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Abstract
In this study, the effect of stacking sequence on the flexural and fracture properties of carbon/
basalt/epoxy hybrid composites was investigated. Two types of carbon/basalt/epoxy hybrid 
composites with a sandwich form were fabricated: basalt skin-carbon core (BSCC) compos-
ites and carbon skin-basalt core (CSBC) composites. Fracture tests were conducted and the 
fracture surfaces of the carbon/basalt/epoxy hybrid composites were then examined using 
scanning electron microscopy (SEM). The results showed that the flexural strength and flex-
ural modulus of the CSBC specimen respectively were ~32% and ~245% greater than those 
of the BSCC specimen. However, the interlaminar fracture toughness of the CSBC specimen 
was ~10% smaller than that of the BSCC specimen. SEM results on the fracture surface 
showed that matrix cracking is a dominant fracture mechanism for the CSBC specimen 
while interfacial debonding between fibers and epoxy resin is a dominant fracture process 
for the BSCC specimen. 
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1. Introduction

It is known that hybrid composites that consist of two or more fibers in a single matrix 
have unusual properties compared to conventional single fiber reinforced composites. Ac-
cordingly, many studies have been performed to investigate the mechanical properties of 
hybrid composites [1-4]. For instance, Dong et al. [5] investigated the flexural and tensile 
properties of glass/carbon hybrid composites and Almeida et al. [6] studied the hybridization 
effect on mechanical properties of curaua/glass hybrid composites by conducting flexural, 
tensile, and short beam tests. Naik et al. [7] investigated impact behavior and post-impact 
compressive characteristics of glass–carbon/epoxy hybrid composites with alternate stack-
ing sequences. Their results showed that hybrid composites are less notch sensitive com-
pared to only-carbon or only-glass composites. Pandya et al. [8] studied hybrid composites 
made of carbon and glass woven fabrics under quasi-static loading. They reported that the 
hybrid composites with glass fabric layers in the exterior and carbon fabric layers in the in-
terior showed higher tensile strength and ultimate tensile strain than composites with carbon 
fabric layers in the exterior and glass fabric layers in the interior.

In recent years, basalt fiber has received increasing attention as a substitute for glass fi-
ber on the basis of its ecologically benign and superior mechanical properties. Basalt fiber, 
which is made from basalt rock, has superior properties relative to glass fiber such as high 
tensile strength (~4800 MPa), thermal performance (-259°C to 960°C), and chemical resis-
tance and it also considerably more economical carbon fiber. For this reason, basalt fiber 
is widely used in various industries and many studies have been carried out to understand 
the mechanical behavior of basalt fiber reinforced composites [9-12]. However, few studies 
have been made to investigate the mechanical properties of basalt/carbon hybrid composites 
[13,14]. In particular, no research results on the fracture behavior of basalt/carbon hybrid 
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3. Results and Discussion

Fig. 2 shows the flexural load-displacement curves of the 
CSBC and BSCC hybrid composites. It can be seen in the fig-
ure that both composites exhibited almost linear elastic behavior 
before the reaching the maximum applied load. It also can be 
seen in the figure that the CSBC composites, which have car-
bon fabrics at the skin, displayed stiffer behavior than the BSCC 
composites, which have basalt fabrics at the skin. The figure also 
shows that the flexural strength and the flexural modulus of the 
carbon/basalt/epoxy hybrid composites are influenced by the 
stacking sequence of the basalt and carbon fabrics. Fig. 3 com-
pares the flexural strength and the flexural modulus of the CSBC 
composites with those of the BSCC composites. The flexural 
strength and the flexural modulus were determined using the fol-
lowing equations:

Flexural strength (σf ) =   (1)

Flexural modulus (Ef) =   (2)

composites have been reported to date. 
In this study, the effect of stacking sequence on the flexural 

and fracture properties of carbon/basalt/epoxy hybrid compos-
ites was investigated. For this purpose, three-point flexural tests 
and mode I interlaminar fracture tests were conducted using ba-
salt skin-carbon core (BSCC) composites and carbon skin-basalt 
core (CSBC) composites. Following fracture tests, the fracture 
surfaces of both composites were examined using a scanning 
electron microscope (SEM) to investigate the fracture mecha-
nisms depending on the stacking sequence.

2. Experimental

Woven type carbon fibers (CF332NON, Hcarbon, Korea) 
and basalt fibers (EcoB4-F260, Secotech, Korea) were used as 
reinforcing materials. The epoxy used was diglycidyl ether of 
bisphenol A (YD-115, Kukdo Chemical, Korea), and the curing 
agent was polyamidoamine (G-A0533, Kukdo Chemical). Eight 
plies of basalt and carbon fabrics with two different stacking se-
quences were stacked by the hand lay-up method. The stacking 
sequences used were [carbon/carbon/basalt/basalt]s and [basalt/
basalt/carbon/carbon]s. In this study, the composites with [carbon/
carbon/basalt/basalt]s and [basalt/basalt/carbon/carbon]s stacking 
sequences are denoted as CSBC and BSCC, respectively. The 
stacked CSBC and BSCC specimens were impregnated with a 
matrix made of epoxy resin mixed with curing agent (2:1 v/v) 
and then cured in a hot press at 15 MPa and 80°C for 2 h. 

Flexural tests were performed according to the ASTM D-790 
standard in a three-point bending mode at a cross-head rate of 
0.5 mm/min using 130 × 12.7 × 1.6 mm3 CSBC and BSCC 
specimens. Mode I interlaminar fracture toughness tests were 
performed using double-cantilever beam (DCB) CSBC and 
BSCC specimens according to the ASTM D5528-01 standard. 
For DCB fracture specimens (width 25 mm and length 200 mm), 
an initial crack was made by inserting a 20 mm Kapton film 
(thickness: 13 μm) between the fourth and fifth plies. In order 
to measure crack extension, one side of the DCB specimens 
was coated with a correction fluid and marked with thin verti-
cal lines. The cross-head speed was set at 2 mm/min. The crack 
length, displacement, and fracture load values were measured 
to calculate fracture toughness. Four flexural and fracture tests, 
respectively, were performed to ensure reliability of the test re-
sults. Fig. 1 shows schematic diagrams of the CSBC and BSCC 
DCB specimens and the test equipment.

Fig. 1. Schematic diagrams of basalt skin-carbon core (BSCC) and car-
bon skin-basalt core (CSBC) double-cantilever beam specimens and the 
test equipment.

Fig. 2. Flexural load-displacement curves of basalt skin-carbon core 
(BSCC) and carbon skin-basalt core (CSBC) composites.

Fig. 3. Comparison of flexural strength and flexural modulus of basalt 
skin-carbon core (BSCC) and carbon skin-basalt core (CSBC) composites.
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Fig. 4 is that the fracture load of the BSCC composites is great-
er than that of the CSBC composites at the same crack length, 
where the flexural strength of the BSCC composites is smaller 
than that of the CSBC composites. Fig. 5 shows the variation of 
GIc as a function of crack length (R curve) for both composites. 
As shown in the figure, the values of GIc vary in a limited range 
as the crack length increases for both composites. It can also be 
seen that the GIc values of the BSCC composites were greater 
than those of the CSBC composites with the same crack length. 
The average GIc value of the CSBC composites was 530 J/m2 
but it increased by ~10% to 583 J/m2 after changing the stacking 
sequence to BSCC composites. 

A SEM analysis was conducted on the fracture surface of 
CSBC and BSCC composites to investigate the fracture mecha-
nism of carbon/basalt/epoxy hybrid composites due to stack-
ing sequence. Fig. 6a shows the fracture surface of the BSCC 
composites, and Fig. 6b shows the fracture surface of the CSBC 
composites. For the BSCC composites, as shown in Fig. 6a, the 
carbon fibers were relatively clean, showing that carbon fibers 
were removed from the epoxy matrix. Compared to the BSCC 
composites, some basalt fibers were fractured, whereas they suf-
ficiently adhered to the epoxy matrix in the CSBC composites 
(Fig. 6b). It also can be seen that the epoxy matrix was fractured 
in a hackle pattern. This indicates that matrix cracking and fiber 
breakage are dominant fracture mechanisms for CSBC compos-
ites while debonding between fibers and the matrix plays an im-
portant role in the BSCC composites. 

In the above equations, “Pmax”, “L”, “b”, “h”, and “d” repre-
sent the maximum load encountered before failure, the support 
span, the width of the specimen, the depth of the specimen, and 
the maximum deflection before failure. As shown in the figure, 
the flexural strength of the CSBC composites was ~32% greater 
than that of the BSCC composites. Also, the flexural modulus of 
the CSBC composites was ~245% greater than that of the BSCC 
composites. This is attributed to the maximum tensile and com-
pressive stresses occurring at the top and bottom (skin) regions of 
the sandwich form specimen when the specimen is under flexural 
loading. Therefore, strengthening the skin parts is a more effective 
approach than strengthening the core parts of the sandwich form 
when flexural loading is applied to the sandwich form structure. 
This explains why the CSBC composites, which have superior 
tensile properties of skin parts compared to those of the BSCC 
composites, produced better flexural strength and modulus. 

The critical energy release rate, which is the fracture tough-
ness, indicates the crack resistant force at the moment a new 
surface is created at a crack tip. Mode I fracture toughness, GIc, 
can be determined by various methods. In this study, GIc was 
determined using a modified beam theory method:

  (3)

In the equation, “P”, “δ”, “b”, “a”, and “Δ” denote the load at 
which a crack propagates, displacement, width of the specimen, 
crack length, and a correction factor for rotation at the crack tip. 
The correction factor, “Δ” , was determined experimentally by 
plotting the cubic root of compliance versus the crack length 
[15]. Fig. 4 compares typical mode I fracture load–displacement 
curves along with the crack propagation for CSBC and BSCC 
composites. As shown in the figure, the load linearly increased 
with displacement to the maximum load without crack extension 
for both composites. It also can be seen in the figure that the 
load varied in a saw-tooth manner with displacement for further 
crack propagation. The saw-tooth variation of load with dis-
placement occurs due to unstable crack propagation (slip-stick 
behavior) and similar research results regarding carbon/Kevlar/
epoxy composites were reported by Kim et al. [16]. Notable in 

Fig. 4. Mode I load-displacement curves of basalt skin-carbon core 
(BSCC) and carbon skin-basalt core (CSBC) composites.

Fig. 5. Comparison of critical energy release rate, GIc, of basalt skin-
carbon core (BSCC) and carbon skin-basalt core (CSBC) composites.

Fig. 6. Scanning electron microscope images of fracture surfaces of ba-
salt skin-carbon core and carbon skin-basalt core composites.
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TR50S carbon fiber reinforced epoxy hybrid composites. J Mater 
Eng Perform, 22, 41 (2013). http://dx.doi.org/10.1007/s11665-
012-0247-7.

 [6] Almeida JHS, Jr., Amico SC, Botelho EC, Amado FDR. Hybridiza-
tion effect on the mechanical properties of curaua/glass fiber com-
posites. Composites B, 55, 492 (2013). http://dx.doi.org/10.1016/j.
compositesb.2013.07.014.

 [7] Naik NK, Ramasimha R, Arya H, Prabhu SV, ShamaRao N. Impact 
response and damage tolerance characteristics of glass–carbon/ep-
oxy hybrid composite plates. Composites B, 32, 565 (2001). http://
dx.doi.org/10.1016/S1359-8368(01)00036-1.

 [8] Pandya KS, Veerraju C, Naik NK. Hybrid composites made of car-
bon and glass woven fabrics under quasi-static loading. Mater Des, 
32, 4094 (2011). http://dx.doi.org/10.1016/j.matdes.2011.03.003.

 [9] Banibayat P, Patnaik A. Variability of mechanical properties of 
basalt fiber reinforced polymer bars manufactured by wet-layup 
method. Mater Des, 56, 898 (2014). http://dx.doi.org/10.1016/j.
matdes.2013.11.081.

[10] Borhan TM. Properties of glass concrete reinforced with short ba-
salt fibre. Mater Des, 42, 265 (2012). http://dx.doi.org/10.1016/j.
matdes.2012.05.062.

[11] Kim MT, Kim MH, Rhee KY, Park SJ. Study on an oxygen plasma 
treatment of a basalt fiber and its effect on the interlaminar fracture 
property of basalt/epoxy woven composites. Composites B, 42, 
499 (2011). http://dx.doi.org/10.1016/j.compositesb.2010.12.001.

[12] Kim MT, Rhee KY, Kim HJ, Jung DH. Effect of moisture ab-
sorption on the flexural properties of basalt/CNT/epoxy com-
posites. Carbon Lett, 13, 187 (2012). http://dx.doi.org/10.5714/
CL.2012.13.3.187.

[13] Wang X, Hu B, Feng Y, Liang F, Mo J, Xiong J, Qiu Y. Low veloci-
ty impact properties of 3D woven basalt/aramid hybrid composites. 
Compos Sci Technol, 68, 444 (2008). http://dx.doi.org/10.1016/j.
compscitech.2007.06.016.

[14] Fiore V, Di Bella G, Valenza A. Glass–basalt/epoxy hybrid com-
posites for marine applications. Mater Des, 32, 2091 (2011). http://
dx.doi.org/10.1016/j.matdes.2010.11.043.

[15] Shokrieh MM, Heidari-Rarani M, Ayatollahi MR. Delamination 
R-curve as a material property of unidirectional glass/epoxy com-
posites. Mater Des, 34, 211 (2012). http://dx.doi.org/10.1016/j.
matdes.2011.08.006.

[16] Kim SC, Kim JS, Yoon HJ. Experimental and numerical investiga-
tions of mode I delamination behaviors of woven fabric composites 
with carbon, Kevlar and their hybrid fibers. Int J Precis Eng Manuf, 
12, 321 (2011). http://dx.doi.org/10.1007/s12541-011-0042-7.

4. Conclusions

In this study, the effect of stacking sequence on the flexural 
and fracture properties of carbon/basalt/epoxy hybrid compos-
ites was investigated through flexural and mode I interlaminar 
fracture tests. The conclusions obtained from this study were 
as follows. The flexural strength and flexural modulus of the 
CSBC composites were ~32% and ~245% greater than those 
of the BSCC composites, respectively. On the other hand, the 
fracture toughness of the CSBC composites was ~10% smaller 
than that of the BSCC composites. Fiber breakage and matrix 
cracking were the dominant fracture mechanisms for the CSBC 
composites and debonding between fibers and the matrix was 
the dominant fracture mechanism for the BSCC composites. 
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