilled advanced SMC at different
loading rates for the first time.

2. Materials

2.1. Material manufacturing

The discontinuous structural SMC considered within this study was
based on an unsaturated polyester-polyurethane (UPPH) resin system
by Aliancys, Schaffhausen, Switzerland. The particularity of this resin
system is a two step curing process. First, the resin is thickened by the
help of di-isocyanate which leads to a chemical stable and highly vis-
cous B-stage due to chain extension. In a second curing step, during
molding at elevated temperatures, a radical polymerization is per-
formed, which allows for fast curing and chemical bonding. This two
step curing process enables control of the paste's viscosity throughout
the whole process chain and to also adopt it to improve impregnation
of glass or carbon fibers [12]. No fillers were added to the resin system.
The exact compositions of the resin system for the glass and carbonfiber
SMC are listed in Table 1. The semi-finished sheets were manufactured
using a flat conveyor plant type HM-LB-800 by Schmidt & Heinzmann
(Bruchsal, Germany) at the Fraunhofer ICT in Pfinztal, Germany. After
maturation the semi-finished SMC sheets were cut into plies, stacked
and compression molded into plaques at approximately 150 °C,
1600 kN, and 122 s mold closing time. The charge was either placed in
the middle of the rectangular mold, with a coverage of 40 ± 1%, to en-
sure flow in two directions (2D) or at one side of the mold, leading to
a material flow only in one direction (1D) (Fig. 1). The dimensions of
the compressionmolded plaques were 458mm by 458mmwith a nom-
inal thickness of 3 ± 0.2 mm. Table 2 lists the dimension of flow, thick-
ness of the plaques, fiber volume content, and fiber length of the glass
and carbon fiber sheets considered within this study. The difference in
fiber volume content results due to conditions of manufacturing. Unpub-
lished preliminary work pointed out that carbon fiber SMC with lower
fiber volume contents led to unsatisfyingmechanical material properties.
The fiber volume content of the glass fiber SMC could not be significantly
increased to ensure a sufficient impregnation on the conveyor belt. The
authors aimed to realize the same density of the twomaterials, to obtain
structures with the same weight to realize a level of comparability.

2.2. Specimen preparation

Specimens for experimental investigation were extracted by water
jet cutting by SNZ Schneidbetrieb GmbH, Mühlacker, Germany. Tensile
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specimens featured a length of 200mm and a width of 15mm. The flat,

                                                

square specimens for puncture testing featured a section of 140 mm by
140 mm according to ISO 6603-2. To evaluate the influence of material
flow during compression molding, specimens were extracted from the
charge as well as the flow region as identified in Fig. 1. In addition, ten-
sile specimens were extracted in 0° and 90°.

3. Methodology

3.1. Tensile testing

To evaluate the Young's modulus and tensile strength of the consid-
eredmaterials quasi-static tensile testswere carried out on a ZwickRoell
Zmart. Pro universal testingmachinewith a load cell capacity of 200 kN.
The nominal testing velocity was 1.8 mm min−1. The specimens were
clamped at a distance of 100 mm. The deflection was measured using
an extensometer and a gage length of 70 mm. The Young's modulus
was determined according to ASTM E1111 with a least squares method
in the strain range from 0.05% to 0.25%. Tensile properties were based
on eight specimens for each material configuration extracted from
charge and flow region. A specimen was only considered for evaluation
if failure occurred in the gage section.

3.2. Quasi-static puncture testing

Quasi-static puncture tests were performed on a MTS Criterion
Model 45 electromechanical load frame. A lubricated (PC Waylube 68)
hemispherical striker, having a diameter of 20 mm, punctured the rect-
angular specimen perpendicular to its surfacewith a nominally uniform
velocity of 2.6 mmmin−1 (approx. 4.4 10−5 s−1) up to a defined maxi-
mum deflection of 16mm. A custommade fixture allowed for clamping
of the flat, square specimen mechanically under a metallic plate to pro-
vide a circular puncture area with a diameter of 100mm. This clamping
leads to a complex 2D stress state combining multiaxial tension and
bending. The contact of the striker furthermore leads to a localized 3D

stress state. The resulting forcewas recorded by a load cell with a capac-
ity of 150 kN. Deflection between the striker and the specimen support,
starting from first contact between the striker and the specimen, was
measured by the crosshead displacement of the MTS load frame. The
test rig was designed such that a front surface mirror allowed for
video capturing during the test to track damage evolution. For this pur-
pose a Point Grey Research Grasshopper GRAS-50S5M 5.0 MP mono-
chrome camera with 35 mm CM120 Schneider-Kreuznach lens was
placed at one side of the fixture underneath the specimen. One frame
per second was captured throughout the quasi-static loading up to the
maximum deflection. An external light source and an inclined mirror
beneath the specimen ensured sufficient illumination. Synchronization
between the load frame and camera was established with the Corre-
lated Solutions VIC-Snap transistor to transistor logic (TTL) interface
and a signal from the load frame at a user defined digital output con-
nected to a National Instruments (NI) USB 6221 BNC data acquisition
device. Six specimens of each configurationwere considered for testing.
For the charge region of 1D flow carbon fiber SMC only 5 specimens
were considered for testing.

3.3. Dynamic puncture testing

Low-velocity impact tests, in the following named dynamic punc-
ture tests, were conducted with a custom drop tower modified to
carry out ISO 6603-2 instrumented impact testing. The impacting unit
consisted of three different parts, namely the crosshead, a shaft includ-
ing the load cell and a hemispherical tipwith a diameter of 20mm. Dur-
ing the test, the drop weight was released at a defined height and
traversed down guide rails to impact the specimen at its center, perpen-
dicular to the surface, at a nominal uniform velocity of 4.4 ± 0.2 m s−1.
The flat, square specimens were mechanically clamped under a metal
plate to provide a circular impact area with a diameter of 100 mm, con-
sistent to the quasi-static puncture testing. Since external forces, which
are applied to the specimen, are limited to the striker and the clamping
system, the only work done to the specimen is by the striker, as there is

Table 1
Individual resin components and fiber type of investigated glass and carbon fiber SMC.

Component Glass fiber SMC (GF SMC) Carbon fiber SMC (CF SMC) Supplier

Resin Daron ZW 14141 Daron ZW 14142 Aliancys
Additives Release agent BYK 9085 BYK 9085 BYK

Inhibitor pBQ pBQ Fraunhofer ICT
De-airing BYK A 530 BYK A 530 BYK
Impregnation additive BYK 9076 BYK

Peroxide Trigonox 117 Trigonox 117 Akzonobel
Thickener Isocyanate Lupranat M20R Lupranat M20R BASF
Fiber MultiStar 272 Panex35 Johns Manville Zoltek

Fig. 1. Schematic representation of 2D (a) and 1D (b) flow SMC semi-finished sheets during compression molding. Dashed line indicates initial charge.
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no deflection at the clamping ring. Due to the large mass of the drop

                                              

tower carriage (approximately 60 kg), the change in carriage velocity
resulting from energy absorption by the specimen is negligible. The
test rig was designed such that a front surface mirror allowed for high
speed photography with a Photron SA4 camera placed on the floor in
front of the drop tower. The resulting crosshead deflection and forces
were measured with an Acuity laser displacement transducer with a
sensitivity of 30 mm/V and a Dytran Model 1050 Integrated Electronic
Piezoelectric (IEPE) load cell, respectively. The load cell was integrated
in the shaft of the striker, thus ensuring measurement of the impact
load very close to the location of contact between the nose and SMC spec-
imen. A custom LabVIEW program was developed to acquire force-
deflection data and appropriately trigger the high speed camera and syn-
chronize transducer data acquisition with the high speed photograph ac-
quisition. Force-time datawas acquired at 50 kHzwith a 24 bit resolution
National Instrument (NI) 9233 IEPE data acquisition module in an NI
CompactDAQ chassis. Deflection-time data was acquired at 50 kHz with
a 16 bit NI 9205 analog input module. The high speed camera was trig-
gered with a transistor to transistor logic (TTL) signal from an NI 9401
digital input/output module. Images were captured for a total duration
of 10 ms. For glass fiber SMC specimens, images were captured with a
frame rate of 13,500 frames per second, a shutter speed of 1/25000 s
and a resolution of 512 by 512 pixel2. For carbonfiber SMC specimens im-
ageswere capturedwith a frame rate of 45,000 frames per second, a shut-
ter speed of 1/71000 s and a resolution of 256 by 256 pixel2. Six
specimens of each configuration were considered for testing.

3.4. Data processing

The raw force-deflection data captured by the laser displacement
transducer and load cell were processed within MATLAB® 2015. The
time at which contact between the striker and specimen occurred was
estimated by finding the mean and standard deviation of the load
prior to contact. Any initial offset was removed and the initiation of con-
tact was identified by searching for the first instant at which the load
was greater than 6 standard deviations. Contact was estimated to initi-
ate one data point prior to this event. The deflection refers to the posi-
tion of the striker, which is defined as having a value of zero at the
first contact with the surface of the specimen. A four pole Butterworth
filter (two pole filter with forward and reverse passes) was applied to
the load-timedatawith a channel frequency class (CFC) of 600 (approx-
imately 1000 Hz cutoff) consistent with SAE standard J211. Quasi-static
force-time data was not filtered. Energy during puncturewas computed
by integration the force-deflection responsewith the trapezoidmethod.
To evaluate the puncture properties of the SMCmaterials, themaximum
force as well as the absorbed energy, further referred to as puncture en-
ergy Ep, for the two considered loading rateswere taken into account. In
this investigation the puncture energy of the specimen during quasi-
static or dynamic loading equals

EP ¼
Z xp

0
Fdx ð1Þ

with the force F and the deflection x. In an effort to eliminate frictional
effects between striker and punctured surface, according to ISO 6603-
2, puncture energy, Ep, is calculated according to Equation (1) up to
the puncture deflection (xp). This is the deflection referring to the
point when measured load is half of the precedent maximum load oc-
curred during puncture. Fig. 2 shows the unfiltered and filtered force-
deflection response for the same specimen. It also highlights the mean
value and standard deviation of the filtered and unfiltered maximum
force and resulting puncture energy for the glass fiber SMC specimens.
Considering the maximum force, filtering of the data leads to slightly
lower values (Fig. 2b). The filtering does not influence the calculated
puncture energy (Fig. 2d). In the following, filtered force is plotted in
thediagrams. Thefiltered force-deflection responsewas also considered
to calculate the puncture energy of the specimen. High speed imagery
was processed with ImageJ.

4. Results

4.1. Quasi-static tensile properties

The Young's modulus of the glass fiber SMC (Fig. 3 a) ranges be-
tween 11 GPa and 12.4 GPa. It shows a slight increase for flow region
specimens compared to charge region specimens. However, due to the
high scatter of experimental results of flow region specimens (Coeffi-
cient of variation CV = 13% and 9.4% for 0° and 90°), this increase is
not significant. Tensile strength of the 2D glass fiber SMC (Fig. 3b) also
shows a slight increase for flow region specimens compared to charge
region specimens (from 143.4 MPa to 167.4 MPa for 0° specimens and
from 146.3 MPa to154.2 MPa for 90° specimens). The scatter of tensile
strength of flow region specimens (CV = 12.9% (0°) and CV = 12.7%
(90°)) is slightly higher than the scatter of tensile strength of charge re-
gion specimens (CV =9.9% (0°) and CV =7.2% (90°)). Due to themate-
rial flow the fibers tend to orientate in flow direction explaining the
slight increase in stiffness and strength of the flow region specimens.
Since a 2Dflowwas realized, the increasewas noted for both considered
directions. The observed differences in stiffness and strength are only
tendencies and not significant due to the high scatter of the measured
mechanical properties. The average strain at failure equals 1.7%. Ex-
posed to uniaxial tension the glass fiber SMC failed due to sudden
fracture.

The2Dflowcarbonfiber SMC showsno significant difference in stiff-
ness and the average Young's modulus of the four different configura-
tions ranges between 26 GPa and 29.6 GPa with a coefficient of
variation of CV = 10.9% to CV = 21.7% (Fig. 4a). The 1D flow carbon
fiber SMC leads to highly oriented fibers and a significant difference in
stiffness for 0° and 90° specimens. The average stiffness (coefficient of
variation) in flow direction is 33.5 GPa (CV = 13.7%) for charge and
37.4 GPa (CV = 10.8%) for flow region specimens. Specimens extracted
perpendicular to the flow direction show a significantly lower stiffness
with an average Young's modulus of 18.1 GPa (CV = 12.9%) for charge
and 19.3 GPa (CV = 33.2%) for flow region specimens. The tensile
strength shows the same trend (Fig. 4b). With an average strain at fail-
ure of 0.43% for 1D and 0.46% for 2D flow, carbon fiber SMC behaves no-
tably more brittle than glass fiber SMC. Exposed to uniaxial tension the
1D and 2D carbon fiber SMC failed due to sudden fracture.

4.2. Puncture properties and rate sensitivity of glass fiber SMC

4.2.1. Influence of flow during compressionmolding on puncture properties
There is no significant difference for charge and flow region speci-

mens considering quasi-static force-deflection response and no signifi-
cant trend in terms of puncture energy was noted considering
specimen location (Fig. 5a and c). Punctured glass fiber SMC specimens,
loaded in a dynamic condition and extracted from flow region, showed
a slightly higher scatter in resulting force-deflection and energy-
deflection response than charge region specimens (Fig. 5b and d).

Table 2
Material properties of glass and carbon fiber SMC plaques and puncture specimens.

Glass fiber
SMC (GF SMC)

Carbon fiber
SMC (CF SMC)

Flow (dimension) 2 2 1
Fiber type Glass Carbon Carbon
Nominal fiber volume content (%) 22 42 42
Fiber length (mm) 25.4 25.4 25.4
Theoretical density (g/cm3) 1.44 1.43 1.43
Average thickness (mm) of specimens
considered for puncture loading

3.1 2.9 3.1

Coefficient of variation (%) of thickness of
specimens considered for puncture loading

1.56 2.09 4.03
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4.2.2. Rate sensitivity of glass fiber SMC exposed to puncture loadings

                                                

To evaluate the loading rate dependence of glassfiber SMC, themax-
imum force and puncture energy resulting from puncture penetration
at the two different loading rates are depicted in Fig. 6.

With an increase in loading rate, maximum force during puncture
increases 65% for specimens extracted from the charge region and 73%
for flow region specimens. This increase in maximum force also leads
to an increase in absorbed energy for puncture at higher loading rates
and the 2D glass fiber SMC shows an increase in puncture energy of
67% for charge region specimens and 64% for flow region specimens.
The orientation of the fibers during compression molding leads to an

increase in scatter of the observed puncture properties for flow region
specimens, independent from loading rate.

4.2.3. Damage evolution of glass fiber SMC exposed to puncture loadings
To investigate the damage evolution and energy absorption mecha-

nisms of punctured glass fiber SMC, Fig. 7 shows the force-deflection as
well as energy-deflection responses resulting from quasi-static and dy-
namic puncture. The upper and lower case letters indicate significant
points of the force-deflection evolution. The corresponding images at
these levels of deflection are shown in Figs. 8 and 9. Considering the
force-deflection evolution resulting from quasi-static puncture of glass

Fig. 2.Unfiltered (a) and filtered (c) force-deflection response and resulting values of maximum force (b) and puncture energy (d) for 2D glass fiber SMC punctured in a dynamicmanner.

Fig. 3. Young's Modulus (a) and tensile strength (b) of 2D glass fiber SMC.
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fiber SMC the first part of the force-deflection response up to point

                                              

(d) shows a bi-linear evolution. This evolution is marked by a stiffness
decrease in point (b), resulting from partial failure of the specimen at
the lower surface due to the formation and growths of numerous cracks.

This network is dominated by twomajor cracks, forming a cross-like
shape. Up tomaximum load, the crack network growths in number and
size of the precedent formed cracks. After point (d) the force signifi-
cantly reduces as a result of failure of the specimen. Following this, the
nose of the striker further pushes through the failed material which
bends outwards (point (e) through (f)). A decrease in the force-
deflection response (points (f) through (h)) occurs until the specimen

is fully punctured (point (i)). Then the shaft of the striker slides along
the punctured specimen. In this phase, energy is dissipated due to fric-
tional sliding between the specimen and shaft of the striker. Energy ab-
sorption is based during the whole penetration event on the formation
and growth of cracks, especially on the lower surface of the specimen
with a significant increase beginning from point (b) up to final failure
of the specimen. Considering dynamic penetration, the force-
deflection response also shows an increase in force up to its maximum
value in point (C). The small force drops result due to the testing
setup and wave reflections and do not reflect material behavior since
the location of these load drops are reproducible for different specimens

Fig. 4. Young's Modulus (a) and tensile strength (b) of 1D and 2D carbon fiber SMC.

Fig. 5. Quasi-static (a) and dynamic (b) force-deflection and quasi-static (c) and dynamic (d) energy-deflection response resulting from puncture of 2D glass fiber.
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(see Fig. 5(b)). The slope of the force-deflection response tends to in-

                                                

crease from first contact to the maximum force. This effect can possibly
be explained by membrane effects. First visible damage occurs at maxi-
mum load (C), thus later than for specimens, punctured in a quasi-static
manner. After reaching maximum force, load drops due to penetration
of the striker through the specimen, comparable to the evolution for a
quasi-static loading. As far as energy absorption is considered, significant
increase in energy absorption is linked to higher deflections for dynamic
puncture. This matches very well with the retarded appearance of visible
damage at the lower surface of the specimen for higher loading rates.

4.3. Puncture properties and rate sensitivity of carbon fiber SMC

4.3.1. Influence of flow during compressionmolding on puncture properties
For 2Dflow carbonfiber specimensflowof thematerial does not sig-

nificantly increase maximum force and puncture energy, but the

specimens extracted from the flow region tend to show higher scatter
in their force-deflection as well as energy-deflection response
(Fig. 10a and b). 1D carbon fiber SMC flow region specimens show
lowermaximum forces and energy absorption capabilities compared
to charge region specimens (Fig. 11). For both manufacturing routes
the carbon fiber SMC specimens show a higher scatter in puncture
properties compared to the glass fiber SMC specimens. This is due
to the high number of carbon fibers in one fiber bundle and the
spreading of these bundles duringmanufacturing, leading to a highly
anisotropic microstructure of the material. Since puncture results in
a very localized loading, the response of the specimen is mostly de-
termined by the local fiber distribution and orientation at the point
of contact, which is more heterogeneous for the carbon than for the
glass fiber SMC. Carbon fiber SMC also tends to behave more brittle
than glass fibers, leading to lower observed deflections at maximum
load as well as puncture deflection for both, quasi-static and dy-
namic, loading.

4.3.2. Rate sensitivity of carbon fiber SMC exposed to puncture loadings
In general, 2D carbon fiber SMC shows lower maximum force and

puncture energy compared to 1D carbon fiber SMC. There is no signifi-
cant difference in energy absorption capability depending on loading
rate neither for 2D carbon fiber SMC nor for the 1D carbon fiber SMC.
Only flow region specimens of 1D flow carbon fiber SMC loaded in a dy-
namicmanner show a decrease inmaximum force and puncture energy
(Fig. 12).

4.3.3. Damage evolution of carbon fiber SMC exposed to puncture loadings
Considering quasi-static as well as dynamic puncture, the force-

deflection response of the carbon fiber SMC specimens can be compared
in a qualitative way, showing both a bi-linear evolution (Fig. 13). The
force increases with increasing deflection up to the maximum force
reached during puncture (point (1)/(I) up to point (4)/(III)). At point
(2)/(II) the slope of the force-deflection curve decreases. This stiffness
decrease results from the formation of small cracks on the lower surface
of the specimen and is linked to local failure. The reduction in stiffness is
more significant for the dynamic loading than for the quasi-static load-
ing rate. The jagged force-deflection evolution for the punctured speci-
mens, loaded in a quasi-static manner, indicates numerous crack
formation and growth events at the lower surface of the specimen,

Fig. 6.Maximum force (a) and puncture energy (b) resulting from quasi-static and dynamic puncture of 2D glass fiber SMC.

Fig. 7. Force-deflection and energy-deflection responses resulting from quasi-static and
dynamic puncture of 2D glass fiber SMC.
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which can clearly be indicated in Fig. 14. During dynamic puncture the

                                              

specimens also fail due to the formation of a widespread crack network
(Fig. 15). For both loading rates the crack network is not as localized as
for the glass fiber SMC. After reaching the maximum load, the striker

starts penetrating trough the specimen, which still maintains some
load until final fracture in point (8)/(V). Then the shaft of the striker
slides along the punctured specimen. In this phase, energy is dissipated
due to frictional sliding between the specimen and shaft of the striker.

Fig. 8. Damage evolution of punctured glass fiber SMC loaded in a quasi-static manner.

Fig. 9. Damage evolution of punctured glass fiber SMC loaded in a dynamic manner.
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4.4. Post punctured observation of damage region

                                                

4.4.1. Micro computed tomography (μCT)
Micro computed tomography enables the investigation of themicro-

structure of the punctured carbon and glass fiber SMC specimens
(Figs. 16 and 17). Although the chosen resolution of the μCT scans
does not allow imaging of individual fibers, themicrostructure is clearly
visible in Fig. 16a and b. Themicrostructure of the glassfiber SMC can be
characterized by 25.4 mm long glass fiber bundles with a diameter of
0.5–1 mm, which was already reported in [19]. The bundles are ran-
domly distributed and oriented in the x-y plane. In contrast, the carbon
fiber bundles, which consist of 50,000 individual filaments, tend to

spread during manufacturing. This leads to a microstructure which is
determined by pseudo-grains or chips with the fibers within one
pseudo-grain or chip are oriented in one direction [20,21]. If one takes
a closer look inside a punctured carbon fiber specimen, μCT scans clearly
show that the damage is not limited to the size of the striker but the
cracks propagate further into the material regardless of testing velocity
(Fig. 17). The damage induced by the striker propagated into the speci-
men and led to an asymmetric damage region, which has an elliptical
shape with the first principal axes pointing in the fiber direction
(Fig. 16c). This indicates that the cracks tend to propagate more easily
in flow direction, thus parallel to the reinforcing fibers, than perpendic-
ular to the flow direction for the carbon fiber SMC.

Fig. 10. Quasi-static (a) and dynamic (b) force-deflection and quasi-static (c) and dynamic (d) energy-deflection response resulting from puncture of 2D carbon fiber.

Fig. 11. Quasi-static (a) and dynamic (b) force-deflection and quasi-static (c) and dynamic (d) energy-deflection response resulting from puncture of 1D carbon fiber.
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4.4.2. Scanning electron microscopy (SEM)

                                              

Energy absorption of fiber reinforced polymers is based on a number
of different failure mechanisms. The failure mechanisms, which could
be identified with the aid of scanning electron microscopy (SEM) for
glass fiber SMC specimens are interface failure, fiber breakage and ma-
trix failure. For lower loading rates, especially fiber breakage and inter-
face failure between matrix and individual fibers (intra-bundle
damage) are present (Fig. 18a).

At higher loading rates, large matrix cracks, which grow perpendic-
ular to the fibers and the interface failure of complete fiber bundles,
which can be characterized as pseudo-bundle delamination [22], ex-
plain the higher energy absorption capabilities of the glass fiber SMC
resulting from a higher loading rate (Fig. 18b). For the carbon fiber
SMC (Fig. 18c), damage evolves due to intra-granular and inter-
granular failure. Cracks tend to propagate more likely in fiber direction

and observations of fractured surface showed inter-fiber fractures
which can be described as intra-granular failure due to crack propaga-
tion in the carbon fiber pseudo-grains. Pseudo-grain delamination
(inter-grain failure) has also to be considered as important failure
mechanism. Since the carbon fibers feature an epoxy sizing, the inter-
face between fiber and matrix is rather poor, facilitating the creation
of inter-fiber (intra-granular) fractures and inter-granular
delamination.

5. Discussion

5.1. Mechanical material and structural properties

With an increase in loading rate, inertia effects have possibly to be
considered for impact testing and changes in the force-deflection re-
sponsemay result due to inertia effects rather than due to thematerial's
rate sensitivity. Comparing the findings for the carbon fiber SMC, which
show no significant difference in force-deflection response for the two
considered loading rates, one can assume that inertia effects can be
neglected for this testing series and set up. The low-rate sensitivity of
carbon fiber composites has been stated previously in literature. So, if
assuming that no rate sensitivity exists due to the comparable force-
deflection responses obtainedwith puncture testing, no significant iner-
tia effectswere presentwhen testing at higher loading rates. Taking into
account that the glass and carbon fiber SMC specimens have nearly the
same thickness and density, thus the specimens feature comparable
masses, it can be assumed that inertia effects do also not have to be
taken into account for the glass fiber specimens. The maximum strain
at failure of both constituents (fibers and matrix) influence energy ab-
sorption capability of the composite [23]. Since the two different com-
posites are based on the same resin system, it may be stated that the
properties of the fibers as well as the fiber/matrix interface dominate
mechanisms for loading rate dependenceunder puncture loading. How-
ever, due to the different fiber volume contents of the two investigated
materials the influence of thematrix properties are likely to be different
for the glass and carbon fiber SMC. To take this into account, the
resulting properties of the two materials cannot be compared directly,
but each material has to be considered and evaluated at its own.

Fig. 12.Maximum unfiltered force and puncture energy for 1D and 2D flow carbon fiber SMC resulting from quasi-static and dynamic puncture.

Fig. 13. Force-deflection and energy-deflection responses resulting from quasi-static and
dynamic puncture of 2D carbon fiber SMC.

233



The increase ofmaximum force for higher loading rates observed for

                                                

the glass fiber SMC specimens could be explained by an increase of ten-
sile strength of glass fibers as shown by Arao et al. [24]. An increase in
tensile strength of glass fiber SMCwith higher loading rateswas also re-
ported by Shirinbayan et al. [22].

Carbon fiber SMC was noted to be insensitive to loading rate in the
investigated range, showing only a slight trend to negative loading
rate sensitivity for highly anisotropic plaques. The rate independence
of unidirectional carbon fiber reinforced polymers was already shown
by Harding and Welsh [25]. This study generally reflects the non-rate

Fig. 14. Damage evolution punctured carbon fiber SMC loaded in a quasi-static manner.

Fig. 15. Damage evolution of carbon fiber SMC loaded in a dynamic manner.
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sensitivity of carbon fibers and this finding can be transferred to the re-

                                              

sults of this study.
The heterogeneity of the microstructure of the investigated carbon

fiber SMC, which is determined by pseudo-grains also explains the sig-
nificant scatter of tensile and puncture properties.

5.2. Damage evolution and failure

The failure mechanisms of the two SMC materials are significantly
influenced by the microstructure. Damage evolution of the glass fiber
SMC specimens is dominated by interface failure and matrix cracking.
This contradicts with the results of Kau who identified mainly fiber
pull-out and fiber breakage as failure mechanisms in punctured glass
fiber SMC loaded in a dynamic way [7]. The changing failure mecha-
nisms from individual fiber-matrix interface failure to the interface fail-
ure of entire fiber bundles (pseudo-bundle delamination) linked to
largematrix cracks, explains the capabilities of glass fiber SMC to absorb
more energy for higher loading rates. It can be concluded that the

mechanical behavior of the interface and interface strength is possibly
rate dependent.

For the carbon fiber SMC, it is assumed that the locally highly orien-
tated fibers strongly to affect penetration behavior and damage.

Consistent to the findings reported by Chaturvedi et al. [26], the
shape of the damaged region of punctured SMC specimenwas observed
not to be regular. This irregular shape results from inhomogeneity of the
material due to the non-uniform distribution of the fibers, especially for
the 1D flow carbon fiber plaques. Especially the carbon fiber SMC ex-
posed to puncture loading was extremely sensitive to the formation of
inter-fiber cracks (intra-granular failure). Pseudo-grain delamination
(inter-granular failure) also increased the size of the punctured region
due to a failure at pseudo-grain boundaries.

6. Conclusion

A 2D flow during compression molding of the semi-finished sheets
does not influence tensile properties of glass and carbon fiber SMC,
however, mechanical properties of flow region specimens show a

Fig. 16. μCT images of punctured glass (a) and carbon (b and c) fiber SMC specimen, with z equal to zero at the top surface of the specimen and the arrow indicating flow direction.

Fig. 17. μCT images of punctured carbon fiber SMC punctured in a quasi-static (a) and dynamic (b) manner at different positions along x-axis. X is equal to zero at the center of the
specimen.
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slightly higher scatter. 1D flow of semi-finished carbon fiber sheets

                                                

leads to anisotropic mechanical properties. The investigated glass fiber
SMC illustrated a positive loading rate dependencewith a significant in-
crease of maximum force (65% for charge region specimens and 73% for
flow region specimens) and puncture energy (67% for charge region
specimens and 64% for flow region specimens). In contrast, the investi-
gated carbon fiber SMC was observed to be insensitive to a variation of
loading rate associated with the loading rates/configurations investi-
gated within this study when strength and absorbed energy are
considered.

The SMC specimens, independent of type of reinforcement, showed
similar damage evolution, involving multiple crack initiation and
growth. The formation of cracks was more localized for glass fiber
SMC, thus the cracks propagate more easily trough the carbon fiber
SMC. For the glass fiber SMC, large matrix cracks and interface failure
betweenmatrix and completefiber bundles (pseudo-delamination) en-
hance energy absorption capabilities at higher loading rates. Matrix and
interface properties play an important role for evolving damage. The
microstructure of the carbon fiber SMC is dominated by pseudo-grains
with all fibers inside a pseudo-grain oriented in the same direction. Ex-
posed to tensile or puncture loading, carbon fiber SMC mainly fails due
to inter-fiber (intra-granular) fractures. Pseudo-grain delamination
(inter-granular failure) is another important damage mechanisms
resulting from puncture and tensile loading. Thus, material properties
and damage are mainly influences by the pseudo-grain like microstruc-
ture and the locally highly oriented carbon fibers. In general, the dam-
age region of punctured carbon fiber SMC specimens, which
experienced quasi-static or dynamic loading, is larger than the diameter
of the penetrating striker and has an irregular shape, following the local
fiber orientation.
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