
metals

Article

Effect of the Number of CFRP Prepregs and
Roughness at the Bonding Area on the Spring-Back
and Flexural Strength of Hybrid Composites of CFRP
Combined with CR980

Ji Hoon Hwang 1, Chul Kyu Jin 2 , Hyung Yoon Seo 3 and Chung Gil Kang 4,*
1 Precision Manufacturing System Division, Graduate School, Pusan National University, San 30 Chang

Jun-dong, Geum Jung-Gu, Busan 46241, Korea; hoonida_731@naver.com
2 School of Mechanical Engineering, Kyungnam University, 7 Kyungnamdaehak-ro, Masanhappo-gu,

Changwon-si, Gyeongsangnam-do 51767, Korea; cool3243@kyungnam.ac.kr
3 Department of Computer Software Engineering, ChangShin University, 262 Paryong-ro, Masanhoiwon-gu,

Changwon-si, Gyeongsangnam-do 51352, Korea; hyseo@cs.ac.kr
4 School of Mechanical Engineering, Pusan National University, San 30 Chang Jun-dong, Geum Jung-Gu,

Busan 46241, Korea
* Correspondence: cgkang@pusan.ac.kr; Tel.: +82-51-510-1455

Received: 5 August 2019; Accepted: 26 September 2019; Published: 28 September 2019
����������
�������

Abstract: Hybrid composites in which a CR980 metal plate was bonded on carbon-fiber-reinforced
plastic (CFRP) were prepared. Hybrid composites were two types of CFRP/CR980 hybrid composites
and CR980/CFRP hybrid composites. The properties of the hybrid composites according to
surface roughness on CR980 plate and the laminating number of CFRP prepregs were analyzed.
The spring-back or spring-go angles were also measured through the V-bending test of hybrid
composites. In addition, a three-point bending test for the hybrid composites was conducted to
measure the flexural strength. Spring-back occurred in the CFRP/CR980 hybrid composites, while
spring-go was observed in the CR980/CFRP hybrid composites. Voids were not found at the bonding
area of the CFRP and CR980. As the roughness at the bonding area increased, the flexural strength
slightly increased. The higher the laminating number of the CFRP prepregs, the lower the deformation
value. CFRP/CR980 was deformed more easily than CR980/CFRP.
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1. Introduction

Additional components for vehicles, especially in the case eco-friendly automobiles fueled by
a non-conventional power source, have led to unavoidable increases in curb weight. This increase
is expected to be on the order of 10% each for non-ferrous metal and synthetic resin applied to
eco-friendly cars. Increasing car weights have recently required more convenient and safer cars (i.e.,
body-reinforcing materials, airbags, motors, and storage batteries), and the resulting practical mission
is to resolve the heavy car components’ weight to produce lighter automobiles [1,2].

In response to the demand for lighter components, the use of metal alloys of aluminum, magnesium,
titanium, advanced high strength steel (AHSS), as well as composite materials, has been increasingly
popular in the car industry. One composite material, carbon-fiber-reinforced plastic (CFRP), possesses
a specific strength and specific stiffness that are higher than steel, in addition to being lighter than
aluminum. Thus, fundamental studies on its application for car body and chassis components are
being advanced [3–5].
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CFRP’s applications are being expanded to various other fields, such as aircrafts and recreational
infrastructure; nevertheless, its high tensile strength is compensated by weakness against shock
owing to its low elongation rate (approximately 2%). Therefore, research focusing on creating hybrid
composites to overcome the limits of CFRP and resolve the problem of homogeneous materials by
bonding it with certain metals have been advanced. Moreover, the phenomenon of spring-back
on CFRP/metal hybrid composites considering changes in thickness of CFRP prepreg has not been
extensively studied. In this regard, spring-back investigations via experiments are imperative before
manufacture of the hybrid-composite-based components forming complex geometry (e.g., automobile
components). The interface strength bonding between metals and CFRP is critical for the hybrid
composites [6–12].

A previous study investigated bonding strength and spring-back according to CR980 surface
roughness, CR980 rolling direction, and laminating pressure [13]. In this study, two types of hybrid
composites comprising CFRP combined with CR980 metal sheet were fabricated. The first type was
a CFRP/CR980 hybrid composite and the second type was a CR980/CFRP hybrid composite. CR980
is an ultra-high-strength steel used as a pillar component and support for the bottom of vehicle
bodies, and thus plays an essential role in the safety and protection of passengers by absorbing shock
during collisions. To improve the bonding strength of these heterogeneous materials, physical surface
treatment on surface CR980 was carried out using the sandblast method. The effect of the laminating
number of the CFRP prepreg and the interface roughness between CFRP and CR980 on the spring-back
was investigated by performing a V-bending test of both types of hybrid composite. Magnified images
of the cross-cut section of the V-bending specimens were measured. Furthermore, the effect of the
laminating number of CFRP prepregs and interface roughness between CFRP and CR980 on flexural
stress was investigated by conducting a three-point bending test of the hybrid composites.

2. Experiment Methods

2.1. V-Bending Test of Hybrid Composites

The CFRP used was a plain woven prepreg from TORAY; the prepreg was a 0.27-mm thick,
thermosetting epoxy carbon fiber with initial epoxy weight percent of 42 wt% [14]. Prepreg is a
material in which matrix epoxy resin is impregnated in the carbon fiber, which is an intermediate
material of CFRP as well as a reinforcement material. The properties of the CFRP prepreg are listed in
Table 1. The metal plate used in this study was CR980, which exhibits excellent strength and safety,
and therefore can be manufactured into complex-shaped products. The CR980 used in the experiment
had a thickness of 1.2 mm, tensile strength of 1043 MPa, and elongation rate of 18% [15].

Table 1. Mechanical properties of the carbon-fiber-reinforced plastic (CFRP) prepreg (CF3327EPC,
HANKUK CARBON). Data from [16].

Type Weight of
Carbon Fiber Weight of Resin Resin Content Total Weight Fabric Thickness

Plain 205 g/m2 150 g/m2 42% ± 2% 352 g/m2 0.27 ± 0.05 mm

Figure 1 shows the shape and dimension of the die used in the V-bending test. It was roughly
divided into the top die and bottom die, and had a hole drilled for insertion of a heat cartridge that
controls the temperature of the top and the bottom dies. The curvature diameters of the top and bottom
dies were R = 5 mm. A 25 ton material testing system (MTS) was used for the V-bending test.
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Figure 1. V-bending die for manufacturing hybrid composites of CFRP prepregs and CR980 metal plate.

A binder (ATG-2014) was spread on the CR980 surface to fabricate hybrid composites of CFRP
combined with CR980. The curing time was set to 140–150 ◦C for 15 min under 1 MPa pressure.
This condition was obtained relative to the optimized curing time for the CFRP and metal hybrid
composite [17]. Kinds of hybrid composites in this study for fabrication are shown in Table 2. Thirty
different kinds of hybrid composites were fabricated. To investigate effect of the number of CFRP
prepregs on spring-back and flexural stress of the hybrid composites were prepared by laminating the
CFRP prepreg with 5, 10, and 15 plies, respectively.

Table 2. Kinds of hybrid composites.

Specimen
No.

The Number
of CFRP
Prepregs

Surface
Roughness
of CR980

Lamination
Sequence

Specimen
No.

The Number
of CFRP
Prepregs

Surface
Roughness
of CR980

Lamination
Sequence

1

5 plies

6 ± 0.6 µm

CFRP/CR980

16

5 plies

6 ± 0.6 µm

CR980/CFRP

2 20 ± 2 µm 17 20 ± 2 µm
3 35 ± 4 µm 18 35 ± 4 µm
4 45 ± 6 µm 19 45 ± 6 µm
5 60 ± 7 µm 20 60 ± 7 µm
6

10 plies

6 ± 0.6 µm 21

10 plies

6 ± 0.6 µm
7 20 ± 2 µm 22 20 ± 2 µm
8 35 ± 4 µm 23 35 ± 4 µm
9 45 ± 6 µm 24 45 ± 6 µm

10 60 ± 7 µm 25 60 ± 7 µm
11

15 plies

6 ± 0.6 µm 26

15 plies

6 ± 0.6 µm
12 20 ± 2 µm 27 20 ± 2 µm
13 35 ± 4 µm 28 35 ± 4 µm
14 45 ± 6 µm 29 45 ± 6 µm
15 60 ± 7 µm 30 60 ± 7 µm

To investigate effect of roughness at the bonding area between CFRP and CR980 on spring-back
and flexural stress, the physical surface treatment on the CR980 surface was carried out using the
sandblast method. The pressure (compressed air) used usually determines the surface roughness of
CR980. The degree of surface roughness was measured by ten-point average roughness. The ten-point
average roughness was determined with Equation (1). The sum of these two values is expressed in
micrometers. As the surface roughness of the CR980 increased, the bonding strength of the CFRP/metal
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hybrid composite increased [17,18]. The surface roughness values of the CR980 without surface
treatment were about 4–8 µm.

Ten− point average roughness =
1
5

(∣∣∣p1 + p2 + p3 + p4 + p5
∣∣∣+ |v1 + v2 + v3 + v4 + v5|

)
(1)

Here, p1–p5 and v1–v5 are the heights of the five highest profile peaks and the depths of the five
deepest valleys within the evaluation length, respectively.

To investigate the effect of bonding sequence on spring-back and flexural stress, the hybrid
composites were prepared as CFRP/CR980 and CR980/CFRP. The specimens were named from the
material types and as per the boning sequence when the specimens were placed on the die (i.e., the
CFRP combined on the CR980 was defined as CFRP/CR980, and the CR980 combined on the CFRP was
marked as CR980/CFRP).

The prepared hybrid composite was evaluated with a V-bending test while the spring-back or
spring-go angles were measured using a digital protractor from BLUEBIRD. Five samples of the
prepared hybrid composite were cut to measure the composite’s thickness. The cross-sectional thickness
was measured by a digital microscope. V-shaped curved sections were cut to observe voids of the
hybrid composites. The cut surface was polished and then observed by digital microscope. The ASTM
D4762 standard for the overall test method for CFRP was also referred to [19,20].

2.2. Three-Point Bending Test of Hybrid Composites

The three-point bending test was carried out after the V-bending test for the specimens with
bonded CR980 and CFRP prepregs. Figure 2a shows points from where three-point bending test
specimens were taken. The specimen length and width were respectively set to 100 and 50 mm.
The thickness of the specimen differed according to the laminating number of the CFRP prepregs.
Figure 2b shows the three-point bending test method using the prepared specimen. Figure 2 shows an
example of the experimental method, and the same experiment was carried out for the CR980/CFRP
under the same testing condition. In the three-point bending test for the composite materials, a ratio
between the length of both the support points of the specimens and the thickness of specimen of 32:1 is
recommended [21]. Since the thicknesses of specimens differed according to the laminating number
of the CFRP prepregs, the support point length was adjusted according to the specimen thickness.
The load point was set at the center between two supports. The reaction force at the support point
became half of the load, which is 0.5 P. The experiment was carried out by placing the specimen on
the two supports. The center of specimen was pressed with the nose as load, and the nose moved
down with the same speed until the specimen fractured. The load value of the specimen was measured
according to the distance traveled by the load nose. From this experiment, the flexural strength value
was obtained. The flexural strength refers to a stress value at the outer side of the specimen from where
the maximum bending moment is generated.
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At the load point, a maximum bending moment (0.25 PL) is generated. In addition, the maximum
flexural strength value is obtained from the outer side of specimen at the load point. In case of the
CFRP/CR980 specimen, the maximum minus flexural strength value was generated at the outer surface
of the CFRP, while the maximum plus flexural strength value was obtained from the outer surface of
the CR980.

Equation (2) shows a calculation formula to determine minus maximum flexural strength at the
outer side of the CFRP, while Equation (3) is a formula to draw the plus maximum flexural strength at
the outer side of the CR980:

σ1max = −E1
M

E1I1 + E2I2
C1, (2)

σ2max = −E2
M

E1I1 + E2I2
C2, (3)

where E1 and E2 are the Young’s modulus of CFRP and CR980, respectively, I1 and I2 are the second
moments of inertia of the CFRP and CR980, M is the maximum bending moment, C1 is the distance
from the centroid to the outer surface of the CFRP, and C2 is the distance from the centroid to the outer
surface of CR980.

The flexural strength at the bonding area of the CFRP and CR980 could be calculated as follows:
by entering the distance from the centroid to the bonding point in place with C1 in Equation (2), the
flexural strength from the CFRP value was obtained. Meanwhile, the flexural strength from the CR980
could be determined by entering the distance from the centroid to the bonding area in place with C2 in
Equation (3). The centroid of the hybrid composites was determined with Equation (4):

C =
E1

∫
A1

YdA + E2
∫

A2
YdA

E1A1 + E2A2
, (4)

where A1 and A2 are the cross-sectional areas of CFRP and CR980, while
∫

A1
YdA and

∫
A2

YdA are the
first moments of inertia of CFRP and CR980. Each item in the above equation becomes the reverse of
CFRP/CR980 for the CR980/CFRP specimen.

3. Experimental Results

3.1. Angle of Spring-Back or Spring-Go from the V-Bending Test of Hybrid Composites

Figure 3a shows the formed CFRP/CR980 hybrid composites forming a V-shape through the
V-bending test. Meanwhile, Figure 3b shows deformed CR980/CFRP hybrid composites forming a
V-shape. The spring-back for CFRP/CR980 hybrid composites and spring-go for CR980/CFRP hybrid
composites were observed. Spring-back occurred when the top die made contact with the CFRP
prepreg, while spring-go occurred when it made contact with the CR980. These took place because
of the difference of mechanical properties between the CFRP prepreg and the CR980. In general, as
the laminating number of CFRP prepregs increased, the spring-back angle was close to 90◦, as CFRP
thickness, as well as the effect of its epoxy matrix, also increased.



Metals 2019, 9, 1054 6 of 12Metals 2019, 9, x FOR PEER REVIEW 6 of 11 

 
(a) 

 
(b) 

Figure 3. Formed hybrid composites through V-bending test: (a) CFRP/CR980; (b) CR980/CFRP. 

The spring-back angles of the CFRP/CR980 hybrid composites according to roughness at the 
bonding area and the laminating number of the CFRP prepregs are shown in Figure 4a. When the 
laminating number of the CFRP prepregs increased from 5 to 10, the spring-back increased, but when 
the laminating number of the CFRP prepregs increased further from 10 to 15, the spring-back 
decreased. When the laminating number of CFRP prepregs was 5, the spring-back angle increased as 
roughness increased to 45 µm. However, with 60 µm roughness, the spring-back angles were 
decreased to 96.4°. When the laminating number of CFRP prepregs was 10, as roughness increased 
from no treatment to 60 µm, the spring-back angle increased. When the laminating number of CFRP 
prepregs was 15, as roughness increased from no treatment to 60 µm, the spring-back angle also 
increased. 

As shown in Figure 4a, the spring-back angle increased when the laminating number of CFRP 
prepregs was more than 10 and as roughness increased. In the CFRP/CR980, the elasticity of the CFRP 
considerably affected spring-back more than CR980 as the top die came into contact with the CFRP 
during compression while the load was removed.  

 
(a) 

 
(b) 

Figure 4. Angles of hybrid composites through V-bending test according to the roughness at bonding 
area and the laminating number of CFRP prepregs: (a) Spring-back angles of the CFRP/CR980;  
(b) Spring-go angles of the CR980/CFRP. 

Figure 3. Formed hybrid composites through V-bending test: (a) CFRP/CR980; (b) CR980/CFRP.

The spring-back angles of the CFRP/CR980 hybrid composites according to roughness at the
bonding area and the laminating number of the CFRP prepregs are shown in Figure 4a. When the
laminating number of the CFRP prepregs increased from 5 to 10, the spring-back increased, but when
the laminating number of the CFRP prepregs increased further from 10 to 15, the spring-back decreased.
When the laminating number of CFRP prepregs was 5, the spring-back angle increased as roughness
increased to 45 µm. However, with 60 µm roughness, the spring-back angles were decreased to 96.4◦.
When the laminating number of CFRP prepregs was 10, as roughness increased from no treatment to
60 µm, the spring-back angle increased. When the laminating number of CFRP prepregs was 15, as
roughness increased from no treatment to 60 µm, the spring-back angle also increased.
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As shown in Figure 4a, the spring-back angle increased when the laminating number of CFRP
prepregs was more than 10 and as roughness increased. In the CFRP/CR980, the elasticity of the CFRP
considerably affected spring-back more than CR980 as the top die came into contact with the CFRP
during compression while the load was removed.

The spring-go angles of the CR980/CFRP hybrid composites according to roughness at the bonding
area and the laminating number of CFRP prepregs are shown in Figure 4b. When the laminating
number of the CFRP prepregs increased from 5 to 15, the spring-go showed a decreasing tendency. In
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Figure 4b, the spring-go angle increased as roughness increased from no treatment to 60 µm, and when
the laminating number of CFRP prepregs was 5, the spring-go angle increased. When the laminating
number of CFRP prepregs was 10, as roughness increased from to 20 to 60 µm, the spring-go angle
increased. In the case of no treatment, spring-back occurred. When the laminating number of CFRP
prepregs was 15 and roughness increased from 20 to 60 µm, the spring-go angle generally decreased as
follows: 87.9◦, 88.9◦, 89.1◦, 90◦. In the case of no treatment, spring-back occurred. When the roughness
was 60 µm, spring-go did not occur, which was the same as the initial angle of the die. When the
laminating number of CFRP prepregs was 15 (and not 5 or 10), the spring-go angles decreased as
roughness at the bonding area increased.

Figure 5 shows the thickness according to the laminating number of the CFRP prepregs in the
CFRP/CR980 hybrid composite. The thickness range was 1.83–1.98 mm when the laminating number
of CFRP prepregs was 5. The thickness range was 2.85–3.11 mm when the laminating number of CFRP
prepregs was 10 [13]. The thickness range was 3.71–3.81 mm when the laminating number of CFRP
prepregs was 15. In general, a thickness range of 2–3 mm for the material is suitable for the body pillar
and bottom frame components of automobiles. To meet these conditions, a 1.2-mm-thick CR980 and
ten CFRP prepregs should be used. Increasing the laminating number of CFRP prepregs resulted in
a thicker CFRP/CR980 hybrid composite at the side than the center, which could be attributed to a
concentration of pressure at the center compared to at the side of the top and bottom dies.
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Figure 6 shows images of the cross-cut section of the V-bending CFRP/CR980 hybrid composites
to examine the presence of pores according to the changes in the surface roughness of CR980. The
positions in the cross-sectional images indicate where bending deformation was maximal. The figure
does not show pores at the interfacial bonding area; therefore, the preparation condition of the proposed
CFRP/CR980 hybrid composite was reasonable.
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Figure 6. Views of bonding area of CFRP/CR980 observed with a digital microscope.

3.2. Flexural Strength from the Three-point Bending Test of Hybrid Composites

The flexural stresses according to the roughness at the bonding area of the CFRP/CR980 and
CR980/CFRP hybrid composites wherein ten CFRP prepregs were laminated are presented in Figure 7.
When the loading nose came into contact with the surface of the specimen, some flexural stress
values increased because the surface started to deform. From the displacement of 0.35 mm, the
specimens began to show elastic deformation, and flexural stress increased linearly in response to the
displacement. As soon as yielding occurred, fracture of the CFRP occurred. Figure 7a shows the flexural
stress according to the displacement of the CFRP/CR980 hybrid composites having different types of
roughness at their bonding interfaces. As can be seen in Figure 5, the thickness of the CFRP/CR980
hybrid composites with ten CFRP prepregs was around 2.9 mm. The location of the centroid calculated
from Equation (4) was distanced 1.41 mm from the bottom surface of the CR980. Therefore, the CFRP
received compressive stress from the centroid to the top surface, while it received tensile stress from its
centroid to the bonding area. However, the CR980 received only tensile stress. At the bonding area, a
stress equivalent to 85% of the stress was generated at the portion with maximum stress.
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CFRP and CR980: (a) CFRP/CR980; (b) CR980/CFRP.

When the nose made contact with the CFRP, the flexural stress abruptly increased as the
displacement increased, and then it decreased due to separation of the fiber and the epoxy of the CFRP
prepreg under compression. Flexural stress became constant from the displacement of 1.5 to 2.0 mm.
As the roughness value at the bonding area of the CFRP/CR980 increased, the flexural stress became
slightly increased. The absolute value of the maximum compressive stress generated from the top
surface of the CFRP became almost similar at a level of 95% of the maximum tensile stress from the
bottom surface of the CR980.

Figure 7b presents the flexural stress according to the displacement of the CR980/CFRP hybrid
composites with different types of roughness at their bonding area. The location of the centroid
calculated from Equation (4) had a distance of 1.49 mm from the bottom surface of the CFRP. Therefore,
the CFRP received a tensile stress from its centroid to the bottom surface, while a compressive stress
was imposed on the portion from the centroid to the bonding area. Meanwhile, the CR980 received
only a compressive stress. The carbon fiber might have fractured at the position where flexural
stress abruptly decreased as the displacement increased. The specimens without surface treatment
fractured at displacement values of 1.5 mm. This means that when the roughness at the boding area of
CR980/CFRP hybrid composites increased, the displacement value also increased.

As surface roughness on the CR980 increased, the flexural stress increased and reached a maximum
at 45 µm. At 60 µm, the flexural stress decreased more than at 45 µm. Therefore, the flexural stress was
presumed to affect the surface roughness of the metal. In the CFRP/CR980 hybrid composites, except
for the specimens not receiving surface treatment, they were not fractured even with the displacement
value of 2.0 mm. However, CR980/CFRP hybrid composites fractured with the displacement value of
about 1.5 mm. The above results suggest that the hybrid composites with CR980 bonded on the CFRP
were more prone to deformation when CFRP received a compressive stress rather than a tensile stress.

The flexural stresses of CFRP/CR980 and CR980/CFRP hybrid composites having the roughness of
20 µm at the bonding area according to the lamination number of CFRP prepregs are presented in
Figure 8. When five CFRP prepregs were laminated, the CFRP of the CFRP/CR980 hybrid composites
received only a compressive stress, while the CFRP of CR980/CFRP hybrid composites received only a
tensile stress. The specimens having the laminating numbers of CFRP prepregs 10 and 15 received
both tensile and compressive stress on their CFRPs.
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Figure 8a presents the flexural stress according to the displacement of CFRP/CR980 hybrid
composites having different laminating number of CFRP prepregs. The flexural strength decreased as
CFRP prepreg thickness increased. When the CFRP prepreg received pressure, the flexural stress became
constant even if the displacement increased, which corresponded to the maximum flexural stress owing
to the interfacial separation between the fiber and the matrix. However, when the laminating number
of CFRP prepregs was 15, the flexural stress remarkably decreased as the displacement increased from
the maximum flexural stress, because the greater number of CFRP prepregs caused more damage to
the fiber during the three-point bending test.

Figure 8b shows the flexural stress of the CR980/CFRP hybrid composites having different
lamination numbers of CFRP prepregs according to the displacement. When the CFRP prepreg
received the tensile stress, the fiber was fractured, and thus the flexural stress decreased from the
displacement corresponding to the maximum flexural stress.

The flexural stress decreased for both the CFRP/CR980 hybrid composites and CR980/CFRP hybrid
composites as the laminating number of CFRP prepregs increased, and those fractured at the even
lower displacement values. This is because as the thickness of the CFRP increased, CFRP was not easily
deformed, and consequently, the fracture toughness value decreased. This indicates that specimens
were easily fractured as the thickness of the CFRP increased.

4. Conclusions

V-bending test and three-point bending test were conducted to investigate the effect of the
roughness at the bonding area and laminating number of the CFRP prepregs on CFRP/CR980 hybrid
composites and CR980/CFRP hybrid composites; the conclusions below are drawn.

(1) Spring-back was observed for CFRP/CR980 hybrid composites, and spring-go was observed for
CR980/CFRP hybrid composites.

(2) There were no pores at the interfacial bonding area of V-curved surface through V-bending test.
(3) As the roughness value at the bonding area of the CFRP/CR980 increased, the flexural stress

became slightly increased.
(4) CFRP/CR980 hybrid composites were more prone to deformation when CFRP received a

compressive stress rather than a tensile stress.
(5) The flexural strength and deformation values decreased for both the CFRP/CR980 hybrid

composites and CR980/CFRP hybrid composites as the laminating number of the CFRP
prepregs increased.
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