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Abstract

This study deals with the comparison of two fixtures to obtain strain rate-dependent properties of
carbon fiber-reinforced plastics (CFRP) under axial compression. While the quasi-static method is
mostly state of the art and covered in standards, dynamic high-speed testing of CFRP is very
demanding in terms of testing procedure, test rig and failure mechanisms. This study contributes to the
development of a new testing fixture by analyzing the influence of different load-transfer mechanisms
on mechanical properties. In this context, unidirectional carbon fiber-reinforced epoxy prepreg under
short-time dynamic compression is investigated. From experimental results it is evident that load
application and specimen geometry affect the characteristic compression values. A significant
difference in maximum compression strength was found between the two test fixtures applied.

1. Introduction

Lightweight structures have always been an issue in the design process of loadbearing components
(e.g. car body development in automotive industry). For automotive parts legal crash load cases are of
major importance when it comes to defining wall thickness and fiber orientation. In order to dimension
parts and ensure vehicle crash safety, finite element crash simulations are performed. To optimize the
prediction accuracy of the simulation, reliable mechanical data from dynamic testing are required.
Hence, for this reason it is necessary to derive characteristic compression values from short-time
dynamic testing.

In literature, limited information on methods for strain rate dependent compression testing are
available. Existing studies show a large diversity in terms of testing methods and material
combinations, thus not facilitating a general conclusion for an ideal test method. However, all studies
show a significant strain rate dependence of fiber-reinforced plastics (FRP). The studies done by
Kdorber [1,2] showed that the axial compression, the transverse compression and the in-plane shear
material properties (Young’s modulus, yield strength, and failure strength) increase with increasing
strain rate. Similar behavior was found by using a falling weight impact tower. In detail, stress-strain
curves straighten with the increase of strain rate [3]. In contrast to measurements using a split-
Hopkinsson pressure bar [1], higher failure strengths were observed. Amijima and Fujii [4] studied the
effects of strain rate on compression strength of unidirectional glass/polyester and woven
glass/polyester composites (10° to 10% s™). Moreover, they found that the compression strength of
both types of composites increased with strain rate. The increase in strength was also shown to be
higher for the woven composites than for the unidirectional ones. Axial compression tests on a glass
fiber reinforced plastics were carried out by Shokrieh and Omidi [5]. This publication shows that
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material hardening appears with increasing strain rate. It was found that both, compression strength
and compression modulus increase with increasing strain rate. In addition, the results show that the
compression strain to failure is generally independent of strain rate. In this study a servo-hydraulic
cylinder with a specially developed compression device for the rectangular flat specimens was used.
Hsiao and Daniel investigated the influence of two different load transmissions on the compression
strength of thick unidirectional composites [3]. The pure head loading shows due to crushing effects
near the load transmission a much smaller compression strength in comparison to the Northwestern
University method (NU-method: combination of head and shear load transmission). A wide range of
testing of the strain rate dependent material behaviour of thermoplastic composites was carried out by
Schmidt and Endemann [6]. In this context, a fixture for short-time dynamic compression testing was
developed.

The results presented in this study contribute to the recent work in the field of strain rate-dependent
testing, focussing on the effect of the load transfer into the specimen and its effect on the results, i.e.
compression strength and Young’s modulus.

2. Experimental
2.1. Materials selection and specimens preparation

A commercial high-modulus carbon fiber (T700, Toray) with a tensile strength of 4,900 MPa was used
as a part of epoxy-based prepreg system (DT120, Delta-Tech, areal weight 150g/m?®) [7,8].
Unidirectional laminates with different thicknesses (10 layer: thickness = 2 mm, 18 layers: thickness =
3.2 mm) were manufactured using the autoclave process. The curing of the laminates followed the
suppliers recommendations for autoclave processing [7].

High quality of the manufactured laminates was required; therefore several quality inspections were
performed. The first step is the thickness measurement using a Kroeplin IP 67. The thickness is
measured in nine different positions. Furthermore the resins curing degree (CD) is checked by
differential scanning calorimetry (DSC) (Mettler Toledo DSC 1) testing three separate positions of the
laminate, taking one measurement at each position. The fiber volume content (FVC) is determined by
a density measurement using an uplift scale (Mettler Toledo) in three separate positions of the
laminate, taking three measurements at each position.

For sample preparation in the first step, the initial plates are cut in smaller rectangulars by waterjet
cutting so that the glass fiber-reinforced plastic (GFRP) tabs can then be bonded. The bonding surface
of the plates is roughened through sandblasting. The GFRP tabs were applied with 2-component-
epoxy adhesive on to the sandblasted surface. The final cut of the desired width was achieved by
means of a water-cooled diamond precision saw. Two different specimen geometries were
manufactured.

Figure 1 shows the two different specimen geometries, which differ in terms of thickness, length and
width. These changes were necessary because the two testing devices are each designed for the
respective individual geometries.

For elongation measurement a stochastic greyscale pattern is applied to the specimen. Specimen (A) in
Fig. 1 obtains the pattern in the gauge area, whereas specimen B receives the pattern only at the front
face due to the clamping. For specimen (B), in addition to the greyscale pattern, strain gauges are
applied in the gauge area at the front and at the back of the specimen.
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Figure 1. Specimen geometries. Differing in terms of thickness, (A) = 3.2 mm and (B) =2 mm.
Different concepts of load transfer, (C) combined shear-end loading (NU-method) and (D) pure end
loading.

2.2 Testing machine and equipment

Two different fixtures with different load transmission methods were used, shown schematically in
Fig. 1. In both cases the initial impact energy is produced by a servo-hydraulic cylinder and the force
is measured using a piezoelectric measuring cell.

Figure 1 (C) illustrates how the force application is realized using a combination of head and shear
load transmission. The initial impact energy is introduced smoothly by a cone/sleeve mechanism. The
specimen is held in the upper and lower clamping jaws. This setup is similar to the setup used in [6].
The fixture consists of a four pillar guide to ensure uniaxial load application to avoid bending forces
which lead to a stability failure, buckling.

The load transmission principle by pure head impact is shown in Fig. 1 (D). A key aspect of this
method is not to clamp the specimen, but simply support it on the sides. The support is achieved using
a honeycomb structure which has a much smaller stiffness in longitudinal direction than in transverse
one.

3. Results and discussion

For quality assurance aspects, the testing plates were characterized by FVC and CD. The results are
listed in Table 1.
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Table 1. Quality assurance by DSC and density measurement

FvC JFVC CD @ CD
Plate Spot (%) (%) (%) (%)
Al 54.89 + 1.02 97.45
A A2 52.82 +0.59 53.49+1.21 95.94 96.90 £ 0.68
A3 52.76 +0.28 97.32
B1 52.19+0.34 98.78
B B2 51.85+0.43 52.01+0.41 99.15 99.00£0.16
B3 51.98 £ 0.40 99.06

3.1 Combined shear/end loading fixture

Figure 2 illustrates the raw data obtained from the testing described in Fig. 1 (C). The linear
characteristic of the stress-strain curve is atypical for dynamic measurements of this type. Usually,
oscillations occur in the system due to the forces being introduced by an impulse which superimposes
the force signal [9-11]. Through changes in the construction, these superimpositions were successfully
reduced to a minimum.
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Figure 2. Quasi-static and dynamic stress-strain curves for unidirectional carbon/epoxy composite
under combined shear/end loading (Fig. 1 (C))

The analysis of the raw data concerning compression strength is plotted in Fig. 3. In principle the
typical strain rate dependent material characteristic, like in literature [2,3,5,12], was measured. The
increasing compression strength is consistent from static up to strain rate of about 1.37 s™. At strain
rate 3.5 s™ a significant decrease of mean compression strength from 1101 to 911 MPa (17.25%) was
obtained.
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To exclude possible material defects or an influence of the testing rig, specimen geometry B (Fig.
1(B)) was tested with the corresponding testing speed of 1 m/s. The results of these tests are visualized
in Fig. 3, and are the major findings of this study. The specimen geometry is an important parameter;
by reducing the gauge length from 20 to 13 mm a significant increase of compression strength was
obtained. The observed effect could be related to smaller gauge length which has an influence on
global and local buckling of the specimen. These critical buckling modes destabilize the specimen and
reduce the effective cross-section [13].
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Figure 3. Static and dynamic compression strength of specimens (A)/(B) under combined shear/end
loading (NU-method)

The typical characteristic of the failure mechanisms of an unidirectional composite under compression
loading is given in Fig. 4. The pictures were magnified with the help of a CT (General Electrics E
Phoenix Nanotom M). The stability failure initiated by a so-called ‘kink band’ (Fig. 4 (A)) which
shows a side face view of the specimen. This kink band can be understood as buckling of the fibers at
the micro-level [14]. After local exceeding of matrix compression strength, the matrix support fails
and initiates the micro-buckling of the fiber. For that reason the strain rate-dependent characteristic of
the laminate is related to matrix properties. Furthermore, as shown in Fig. 4 (B), the fracture occurs at
an angle of 15 degrees. This angle indicates compression shear failure of the laminate transverse to the
fiber orientation [15].

shear
failure

(A)
Figure 4. CT scan. (A) Fracture characteristic (kink band) of an unidirectional laminate due to axial
compression loading, (B) section view with hidden tabs

(B)

3.2 Pure end loading fixture

In contrast to combined load introduction by shear/end loading, pure end loading requires accurate
specimen preparation concerning plane parallelism of the end surfaces and tabs. Local force peaks

T. Schmack, D. Hiilsbusch, R. Righi, J. Rausch, D. Roquette, G. Deinzer, F. Walther



Excerpt from ISBN 978-3-00-053387-7

ECCM17 - 17" European Conference on Composite Materials
Munich, Germany, 26-30" June 2016 6

initiate local failure which leads to a reduction of the overall compression strength [3]. In total six
specimens showed this kind of failure and have therefore been removed as outliers from the test
results. However, the small variance of the compression strength shown in Fig. 5 is an indicator for a
reliable testing method. The quantitative increase of 72% of compression strength from static
(784 MPa) to strain rates of 123 s* (1348 MPa) is higher than noted in literature [2,3,5,12].
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Figure 5. Static and dynamic compression strength of specimen (B) under pure end loading
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3.3 Comparison of load application concept (A) and (B) end loading only

The dynamic elastic modulus reflects the viscoelastic characteristic of the tested material configuration
and is given in Fig. 6. Hence, the initial modulus determination is established by secand modulus in an
area of 0.1 to 0.3% elongation.
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Figure 6. Static and dynamic initial modulus from two different loading concepts
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The large scatter of the determined characteristic values is shown by the error bars of the averaged
individual measurements. This deviation could be the result of the method of secante modulus. The
overlap of the confidence intervals in the box plot (Fig. 3 (B)) indicates that there is insufficient
significance of the measured parameters which agrees with literature values [16]. However, the
average increase of the modulus of 10% (specimen A/NU-method) needs to be taken into account, but
may be related to influences of inertia masses while measuring.

Figure 7 shows the compression strength of the two different load transfer principles. The combined
shear/end loading method shows compression strength increases with increasing strain rate. This effect
is plausible based on the similar results obtained by Hsiao on his studies of thick laminates [3].
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Figure 7. Static and dynamic compression strength of the investigated specimen geometries and
loading concepts
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4. Conclusion

The results obtained using the NU-method and pure end loading in a servo-hydraulic testing machine
corroborate both the predicted and well known increase of longitudinal compression strength of CFRP
with increasing strain rate. Due to high variance of initial modulus no significant influence of
increasing strain rate is concluded. The fracture characteristic of kink band and shear fracture agree to
described phenomena in literature. However, the comparison of results from the two different loading
concepts shows a major difference in initial modulus, compression strength and variance. Furthermore,
the specimen geometry and testing speed show an influence on compression strength. The significant
drop in compression strength at the test speed of 1 m/s and the established hypothesis of critical
buckling modes are considered as important parameters for further investigations. In this context the
influence of specimen geometry is detected as to be responsible for this effect. In a broader context all
of these parameters should be optimized and investigated in additional research regarding a reliable
material characteristic determination. The goal is to describe the laminate characteristics as accurately
and realistically as possible so that they may be used in simulation models.
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