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Abstract

The study aims to understand the axial compression characteristics and fracture of cylindrical
Aluminum (Al), Glass/epoxy (GFRP) composite and Hybrid AI-GFRP crash-boxes. The hollow Al tubes
are fabricated by rolling and bonding a thin aluminum sheet followed by rivet joints. The GFRP samples
are manufactured using the wet-hand layup technique followed by the vacuum bagging method. Hybrid
samples are manufactured by covering GFRP tubes with aluminum sheets on the outer and inner sides
bonded by commercial Araldite®. The prepared samples are axially compressed in a universal testing
machine (UTM). The strain field study by the Digital Image Correlation (DIC) technique is performed
to identify the possibility of fracture modes in the prepared crash boxes. The continuous damage
progression is measured using acoustic sound signatures. It is observed from the experimental results
that the AI-GFRP samples showed the highest load carrying capacity. The GFRP composites showed
the highest specific energy absorption (SEA) and a relatively stable axial crushing phenomenon. The
comparative results proved that DIC and acoustic analysis can accurately identify the fracture in
hollow crash-boxes (without physical contact and causing damage in the samples) during the
experiments.

Keywords: Axial compression; GFRP; hybrid crash-box; crashworthiness; failure modes, DIC;
acoustic analysis; non-contact fracture analysis

INTRODUCTION

In the automobile industry, there is an increasing demand to improve the crash protection and
efficiency of its structures. The crash box is an
energy absorbing structural member placed in the
anterior section of a vehicle to absorb impact
energy. During accidents, the crash box
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experiences compressive deformation followed by
predictable and stable crushing without transferring
impact energy to the interior components. From the
design point of view, the frontal structure of an
automobile body can be subdivided into three load
paths (i) Load path 1: contains bumper beams,
crash boxes and longitudinal beams as shown in
Figure. 1a, (ii) Load path 2: contains upper rails or
reinforcements (hood ledge), pillars and (iii) Load
Path 3: includes Sub-frames and cradles, Sill beams
or reinforcements . Application of crash boxes
includes stagecraft devices, gearboxes, automobile
bumper beams, floor substructures, wing panels in
the aerospace sector, etc.
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Figure 1. Schematic representation of (a) an automobile’s frontal structure and (b) crash-box position.

Thin walled tubes are the most commonly preferred designs used in crash boxes, which show stable,
larger plastic deformations and absorb incident energy under axial compression loadings. Therefore,
earlier studies have focused on identifying the most suitable materials for a stable and progressive
folding under axial-compressive loads. Aluminum, fibre polymer composites (carbon fibre, glass fibre,
etc.), and foams filled tubes are the most popular choice among materials to effectively absorb and
dissipate energy. They also minimize damage to the surrounding components. In addition, cross-section
columns with various shapes, such as square, circular, and rectangular, with different thicknesses are
also well investigated 3. Investigations on the comparative performance of composite and metallic
crash-boxes showed that composite crash-boxes show almost 1.5 times better performance in terms of
impact energy absorption 2. Moreover, cylindrical tubes (made of glass, Kevlar, and carbon polymer
composites) show more stable properties than square and rectangular tubes *.

The sandwich composites combining various polymer composites and metals are an interesting and
economical choice to improve crashworthiness °. This combination also provides better mechanical
properties (specific energy absorption) than metal and FRP crash-boxes under axial loading °. In hybrid
combinations, multiple layups are possible using the metal tube inner wall (inside), or outer wall
(outside) or between the FRP layers. Different combinations with variations in the thicknesses of each
constituent of materials may lead to variations in failure modes and energy absorption capabilities 7°.
The majority of these conducted studies focus on the crashworthiness of a design in identifying the
energy absorption using controlled failure mechanisms and modes !!. This can be done under two types
of loading conditions (i) Quasi-static loading and (ii) Impact (dynamic). The controlled failure
mechanism under quasi-static load conditions allows gradual deterioration of the tested specimen’s
profile and provides significant time to study the material response. Therefore, it is well investigated in
the last three decades. Most of the time, the crashworthiness is analyzed by experimental analysis where
partial or complete fracture of sample takes place.

In-situ capturing of failure modes in composites during axial compression is difficult. However,
recent developments in non-contact type strain measurement techniques, such as digital image
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correlation (DIC) have shown promising results for capturing in-situ deformations and fracture during
the experiments '>!3, The DIC technique is based on examining the strain-fields (movement of multiple
points with respect to each other) in the samples. This technique can also provide stress concentration
zones (potential fracture spots), crack initiation and propagation behavior. Another non-contact method
to capture the in-situ failure mode is the acoustic technique. In the acoustic technique, the sound
signatures produced by the specimens during the testing are captured and correlated to the failure
modes. This method is particularly useful for composite materials, as they produce sound signatures
during axial crushing tests in matrix, delamination and fibre fracture.

Interestingly, several experimental and numerical investigations have been done to address different
aspects of composite crash-boxes, which proved the importance of understanding the crushing behavior
of hybrid crash-boxes under axial compression loading. This study attempts to add the existing
knowledge with the implication of digital image correlation (DIC) along with acoustic analysis in axial
compression loading for three different samples (i) Al sheet-based tubes, (ii)) GFRP tubes, and (iii)
Sandwich Al/GFRP tubes (GLARE) under quasi-static loading conditions. The load response, specific
energy absorption (SEA) and fracture analysis of samples are compared to identify the most suitable
design for the crash box.

EXPERIMENTATION

The cold rolled thin aluminum sheet of thickness 0.5 mm was acquired from the local market. A 400
GSM glass fibre with bidirectional and plain weaving fabric architecture was used as reinforcement,
which was supplied by Fibre Region, a local supplier from Chennai, India. The Bisphenol-A-based
resin (Araldite® LY 556) and amine based (Aradur H951) hardener were obtained from Javanthee
Enterprises in Chennai, India. The same resin material was employed as a matrix material for
manufacturing GFRP tubes. A commercially available two part adhesive Araldite® (HW 106) and
hardener (HV953) was used to prepare the GLARE tubes.

A plain woven fabric was cut from the parent roll to fabricate a GFRP tube with a 1:1 aspect ratio
(diameter: height). After mixing epoxy resin and hardener by weight (1: 10 ratios, as suggested by the
supplier), glass woven was brushed with the resin and rolled over a PVC pipe of diameter 75 mm. The
PVC pipe was cleaned with acetone and ethyl acetate. After that a mold releasing agent was sprayed
and left for drying. After rolling, the wet laminate was kept inside the vacuum bag and applied a pressure
of 550-600 mmHg till the air inside the bag was removed entirely. Finally, the GFRP tubes were allowed
for curing at room temperature for 24 hours. After the curing of the GFRP tubes, an aluminum sheet
(75 mm wide) was adhered to the outside surface of the cured GFRP tubes using the Araldite®. After
curing, the aluminum sheet was pasted inside the cured GFRP specimen. In this manner, the GLARE
specimens were prepared. Similarly, the aluminum tubes were also prepared. However, the aluminum
tubes were additionally reinforced with five rivets (at uniform distances) to avoid bond failure during
the testing. Figure. 2a-c indicates the fabrication process of crush boxes.

The fabricated aluminum, GFRP, and GLARE tubes were axially crushed at I mm/min crosshead
using universal testing equipment (Figure. 2d). The load vs. displacement curves were acquired and
analyzed for various mechanical characteristics. A portion of the specimen was captured during the
axial crushing for DIC analysis. Sony Alpha 7 DSLR camera with a 75 mm lens was used for recording
the testing. A light source was used for better surface exposure during the testing. The Sony Alpha 7
has an inbuilt microphone (ECM-CG50/XLR-K1M). Thus, the captured video recordings were post-
processed for acoustic sound signatures. The audio recordings were post-processed using an open
source software called Audacity '*'°. All the noises in the video recordings were removed during the
post-processing to highlight the matrix cracking, delamination, and fibre fracture that occurred in the
composite tubes during the axial crushing.
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Figure 2. Fabrication process: (a) constituent materials, (b) vacuum bagging setup of (¢) GFRP
cylindrical tubes and (d) testing under axial crushing loading.

RESULT AND DISCUSSION
Load Vs. Displacement Behavior

The load-displacement behavior of Al, GFRP and Al-GFRP samples are shown in Figure 3a-c. All
three samples are axially compressed at 1 mm/min crosshead speed from the top side until the sample
load behavior is saturated. In Fig 3a, thin aluminum tubes showed progressive folding with a peak load
of 17.21£21 kN (shown in Figure 4a). The failure for this sample began at the bottom side, and folding
propagated towards the top side with a constant decrease in load (see Figure 3a). GFRP samples showed
relatively better crashworthiness metrics and increased load capacity with a peak load of 23.67 kN,
which is 37.54% more than the thin aluminum tubes. The GFRP specimens failed by opening and
crushing as the load on the GFRP tubes increased. It showed no sudden drop in the load after reaching
the peak load. As observed in aluminum tubes, the GFRP tubes showed no folding failure. Instead,
continuous fluctuations in the load vs. displacement are observed, indicating progressive failure. The
load vs. displacement curves of tested GFRP specimens are more scattered than the aluminum
specimens due to their heterogeneity and anisotropy. The load variations with respect to the
displacement also fluctuated after reaching the peak value. Curves of the tested samples are similar
except for GFRP (1) samples, which showed relatively lower load characteristics. This behavior could
be due to delamination or matrix rich section (non-homogeneity), which might lead to the earlier failure.

The hybrid AlI-GFRP samples showed the best load carrying features among all three cases. The peak
load attained by the GLARE sample is 40.08+2.7 kN, and the failure pattern (after peak load) is similar
to GFRP samples. The peak load of AI-GFRP samples is 137% more than the aluminum specimens and
72% more than the GFRP specimens. Overall, the load behavior is better for GFRP and AI-GFRP (or
GLARE) samples, where crushing occurred predictably (in steps). Further, both samples showed no
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signs of catastrophic failures (see Figure 3d). The progressive failures are observed in the form of fibre,
delamination and matrix failure in acoustic recordings (inset Figure 3b-c). Important conclusions that
can be drawn from this analysis are that the failures in GLARE samples are relatively higher, which
will be discussed in the upcoming section.
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Figure 3. Force vs displacement curves under axial compression loads for (a) aluminum, (b) GFRP and
(c) GLARE crash-box with undamaged and damaged samples and acoustic results and (d) comparative
analysis.

Specific Energy Absorption

The geometry (tube shape and inner diameter) is constant for all three samples. However, the
variations in thickness of tested samples were in the range of £1.2 mm. Therefore, the specific energy
absorption (SEA) parameter is considered to identify the best among the three specimens. The SEA is
calculated by dividing the area under the force vs. displacement curve with the specimen’s weight. Fig.
4a-c summarized the comparison of SEA of tested specimens. Considering the Al sample as a reference,
the SEA of GFRP and GLARE samples are 13.85+4.09 and 8.52+0.9 g/mm?’. These values are
significant and prove that samples made of GFRP materials are best regarding the SEA and failure
patterns. In addition, GFRP also showed significant variations in the load carrying capacity and SEA
than the other two samples. Overall, the SEA of the GFRP sample is 3047 times higher as compared to
Al tubes and 38 times higher than the GLARE sample.

Previous investigations have also reported this behavior for Al, GFRP and metal/FRP hybrid crash-
boxes ', The SEA results for hybrid tubes are lower than composite tubes, and the reason for this
behavior is density variations !”. However, many other parameters like crash-box geometry, stacking
sequence, tube thickness, and ply angle are critical parameters to measure the crashworthiness of
designs in composites or hybrid combinations '®!%.
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Figure 4. (a) Peak force values with (b) comparative analysis for specific energy absorption and (c)
relative improvements in SEA for Al, GFRP and Al-GFRP (or GLARE) samples.

Axial Collapse And Damage Propagation

A general understanding established from the experimental analysis is that the Al samples collapsed
under plastic deformations followed by in-out folding (see Figure 5a). The GFRP tubes resulted in
progressive failures throughout the sections and collapsed completely. The tested samples are broken
entirely into several fragments with a stable deformation pattern (based on load response curves).
Additionally, using DIC analysis, it has also been observed that the strain fields recorded in GFRP
samples were symmetric in nature with respect to vertical and horizontal planes (see Figure 6a-c).
Samples with AI-GFRP combinations also showed stable deformations with bond failure outside Al-
covering after reaching the peak load. The mid layer of GFRP in the hybrid sample broke into several
small fragments. Interestingly, the inner layer of the Al-sheet progressively folded at the top and bottom
sides (very similar to the Al-tube).

Interface
failure

Outward

& folding

“.o =
Inward folding: i
5= Inward
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Bottom side &

Figure 5. ModesA of collapse for (a) Al, (b) GFRP and (c) AI-GFRP (or GLARE) crash-
box.(a)Aluminium Crash-box (b) GFRP Crash box (¢) AI-GFRP Crash box
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DIC AND ACOUSTIC ANALYSIS

The non-contact optical technique, such as digital image correlation (DIC) is used to monitor and
analyze the deformation, displacement, and strain fields of objects exposed to mechanical stresses. This
non-contact strain measurement technique adequately measures tube displacement and strain fields
under axial compression . As shown in Figure 3a-c (inset), the movement of small subsets or patterns
is recorded and analyzed for strain and displacement fields. Fig 6a-c illustrates the strain fields in x-, y-
and xy-plane (xy is a shear plane), and 6d-e represents the deformation in the x-, and y-directions. The
strain and displacement fields are calculated using MATLAB open-source code by Ncorr 22!, The strain
fields along the x-direction in Al samples showed variations in the mid and final stages at the right-
bottom section, which is the stress-concentration location. After reaching this stage, the Al sample
started folding inward and outward directions (at the tube’s bottom section). The validation of this
behavior can be seen in Figure 6e-f, where a negative strain field (indicated as a blue spot) is visible
and proves the inward folding of the Al-sample at this point. The strain fields exhibited an interesting
symmetrical pattern (at half-height plane) of the sample (see Figure 6a-b). In the final loading stage,
strain fields at the mid-section (in the horizontal plane) are relatively high. The reason for this
phenomenon is the crushing of GFRP tubes on both sides (top and bottom), which released stresses in
both points. The U and V patterns of GFRP samples are positive and uniform, indicating that the
crushing occurred only at the top and bottom sections of the tubes without deforming the shape of the
GFRP samples. It also shows a stable crash or collapse of the GFRP sample. Strain fields for AI-GFRP
samples are similar to Al-samples from the outside (where symmetry existed in the vertical plane) and
clearly indicate that outer covering with Al sheet dominated in reacting to the applied load. Interestingly,
post analysis of the samples showed that the AI-GFRP samples failed in mixed modes where the outer
and inner layers of Al sheet collapsed and folded in- and out-direction at the top and bottom sections of
the tubes. Whereas, the GFRP core collapsed and broke into several fragments at the top and bottom
sides.

The strain fields along the xy-direction are lower than the x-direction. The shear strain fields are
higher in Al specimens compared to the Al-GFRP specimens followed by GFRP specimens. Shear
strain fields are lower in GFRP specimens than in Al and AI-GFRP specimens. The shear strain fields
in both Al and Al-GFRP specimens are highly concentrated at the ends of the specimens, while the
GFRP specimens showed more even distribution in the shear strain fields. The strain fields along the y-
direction are also higher for Al specimens compared to the GFRP and Al-GFRP specimens. The U-and
V-deformations showed a negative fold in hybrid samples, indicating fold-failure at both ends of the
sample, similar to the Al-tube.

i Eyy
Speci Exx Specimen — | - | —
mital | mid | Final hitia i il
Al A
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Figure 6. Digital image correlation analysis for strain fields of Al, GFRP and Al-GFRP (or GLARE)
samples in (a) X-, (b) Y-, (c) XY- direction and out- and inward-direction deformations in the
transverse direction to the loading (d-e¢) U and V displacement fields.

The acoustic patterns for the GFRP and AI-GFRP samples are shown in Figure 7. The vertical fringe
(lines) indicates the cracking sounds representing the matrix cracking, delamination and fiber fracture
in GFRP samples. The GFRP failure pattern is distributed uniformly (relatively), and the failure
intensity (closeness of fringes) increases with time. This indicates that the initial fracture can be
delamination where the top and bottom sections of the sample are delaminated. Gradually, with the
increase in loading, the sound intensity increased, which indicates that delamination followed by fiber
fracture occurred in the GFRP tubes. After a certain level of loading, the noise reduced with lesser
intensity, indicating more miner fractures in the final stage before the GFRP sample collapsed
completely.

The AI-GFRP tubes did not show any failure initially because the Al-layers on both sides carried the
load. This phenomenon can also be verified by DIC strain patterns for hybrid tubes where initially, Al-
layer folding took place on the top and bottom sides of the loaded sample. The noise intensity for the
Al-GFRP sample is relatively dense due to the interface failure of the Al sheet and GFRP core. In
addition, the collapse of the GFRP core did not occur freely; as a result, cracking noise continued due
to the collapse of the GFRP core within closed boundaries.
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Figure 7. Acoustic analysis for GFRP and Al-GFRP (or GLARE) crash-box.

CONCLUSION

This experimental work investigated the behavior of Al, GFRP and AI-GFRP tubes under axial
compression loading. The digital image correlation technique is used to examine the strain fields and
displacement fields. Further, the acoustic signatures are also examined to correlate the damage initiation
and propagation in the specimens under axial compression loading.

The Al-GFRP tubes showed the highest peak load compared to Al and GFRP tubes. However,
the specific energy absorbed by the GFRP tube is higher compared to the Al and AI-GFRP tubes.
Further, continuous damage propagation after reaching the maximum peak load is observed in
GFRP and Al-GFRP tubes, whereas no such damage propagation is observed for Al tubes. The
Al tubes failed by folding and local buckling, whereas the GFRP and AI-GFRP tubes failed by
outward opening and crushing without the folding mechanism. Moreover, the Al and AlI-GFRP
tubes failed by rolling mechanism. The specific energy absorption of the GFRP composite sample
is 3047 times higher as compared to Al metal tube and 38 times higher than the GLARE or hybrid
(composite core sandwiched with metal sheet) samples.

The digital image correlation captured the stress concentration in Al, GFRP, and AI-GFRP tubes
under axial compression. The strain fields along x-, y-, and xy-directions are higher for Al tubes,
followed by Al-GFRP and GFRP tubes. The strain is distributed uniformly in GFRP tubes,
whereas a high concentrated strain zones are observed in Al and Al-GFRP specimens at the
junction of the specimen and loading end. Further, the GFRP specimens showed lower
deformation than the AI-GFRP and Al tubes due to the higher stiffness of the GFRP specimen.
It is evident from the acoustic analysis that the damage initiation in GFRP tubes is earlier than in
the AlI-GFRP tubes. However, the damage progression is uniform in both GFRP and AI-GFRP
specimens after damage initiation. Furthermore, the intensity of acoustic signatures
corresponding to the fibre breakage are reduced in AI-GFRP compared to the GFRP specimens
due to the presence of Al.

It is also evident that the digital image correlation and acoustic signatures can effectively provide the
strain fields, displacement fields and acoustic signatures. Further, the digital image correlation can be
extended effectively for capturing the 3D strain fields as a future work for a better understanding of

FRP

tube failure under axial compression loading. This will also highlight full strain field (complete

surface of crash box) and identify the collapse (crack initiation and propagation) steps in a crash-box.
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