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In this study, Cold Rolled 340 (CR340)/Carbon Fiber Reinforced Plastic (CFRP) composites were fabricated, and experiments and

simulation were performed to compare their flexural properties from three-point bending tests. The mechanical properties of CR340 and

CFRP were input by dividing the material regime into elastic, plastic, and fracture regions in order to improve the simulation reliability.

A forming limit diagram was determined through a stretch test for the CR340 steel plate and used as data input in the simulation. For

CFRP, simulation was carried out using the Hashin damage theory and damage evolution obtained from references. Results showed that

the maximum bending stress, fracture displacement, and gradient in the experiments closely matched those obtained from the simulation.
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1. Introduction

In the automobile industry, there has been an increasing focus on

developing environmentally friendly materials for improved safety,

reduced weight, higher fuel efficiency, and lower environmental

contamination. Furthermore, with the increasing demand for higher

performance and efficiency, the low weight of vehicles is not an option

but is mandatory.1,2

With increasingly stringent environmental regulations, automobile

manufacturers worldwide are focused on developing environmentally

friendly automobiles by employing biotechnology, natural fuels, and

hybrid, electric, and fuel cell vehicles. However, hybrid vehicles

require additional battery and electric devices that increase their weight

by around 100 kg, while fuel cell vehicles contain additional equipment

that increases their weight by around 200 - 250 kg. One of the key

approaches to increasing the fuel efficiency of environmentally friendly

automobiles is to make the vehicles lightweight. The development of

lightweight vehicles is currently limited to only implementation of high

strength steel, hot press, and TWB technology. Therefore, for the future

development of such automobiles, materials lighter than steel with

specific strength and stiffness should be used.

Accordingly, as next-generation materials such as high strength

aluminum alloy, magnesium, and fiber-reinforced composites are

developed, they are also being implemented in automobiles parts.

Among such materials, carbon fiber reinforced plastic (CFRP), which

is a fiber-reinforced composite, has excellent specific strength and

specific stiffness, and therefore, it has been studied extensively.3,4

However, there are limitations in using CFRP as automobiles parts

during collisions, owing to the low elongation rate and low fracture

toughness of CFRP. To resolve these problems, studies on hybrid

composite materials are focusing on overcoming these limits by

bonding CFRP with metals.5

Teng et al.6 studied the fracture mode of CFRP with respect to its

bonding characteristics with a metal structure reinforced with CFRP.

Narmashiri et al.7 studied the effect of a bonded CFRP plate in an i-

beam on the increase in the bending load and strain restriction, and the

effect of the CFRP ratio on the shear strain rate. El-Tawil et al.8 showed

that a metal hinge wrapped with CFRP was good for low-frequency

fatigue behavior, restricted partial buckling, and delayed distortion.

Hankeln and Mahnken9 evaluated the formability of unidirectional

single material CFRP through simulations. They designed CFRP by

dividing it into reinforcement materials and matrix, and studied the
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effect of the anisotropy of CFRP on the strain behavior according to

viscosity and temperature. However, unidirectional CFRP exhibited

anisotropic strain behavior and was determined to be unsuitable for

automobiles parts, which are required to cope with collision in several

directions. Furthermore, the incorporation of CFRP materials in

automobiles by only using experimental methods may be expensive

and time-consuming. Currently, CAE technology through finite

elements for various metal materials is widely used. Although CAE

technology has been proved reliable, its use for the anisotropic

materials such as CFRP and composite materials is limited, and its

reliability for such materials has not yet been confirmed. Further, the

changes in the mechanical properties of the final material in CFRP and

metal hybrids need to be investigated.

In this study, CR340, which has an excellent elongation rate, was

stacked with CFRP as a reinforcement material for automobiles, and

experiments and simulation were performed for comparison through

three-point bending tests. The mechanical properties of CR340 and

CFRP are input by dividing the material into elastic, plasticizer, and

fracture regions in order to improve the simulation reliability.

Furthermore, the simulation reliability was ensured by comparing the

simulation and experiment data.

2. Experiment and Simulation

2.1 Experiment

2.1.1 Materials

A plain woven carbon fiber from Toray was used as the CFRP

material in the present experiment. The thickness of one prepreg sheet

was 0.25 mm, and a thermosetting resin with an initial epoxy weight

percentage of 35% was used. The physical properties of CFRP are

presented in Table 1.

 In this study, instead of using a high strength steel plate such as DP

steel or boron steel, CFRP was stacked on the CR340 steel plate to

increase the specific strength, specific stiffness, and fracture toughness.

The thickness of the CR340 steel plate was 0.9 mm. Its mechanical

properties are presented in Table 2.

2.1.2 Stretch Test for FLD Curve

The steel used in the stretch test was CR340. Fig. 1 shows the

stretch test specimens and ARAMIS data measured via a three-

dimensional (3D) coordinate measuring machine after stretch tests. The

stretch test was performed just before fracture occurred in each test

specimen. The details of the forming limit diagram (FLD) testing

conditions are outlined in Table 3. The test was conducted under

lubrication-free conditions, and the fracture sensing load was 0.01 ton.

Major and minor strains were obtained with the fractured test

specimens using ARAMIS, and a fracture mechanism was applied. Fig.

2 shows the FLD curve obtained after the stretch test. Minor and major

Table 1 CFRP properties

Type
Resin content

(%)

Resin viscosity

(cps at 25 oC)

Fabric

thickness

 (mm)

Plain 35 140 0.25

Table 2 CR320 properties

Tensile

 strength

(MPa)

Elongation 

(%)

Vickers

 hardness 

(Hv)

Elastic 

modulus

(GPa)

496 27 140 210

Fig. 1 Stretch test and 3D measurement for FLD curve

Fig. 2 FLD curve of CR340

Table 3 FLD condition

Punch

load

(kN)

Punch 

velocity

(mm/s)

Lubricant

condition

Software 

for strain

measurement

Load for 

detecting 

fracture

 (kN)

500 1 NO ARAMIS 0.1
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strain data were applied in the simulation, and the damage evolution

value was defined at 0.1 mm as a fracture value.

2.1.3 Tensile Test and Three-Point Bending Test

Fig. 3 shows the experimental apparatus and specimen size for the

tensile and bending tests. The size of the test specimen for the three-

point bending test was 70 × 20 mm and the length of span (L) was

42 mm, as per the specifications in ASTM (D790-03). Three-point

bending was executed with a punch speed at 10 mm/min. The specimen

size for the tensile test was 170 × 25 mm. Thermal plastic tabs were

attached to the end of the tensile specimens to prevent fracture along

the grip line of the specimens during tensile test and the tensile test was

conducted at a speed of 2 mm/min. 

2.2 Simulation

2.2.1 Damage Initiation Criteria and Damage Evolution for

CR420

The necking of metal causes unstable phenomena during metal

formation. In particular, if local necking occurs in a thin plate, it can

lead an abrupt fracture. Because the sheet metal in the simulation is

very thin, local necking could not be realized in the shell element. In

this study, forming limit curve data obtained through testing were

applied to the simulation. The simulation then proceeded to predict the

onset of necking instability in the sheet metal using the FLD curve in

Abaqus/explicit.

As shown in Fig. 2, the FLD damage initiation criterion was met

when WFLD = 1, where the variable WFLD is a function of the current

deformation state. WFLD was defined by following equation:

 (1)

where εmajor is the current major principal strain, and  is the

measured principal limit strain, which is the boundary of the forming limit

curve. For example, if, when the sheet was formed, εmajor of one element

increased by , damage initiation occurred, as shown in Fig. 2.

FLDs basically rely on the changes in the strain path, and if the

strain path is linear, the performance is good. However, if the strain

path is nonlinear, FLDs should be used carefully. An FLD curve with

a linear strain path can be seen in Fig. 2. The FLD curve is generally

affected by temperature or field variables, but the bending test in this

study was conducted at room temperature. Thus, it was sufficient to use

the single FLD curve that was obtained at room temperature.

In the case of a shell element, for which only a plane stress

formulation is used, necking should be interpreted along with the

damage evolution. Once the material reaches the damage initiation

criterion, an effective plastic displacement, at the timing defined in the

evolution equation, can be obtained. Effective plastic displacement can

be measured with the following equation:

 (2)

where L is the length of an element, and  is the speed of the

effective strain. Once the effective plastic displacement reaches the

fracture displacement, fracture occurs immediately. Damage evolution

is linear, and the damage variable is increased according to the

following equation:10

 (3)

When the material reaches the damage evolution, its strength is

degraded. The effective plastic displacement ( ) of damage

evolution used in this paper was set at 0.15 mm.

2.2.2 Damage Initiation Criteria and Damage Evolution for

CFRP

Hashin’s criteria theory was used as the damage initiation criteria

for the CFRP. This theory states that damage is initiated when one of

the four values of fiber tension ( ), fiber compression ( ), matrix

tension ( ), or matrix compression ( ) reach the fracture strength

of the CFRP. Details are given below.11,12

Fiber tenstion ( )

(4)

Fiber compression ( )

(5)

Matrix tension ( )

(6)

Matrix compression ( )

(7)

where  are the elements of each stress tensor, while XT and XC are

the tensile strength and compressive strength of the fiber, respectively.

YT and YC are the tensile strength and compressive strength of each

matrix, respectively. SL and ST are the longitudinal and transverse shear

strength, respectively.

, , and  are the components of the effective stress

tensor, , that is used to evaluate the initiation criteria, and is

computed by:
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Fig. 3 Specimen size for tensile and three-point bending test
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(8)

where  is the nominal stress, and M is the damage operator.13,14

(9)

df, dm, and ds are internal (damage) variables that characterize fiber,

matrix, and shear damage, respectively, and are derived from the

damage variables , , , and , corresponding to the four

modes previously discussed, as follows:14 

(10)

Detailed data for each of Hashin’s criteria regarding the fracture of a

composite are given in Tables 415,16 and 5.16

2.2.3 Modeling for Shear and Bending Test

The ABAQUS/explicit software was used to perform the bending

simulation. Fig. 4 shows the modeling of the three-point bending and

stacking method in the simulation. The punch and supporting round

were 5 mm, as shown in Fig. 4(a). The CFRP was stacked on CR340.

The method of CFRP stacking is depicted in Fig. 4(b). Unidirectional

fiber was provided as input data into ABAQUS. In the actual

experiment, two CFRP sheets were crossly stacked at 0o and 90o, so

that if five sheets of CFRP are stacked, the thickness would be 1.1 mm.

In the simulation, CFRP sheets were laminated with an 11-ply laminar

and were repeatedly stacked at 0o and 90o. Ten unidirectional CFRPs

with a thickness 0.11 mm were stacked in order to provide the same

thickness. The specimen mesh size was 1 mm and 0.5 mm was applied

at bending point, as shown in Fig. 4(a).

Both CR340 and CFRP were SR4 shell elements and had thicknesses

of 0.9 and 1.1 mm, respectively. By assuming that CR340 and CFRP are

well bonded, a tie condition was used for contact condition between

CR340 and CFRP. The materials were tied so that even if fracture occurred

during three-point bending, they would not be delaminated. Further, since

two specimens were bonded by epoxy, the interaction property condition

was also considered to give the effect of cohesive behavior.

A friction coefficient of 0.1 was used, and the punch and supporting

R were fixed and punch velocity was 10 mm/s to reduce the simulation

time. Mass scaling was not used, and the stable time increment size

was 4.80452 E-7 and the total cup time was 14400 s.

2.2.4 Input Data for Simulation

The physical properties data entered in the simulation are seen in

Fig. 5. Zone a-b at location No. 1 is the elasticity zone, for which an

elastic modulus value of 210 GPa was used, while the b-c zone at

location No. 2 is a plasticity deformation zone, for which the S-S curve

was entered based on the tensile strength test data for CR340. Zone c-

d at position No. 3 is a fracture zone based on the tensile strength. The

criterion for the gradient of stress to cause a lower response, as in zone

c-d, is governed by damage initiation. If the damage theory is not

applied, the fracture mechanism does not occur and stress responds as
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Fig. 4 Three-Point bending test and fiber orientation model

Table 4 Elastic modulus of CFRP16,17

Density

(g/cm3)

Elastic modulus (GPa)

E1 E2
Poisson’s 

ratio
G12 G13 G23

1.7 130 8 0.32 4.5 4.5 3.5

Table 5 Strength and damage evolution of CFRP17

(MPa) XT XC YT

CFRP

2000 2000 61

YC SL ST

130 85 40

Gft

(mJ/mm2)
Gfc Gmt Gmc

91.6 79.9 5 5
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in zone c-d after necking. In other words, after the bending in the

simulation, the material is elongated infinitely without fracture and

stress is not decreased. In this study, the FLD for CR420, which was

obtained earlier, was applied in order to obtain accurate data for the

fracture mechanism. For the CFRP, the CFRP laminar was anisotropic

material. The elastic modulus is listed in Table 4. The Hashin theory

was applied for the damage initiation criteria. Detailed data for the

strength and damage evolution are given in Table 5.

3. Results and Discussion

3.1 Tensile Test of CFRP according to Process Parameters

Fig. 6 shows the tensile strength of CFRP according to the curing

temperature and pressure. Figs. 6(a) and 6(b) show that the tensile

strength was highest at a temperature and pressure of 140 oC and

0.4 MPa, respectively, and therefore, these conditions were used for

producing the test specimens. During specimen production, although

the tensile test was favorable for specimens produced at pressure under

1.2 MPa, the epoxy spilled out and spread on the die. Consequently, the

specimen thickness decreased, and despite the high tensile strength, the

loss of epoxy resulted in a decrease in the interfacial strength between

the CFRP laminate.

3.2 Three-Point Bending of CFRP and CFRP/CR340 Composite

The three-point bending test specimen was fabricated at 140 oC

and 0.4 MPa, according to the results of the tensile test shown in Fig.

6. Fig. 7 shows a comparison between the experimental and

simulation data after bending test for five sheets of CFRP fabric.

With elastic modulus and Hashin damage theories applied in the

simulation, simulation results shared distinct similarities with the

testing result. Fracture occurred at 2 mm, which was almost similar

at all the points, while the gradient and fracture strength were also

similar to the testing results. 

Fig. 8 shows a comparison of the experiment and simulation of

three-point bending test results for CFRP/CR340 composite. The

bending strength in the experiment for the CFRP/CR340 composite

was 711 MPa, while it was 755 MPa in the simulation, both of which

did not show a large error. The gradient also showed similar results.

This similarity could be attributed to the selection of the input elastic

modulus region, plastic region, and fracture region in detail while

entering data for simulation, as shown in Fig. 5.

Fig. 5 Material input method with respect to region

Fig. 6 Curve of tensile stress and displacement according to

temperature and pressure

Fig. 7 Comparison of flexural stress of CFRP between experiment and

simulation
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In this experiment, the bonding condition, which is a constraint

condition between CR340 and CFRP composite materials, was a tie. If

this contact condition is investigated closely and the delamination

during shear stress and fracture by epoxy is studied, better results could

be obtained.

3.3 Micro-Structure

Fig. 9 shows the test specimen after fracture occurred during testing

along with photographs of the microstructure. As shown in Fig. (a), the

CR340 and CFRP test specimens were well adhered after fracture, as

was assumed in the simulation. Fig. 9(b) confirms that the porosity was

minimal since CR340/CFRP composites were prepared under pressure

of 0.4 MPa.17 This result is very important because the simulation

assumed that the material is a homogenous one. If the porosity is high

in the CFRP, the strength would be largely impaired, and the result

would not match the simulation results well.

4. Conclusions

In this study, a CR340/CFRP composite was investigated through a

three-point bending test and simulations, and the experimental and

simulation results were compared. To obtain accurate simulation data,

a forming limit diagram was created through a stretch test for the

CR340 steel plate and used as data input in the simulation. In contrast,

for CFRP, the simulation data was obtained by the Hashin damage

theory and damage evolution from references. The fracture mechanism

in the specimen revealed a very important difference, as shown in the

results. Further, accurate data input in the elastic, plastic, and fracture

regions yielded similar results in the experiments and simulation. The

simulation assumed that the material is a homogenous one because the

porosity is very low. Thus, maximum bending stress, fracture

displacement, and gradient in the experiment were almost the same as

those obtained by the simulation. But the gradient error between

experiment and simulation result was observed when displacement was

less than 1 mm in bending test of CR340/CFRP composites. The reason

for this error is explained as below. 

The bending velocity was 10 mm/min in the experiment but 10mm/

sec was used in simulation to reduce analysis time. When the large

inertia of the punch made contact with the CR340/CFRP specimen at

a high velocity in the simulation, the stress applied was grater in the

simulation than the stress in the experiment. If the property of normal

behavior is controlled in detailed way, more accurate result will be

produced.
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