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LOW-VELOCITY IMPACT TESTS ON BASALT FIBER/
POLYPROPYLENE CORE HONEYCOMB SANDWICH
COMPOSITES
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The low-velocity impact behavior of polypropylene- core-based sandwich composites reinforced with basalt/
epoxy facesheets was investigated by drop-weight impact tests. The impact resistance of composite samples was
characterized for various impact energies according to ASTM standards. Also, the effect of facesheet thickness
was explored, and the failure and fracture surfaces around the impacted region were analyzed. It was found
that the thickness of facesheets played an important role in the impact properties of the honeycombs. Their
residual deformation after the impact tests increased as the impact energy grew, but decreased when the number
of facesheet layers increased with reducing the penetration depth and perforation.

1. Introduction

Honeycomb-based sandwich structures have found broad applications in acrospace, automobile, sporting, and build-
ing construction areas, especially in the aerospace industry, due to such their properties as high energy abortion, low weight,
and high mechanical (strength and stiffness) characteristics [1]. Most of such sandwich panels are made from synthetic-fiber-
reinforced facesheets and cores dipped in phenolic resins, and they provide high strength/stiffness to weight ratios. However,
they cannot be recycled or simply discarded when their service life expires, because of the adverse impact on the environment.
Therefore, recyclable materials, like thermoplastics, are needed for producing low-cost honeycomb sandwich structures with an
increased service life [2]. The impact behavior of these structures plays an important role when they are subjected to impacts
by foreign objects. For this reason, to predict and prevent the impact damage of sandwich structures, their impact resistance
has to be investigated [3]. Many studies have been performed on the impact behavior of fiber-reinforced composites [4-8], but
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less attention in this respect has been given to honeycomb sandwich structures reinforced with fiber-reinforced composites. Wu
and Jiang [9] studied the crushing behavior of honeycomb sandwich composites to investigate the effect of cell dimensions,
numbers, and types under quasi-static and dynamic loadings. It was found that thick cores with small cell sizes secured a higher
energy absorption. Petrone et al. [ 10] proved that honeycomb composite structures with continuous facesheets provided a higher
energy absorption, and that the presence of facesheets played an important role only for thin cores. Caliskan and Apalak [11]
conducted an experimental study on the bending response of polystyrene (PS) foam core sandwich beams reinforced by
aluminum facesheets to low-velocity impacts. It was found that samples with a dense foam core revealed the lowest residual
deformation in the impacted region. Rosenfeld and Gause [12] investigated the impact behavior of carbon-fiber-reinforced
honeycomb sandwich structures at different impact energies. At a low impact energy, the damage occurred in the form of lo-
calized buckling, but higher impact energies initiated the formation delaminations in the reinforcing face sheets. Rhodes [13]
performed a number of impact tests on sandwich structures and discovered that enhancing the crush strength of core material
significantly improved the impact properties of sandwich composite structures. However, the main weakness of honeycomb
structures is their poor resistance to impact loadings. During an impact event, the deformation of core with crushing reaches a
critical value and increases the transverse stress, which may cause the buckling of cell wall around the impacted region [14].

Facesheet materials made of fiber-reinforced composites have been extensively used in honeycomb structures in
attempt to resist the impact loadings resulting in tensile and compressive stresses due to bending effects. Various types of
facesheets have been used in honeycomb structures, such as carbon, fiberglass, and natural fibers [15]. Recently, basalt fibers
have preferably been used in various applications to decrease their production cost and their non-hazardous effects on the
environment [16]. Basalt fiber is a natural material that melts in molten lava at 1500—1700°C and results in the formation of a
volcanic rock [17]. The possibility of using basalt fibers has been examined by many researchers [18-22], and some of them
have noted their superior mechanical properties compared with those of glass fibers [23-24]. In contrast to these advantages,
their resistance to impact loading and damage can be considered as a weak point due to their brittle nature [25], and the number
of studies related to the impact behavior of basalt-fiber-reinforced composites is very limited.

It is well known that thermoplastic materials, like polypropylene and nylon fibers, have a superior impact resistance
compared with other materials, but they exhibit poor tensile, compressive, flexural, and thermal properties [26, 27]; however,
it is possible to increase the impact resistance and energy absorption capacity of honeycomb-based sandwich structures by
combining the low-cost polypropylene material as a core and the low-cost basalt fibers as a facesheet material to decrease pro-
duction costs. Up to now, we have found no study in the literature reporting on PP-core-based honeycomb sandwich structures
reinforced with basalt fibers. Therefore, in this study, the effect of facesheet thickness and impact energy on the low-velocity
impact behavior of a basalt-fiber-reinforced sandwich structure with a PP honeycomb core is investigated.

2. Materials and Methods

2.1. Materials and production of test samples

A plain-weave fabric of basalt fibers with an areal density of 200 g/m?, supplied by the Spinteks Company, Turkey, was
used for producing the reinforcing facesheets. As the binder, a MOMENTIVE-MGS L285 epoxy resin with a MOMENTIVE-
MGS H285 hardener was employed. The facesheets were made from 2, 4, and 6 layers of the basalt fiber fabric impregnated
with the epoxy resin by using the hand lay-up procedure. The mixing ratio between the epoxy and hardener was 1/0.285. The
fiber fabric was impregnated with this mixture and cured for 1 h at a constant temperature of 80°C and pressure of 0.4 MPa.
The production process is illustrated in Fig. 1.

The mechanical properties of the basalt/epoxy facesheets were determined experimentally using a 300-kN Shi-
madzu AG-X series tensile testing machine. Their average tensile strength was found to be 298.81 MPa, tensile modulus
15.59 GPa, flexural strength 236.39 MPa, and flexural modulus 14.22 GPa, but the average tensile stress—strain curve o —¢&
is given in Fig. 2. The thicknesses of the facesheets with 2, 4, and 6 layers of the basalt fiber fabric were 0.7, 1.15, and
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Fig. 1. Production process of test samples.
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Fig. 2. Results of tensile tests on basalt/epoxy facesheets: (a) tensile stress—strain curve o —¢ (a),
fractured facesheet samples (b), and SEM image of the fractured zone (c).

1.75 mm, respectively, and their average areal density was 1488 kg/m?. A mixture of epoxy/hardener (100:40) was used
to glue the basalt/epoxy facesheets to the honeycomb core. According to manufacturer’s data, the density of epoxy
resin was 1.18-1.2 g/cm?, flexural strength 110-120 N/mm, elastic modulus 3-3.3 kN/mm?, tensile strength 70-80 N/mm?,
compressive strength 120-140 N/mm?, elongation at break 5-6.5%, and impact strength 45-55 kJ/m?. The measured
thickness of the adhesive layer was 0.7 mm. The fiber volume fraction of facesheet laminates was 0.45. According to
manufacturer’s data, the density of the PP honeycomb was 80 kg/m?, areal density of the adhesive layer 30 g/m?, tensile
strength 0.89 MPa, compressive strength 65 MPa, and shear strength 11.7 MPa.
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Fig. 3. PP honeycomb (a), its structure (b), and the side view (¢).

The thermoplastic polypropylene honeycomb core was supplied by Dost Kimya Company, Turkey. The core had a
polyester scarf with an areal density of 30 g/m? for gluing facesheets to it. The geometric characteristics of the honeycomb
core structure are given in Fig. 3.

2.2. Impact tests of sandwich samples

A special machine, shown in Fig. 4, was used for all impact tests. It included a braking system to prevent multiple
drops of impactor on test samples. The machine was equipped with two optical sensors, a flag connected to the impactor, two
pneumatic pistons, a solenoid valve, and a compressor. A winch with an electromagnet was used to lift the impactor unit to
the height needed.

Before impact tests, facesheets of dimensions 80x80 mm were cut from basalt/epoxy laminates and glued to the
polyester scarf of PP honeycombs. Five test samples in each material group were prepared for impact tests. The diameter of
the impacted circular area on the test samples was 63.75 mm. The samples were subjected to a low-velocity impact loading
by a hemispherical impactor of diameter 12.7 mm. The total weight of the impactor unit was 5 kg. The effect of impact energy
and facesheet thickness was studied using the drop-weight impact test procedures prescribed by ASTM D7136 standards. The
histories of force action on the honeycomb structures were recorded by a piezoelectric force sensor (ICP M202B® quartz force
ring) with a maximum force capacity of 44.48 kN, which was mounted just under the impactor.

All impact tests were conducted at the same conditions, and the impact energies of 10, 20, and 30 J created corresponded
to the impact velocities of 2, 2.82, and 3.46 m/s, respectively. The actual velocity of impactor was evaluated by optical sensors
located 25 mm above the sample surface.

3. Results and Discussions

Figure 5 a shows the histories F' —¢ of force action on the test samples of sandwich composites with 2-, 4-, and
6-layer facesheets, designated as BF2L, BF4L, and BF6L at the impact energy of 10 J. As is seen, the F —¢ diagrams are
very nonlinear, with force oscillations and different loading stages, including loadings and unloadings and two different
peak loads. These oscillations are explained by vertical fiber breakages caused by the contact of impactor with the rear side
of facesheets [28]. For the BF2L sample, the load jumped up again, indicating that the impactor reached the bottom layers
at the impact energy of 10 J, while other samples showed only one peak load. The failure mechanisms of all test samples
are illustrated in Table 1. During impacting the samples, first, the facesheet was subjected to a localized impact around the
impactor, causing debonding; then, with penetration of impactor, buckling of the core material followed. BF2L samples did
not withstand the impact loading at 10 J, resulting in complete penetration of facesheets at the front side, crushing of the
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Fig. 5. Force action histories F'—¢ at the impact energy of 10 J for the BF2L (—a—), BFAL (—e—),
and BF6OL (—m-) samples (a) and the maximum (0) and mean (m) forces F (b).

core, and delaminations and fiber ruptures at the bottom layers. BF6L samples had the highest resistance to the impact
loading due to their thicker facesheets, showing only a local indentation at the front side of the facesheet, without penetra-
tion and perforation. In addition, the honeycomb structure did not exhibit a high amount of buckling around the impacted
cell zone. It was also found that increasing the number of facesheet layers reduced the duration of impact — it was 21, 16,
and 14 ms for BF2L, BF4L, and BF6L samples, respectively.

As it is seen in Fig. 5b, the peak load increased from 0.93 for BF2L to 1.16 kN for BF4L and to 1.43 kN for BF6L
with addition of two layers of basalt/epoxy facesheets, i.e., by 24.73 and 23.2%. In terms of the mean value of force, the BF6L
sample showed the highest impact resistance, as seen in Fig. 5b.

The failure mechanisms of damaged samples are displayed in Table 1. Residual deformations occurred in all samples,
but the residual depth decreased with increasing number of facesheet layers. The matrix cracking, fiber bending, and delami-
nation of layers were the main damage mechanisms, but buckling was the major damage failure of the core. The shear failure
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TABLE 1. Failure Mechanisms at the Impact Energy of 10 J

Sample Impacted side | Rear side | Cross-sectional view

BF2L

BF4L

BF6L

of the PP core could be clearly observed in the BF2L and BF4L samples. Fiber fractures at the bottom layers could be clearly
visible in the BF2L sample, indicating the vulnerability of this honeycomb structure to impact loadings. In BF4L and BF6L
samples, no damage was seen over the bottom layers, implying an increasing impact resistance at 10 J.

Figure 6a shows the loading histories of honeycomb structures at 20 J, but the failure mechanisms of the samples at
20 J are displayed in Table 2. When the impactor reached the front side of facesheets, force fluctuations increased slightly for
the sample of BF2L. On increasing the facesheet thickness by addition of layers, reduction the fluctuations diminished, leading
to a smooth response of transient force data. The BF2L and BF4L samples of showed two different load stages (loading and
unloading), implying that the impactor caused the penetration and local buckling of core structure, and reached to the bottom
side of layers. Other samples (BF4L and BF6L) showed smoother curves during the loading and unloading stages, with only
one peak load in the transient data. Force fluctuations were also seen clearly for the BF2L and BF4L samples, which were
explained by the dynamic effect of impactor during the impact [29]. For the BF6L sample, the impactor did not reach to the
bottom side of layers, pointing to its better impact properties compared with those of the other ones.

Fiber ruptures and catastrophic core crushings were visible on the impacted sides of the BF2L and BF4L samples. Full
penetration at the front and bottom layers was seen only for the BF2L sample, which could be explained by the weakness of
facesheets to withstand the impact loading. Although severe matrix crackings and fiber ruptures were visible at the impacted
side of the BF4L sample, these types of damage at the bottom layers were insignificant, indicating only matrix damage and
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Fig. 6. Force action histories F'—¢ at the impact energy of 20 J for the BF2L (-m—), BFAL (—e—-),
and BF6L (—A—) samples (a) and the maximum (0) and mean (m) forces F (b).

TABLE 2. Failure Mechanisms at the Impact Energy of 20 J

Sample ‘ Impacted side ‘ Rear side ‘ Cross-sectional view

BF2L

BF4L

BF6L

delamination along the fiber direction. For the BF6L sample, only a local dent on its front surface was clearly seen, but fibers
on the front side tolerated the impact loading and reduced the kinetic energy. In this stage, only one peak load was observed,
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TABLE 3. Failure Mechanisms at the Impact Energy of 30 J

Sample Impacted side Rear side | Cross-sectional view

BF2L

BF4L

BF6L

which was explained by the presence of thicker facesheets. In terms of the mean values of force data, the BFOL sample showed
the highest impact resistance.

Figure 7a displays the loading histories of honeycomb structures at the impact energy of 30 J, but resulting failure
mechanisms of samples are illustrated in Table 3. It is seen that all samples exhibited two different peak loads, indicating load-
ing and unloading stages. This means that all kinetic energy of the impactor unit has been transferred to the samples, resulting
in complete penetration and perforation for the BF2L and BF4L samples. Figure 7a shows that, with increasing number of
facesheet layers, the fluctuations and impact duration also increased. For the BF2L sample, the load dropped during the initial
loading stage due to the rupture of fibers on the impacted surfaces, but the peak force of the BF2L sample was greater than
that of the BF4L sample. For the BF4L and BF6L samples, the second peak loads were lower than the first ones.

Table 3 shows the damage characteristics of samples at 30 J. The front sides of the samples were penetrated, and re-
sidual deformations arose as a result of fiber ruptures and matrix cracking. Fiber ruptures and extended delaminations between
the fibers and matrix were clearly seen for the BF2L and BFAL samples. The BF2L samples were the most vulnerable honey-
comb structures, exhibiting buckling in the core, and between fiber/fiber and fiber/core delaminations, and a high amount of
debondings between the fibers and matrix. For the BF6L sample, only residual deformations, with buckling of core and fiber
fracture on the impacted surface, occurred during the impact loading with 30 J, implying that the honeycomb structure with
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Fig. 7. Force action histories F'—¢ at the impact energy of 30 J for the BF2L (—m—), BF4L (—e—),
and BF6L (—A—) samples (a) and the maximum (0) and mean (m) forces F (b).

this configuration had the highest strength in terms of impact loading. The impactor reached the bottom layers of facesheets,
leading to matrix cracking and delamination between layers.

4. Conclusion

In this study, the low-velocity impact behavior of basalt-fiber-reinforced honeycomb sandwich composites was inves-
tigated experimentally at different impact energies and facesheet thicknesses. The samples with two-layer facesheets (BF2L),
did not withstand the impact energies of 10, 20, and 30 J considered, showing complete penetration of indenter. Increasing
the number of layers in facesheets decreased the residual deformation and increased the peak load. The impact duration was
minimum at the impact energy of 10 J. The BF6L sample showed the highest impact resistance. The addition of two layers to
BF2L and BF4L increased the maximum peak load by 24.7 and 53.7%, respectively. At the impact energy of 20 J, the maxi-
mum loads increased by 53 and 129.6%, respectively, but at 30 J, — by 6.9 and 42.6%, respectively. Results of this study
show that the basalt fiber, as an eco-friendly material, could be used for reinforcing sandwich composite structures with a PP
honeycomb core.
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