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ABSTRACT 

In order to reduce CO2 emissions, the improvement of automobile fuel economy is important. As a 
solution, researches to applying carbon fiber reinforced plastics (CFRP), which are super-lightweight 
materials, to automobiles has been actively conducted in recent years. In our laboratory, we focused on 
chopped carbon fiber tape reinforced thermoplastics (CTT), which are a type of randomly-oriented 
strands (ROS) as moldable materials of automotive structure having complex shape. However, the 
orientation of chopped carbon fiber tape depending on the tape dispersion method causes a difference 
in mechanical properties and their scatters of the products. In this study, the influence of strand 
dispersion method on mechanical properties of the hollow S-shaped member was investigated with 
compression tests and finite element analysis (FEA). 
 
1. INTRODUCTION 

Weight reduction of automobiles is effective to improve both driving performance and fuel efficiency. 
CFRP have been expected as ultra-lightweight structural materials, but they have hardly been applied to 
commercial vehicles. In our laboratory, we are studying an application of topological analysis to 
automobile frame structures [1]. In order to apply CFRP to automobiles, design method development is 
important. In addition, it is also an important factor to have mass-productivity with designed mechanical 
properties and designed shapes. In automotive parts, there are not only straight simple shapes but also 
complicated shapes with curvature, and in the case of continuous carbon fiber reinforced composites 
wrinkles are generated in press-forming at curvature parts. Because the wrinkles impair fiber linearity 
and work as a starting point of fracture, the expected structural stiffness and strength calculated by 
standard mechanical test results do not appear. Therefore, in order to solve the formability of continuous 
CFRP, many researches on ROS has been carried out [2-4]. Especially we focused on chopped carbon 
fiber tape reinforced thermoplastics (CTT), which are a type of ROS with randomly-oriented 
thermoplastic prepreg. A previous study reported that an application of thin-ply to CTT makes the 
mechanical properties greater and their scatter lower [5]. CTT is classified into bulk molding CTT (BM-
CTT) and sheet molding CTT (SM-CTT) according to the strand dispersion method. In this study, we 
investigated the influence of strand dispersion method on mechanical properties of hollow S-shaped 
members derived from an automobile frame structure. 
 
2. EXPERIMENTAL 

2.1 Materials and Hollow S-shaped Member preparation 

Chopped unidirectional prepreg tapes used in this study were prepared at Industrial Technology 
Center of Fukui Prefecture. Carbon fibers (TR50S) and Polyamide 6 (DAIAMIRON® C) were provided 
by Mitsubishi Chemical Co. The tape thickness was 44 μm, length was 19 mm, width was 5 mm, and 
the volume fraction of carbon fiber was 54%.  
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Figure 1 shows the scheme of the hollow S-shaped member preparation method for each dispersion 
method. BM-CTT was manufactured by the following procedure. 1) Chopped tapes were put into the 
molding die directly. 2) Compression molding. As mentioned above, BM-CTT has the advantage that 
the process is simple because the chopped tapes are just put into the mold directly. On the other hand, 
because heat & cool molding is necessary, there is a disadvantage that it is unsuitable for mass-
production. 

Next, SM-CTT was manufactured by the following procedure. 1) Chopped tapes were dispersed. 2) 
Dispersed tapes were fixed by heat and pressure, and an intermediate sheet was prepared. 3) The 
intermediate sheets were put into the molding die and compressed. In the case of SM-CTT, although the 
process is complicated, stamp molding can be adopted, which has the advantage of short production 
time. 

Figure 2 shows the thickness measurement points and the measurement results. In order to measure 
the thickness, digimatic micrometer (MDE-25MX, Mitutoyo Corporation) was used for flanges (1st and 
5th rows in Figure 2 upper left), and dial caliper gauge (LA-8, Ozaki mfg. co. ltd.) was used for the rest. 
As shown in Figure 2, the average thickness was about 2.45 mm, which was 2% thinner than the 
designed thickness. The variation for each measurement point was in the range of +2% to -6%. For FEA, 
it was modeled as uniformly 2.5 mm. 

Figure 3 shows the model of the hollow S-shaped member. The molded hat section members were 
bonded with a methacrylate adhesive (MA310, ITW Plexus) to prepare a hollow S-shaped member. The 
thickness of the adhesive was adjusted to 1 mm with spacers. In order not to consider breakage of 
adhesive part in FEA, both sides of flanges were riveted. And then, the all edges were trimmed by 
machining. Before the compression test, the members were dried at 50°C for 8 hours and conditioned 
at 23°C, 50%RH for 8 hours. 

 

 
 

Figure 1: Schemes of BM-CTT and SM-CTT preparation. 
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Figure 2: Thickness measurement points and the results. 
 

 
 

Figure 3: Hollow S-shaped member jointed from two hat-sections. 
 

 
2.2 Compression Test 

Figure 4 shows the compression test overview. Two hollow S-shaped members were placed facing 
each other, compression tests were carried out on a universal testing machine (AUTOGRAPH AG-
250kNXPlus, Shimadzu Co.) at the stroke speed of 1.0 mm/min. The upper and lower 50 mm ends of 
the hollow S-shaped member were clamped. The cross-sectional view on the Figure 4 (right) shows 
the clamping method of the hollow S-shaped member. A load wad added to the center of the upper 
plate on the two members. The displacement of the upper clamp of the left and right members was 
measured by displacement gauges. The compression test was terminated when left and right imbalance 
occurred. 
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Figure 4: Overview of compression test. 
 

3. FEA METHOD 

3.1 FE model and Boundary Conditions 

Abaqus/Standard 6.14-5 was utilized for FEA. Figure 5 shows the quarter model. In order to express 
clamps, the upper and lower ends were defined as rigid bodies. The forced displacement was given to 
the upper rigid body. CTT and adhesive were solid meshes of hexahedral elements (C3D8), which were 
connected. 

 

   
 

Figure 5: Schematic of hollow S-shaped member FE model. 
 

3.2 Material Parameters 

Mechanical properties of BM-CTT and SM-CTT used for FEA are shown in Table 1. And table 2 
shows mechanical properties of the adhesive. From the mechanical aspect, BM-CTT and SM-CTT have 
an in-plane isotropic property. Therefore, it was assumed that E1 = E2, ν13 = ν23 and G13 = G23. E1 and ν12 

was obtained from the tensile test. It was found that SM-CTT had higher mechanical properties and 
smaller CV than those of BM-CTT. It is expected to be due to the isotropy of the tape orientation in the 
tape dispersion process. 

E3 was used by literature value of the Young’s modulus E2 of the unidirectional material in the 90-
degree direction. However, any methods for measuring the out-of-plane shear modulus G13 has not been 
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established. Yamashita et al. have reported a method to obtain G13 from a three-point bending tests [6], 
but it is difficult to obtain reliable G13 because G13 of CTT has a high level of scatter. For this reason, in 
this study we refer to the results of the study by Lyu et al. [7]. 

 
Engineering constant unit BM-CTT SM-CTT 

ρ  1.50 1.50 
E1 = E2 [GPa] 38.1 (11.7)* 44.8 (5.0)* 

E3 [GPa] 7.33 7.33 
ν12 = ν13 = ν23 – 0.24 (26.6)* 0.34 (10.3)* 

G12 [GPa] 15.4 16.7 
G13 = G23 [GPa] 4.8 4.8 

*Coefficient of Variation 
 

Table 1: Mechanical properties of BM-CTT and SM-CTT.  
 

Engineering constant unit MA310 
ρ  1.00 
E [GPa] 1.034 
ν – 0.3 

 

Table 2: Mechanical properties of adhesive (MA310). 
 

4. RESULTS AND DISCUSSION 

4.1 Experimental Results (BM-CTT) 

Figure 6 left shows a typical displacement/load - time curve of BM-CTT. In the first step of the 
compression test, the left and right members were evenly compressed. In the second step, compressive 
failure occurred at the carved part of one side, and an imbalance occurred between the right and left 
displacement. As the compression failure progressed, the adhesive was finally broken. Since the 
influence of rattling of the test jig was observed just after the compression test started, the tangent line 
was drawn in the displacement range of 0.3 mm to 0.7 mm, and the intersection point with the x-axis 
was corrected as the origin (Figure 6 right). At this graph, the slope of the tangent line which is the 
stiffness of the hollow S-shaped member made by BM-CTT was 74.3 kN/mm. 

Whether the right or left member fail depends on the test. Prediction of fracture behaviour is an 
important research topic, but because of various factors such as tape arrangement and molding condition, 
it is difficult to predict fracture. For this reason, we focused on the elastic region in this study. 

Figure 7 shows the compressive failure at the curved position of the hollow S-shaped member. 
 

    
 

Figure 6: Results of compression test of hollow S-shaped member made by BM-CTT.  
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Figure 7: Compressive failure at the curved position of BM-CTT (left member).  
 

4.2 Comparison of FEA results and experimental results (BM-CTT). 

Figure 8 (left) shows FEA results of BM-CTT using the average value of the mechanical properties 
shown in Table 1, and Figure 8 (right) shows simulated results using the values of ±1σ of E1 instead of 
the average value, where σ is the standard deviation. In these figures, the horizontal axis of the curve 
indicate the average value of the left and right displacement gauges.  

In Figure 8 (left), the maximum strength in the experimental results was 138.4 kN at the displacement 
of 2.02 mm. On the other hand, if we consider CV in E1 (=E2), the FEA result were 159.1 kN – 183.4 
kN when displaced by 2.02 mm, and the FEA results were about 15% - 39% higher than the experimental 
results. 
 

         
 

Figure 8: FEM result of BM-CTT. 
 

4.3 Experimental Results (SM-CTT) 

Figure 9 (left) shows a typical displacement/load - time curve obtained from the compression test of 
SM-CTT. In the case of SM-CTT as well as BM-CTT, the left and right member were equally 
compressed  until fracture occurred. Even in the case of SM-CTT, Figure 9 (right) shows that origin 
correction was carried out by the same methods as BM-CTT. In the case of SM-CTT, the slope of the 
tangent line which is the stiffness of the hollow S-shaped member was 75.3 kN/mm, and SM-CTT was 
only 1.3% stiffer than BM-CTT. Figure 10 shows the compressive failure at the curved position of the 
hollow S-shaped member. 

 
 

Compressive failure 
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Figure 9: Results of compression test of hollow S-shaped member made by SM-CTT. 
 

 
 

Figure 10: Compressive failure at the curved position of SM-CTT (right member).  
 
4.4 Comparison of FEA results and experimental results (SM-CTT). 

Figure 11 shows FEA results of SM-CTT. Figure 11 (left) shows the results calculated by the average 
value of E1 (=E2), and Figure 11 (right) shows the results by the values of ±1σ of E1 instead of the 
average value. The maximum strength in the experimental results was 130.0 kN at the displacement of 
1.82 mm.  

The FEA result was 169.4 kN – 181.2 kN at 1.82 mm displacement, which was 30% - 39% higher 
than the experimental result.  
 

          
 

Figure 11: FEM result of SM-CTT. 
 

Compressive failure 
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5. CONCLUSIONS 

In this study, we investigated the difference of mechanical properties of hollow S-shaped member 
using BM-CTT without dispersion process and SM-CTT including air dispersion process. 
 The slope of the load-displacement curves, which is the stiffness in the compression 

test of the hollow S-shaped member, were 74.3 kN/mm for BM-CTT and 75.3 
kN/mm for SM-CTT. Although more test results are needed, it is expected that CV 
due to tape orientation on the member scale is smaller than on the specimen scale. 

 In FEA results, even with CV of Young’s modulus taken into consideration, they did not match 
the experimental results. It is inferred that  the effect of CV of G13 (= G23) needs to be considered 
in FEA 
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