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Abstract

:

In the press and injection hybrid molded parts of fiber-reinforced thermoplastics (FRTPs), failure at the interface between the surface material (the outer shell) and the ribs (the injection part) or that at the injection part has become an issue. Adding a resin layer to the rib roots at the same time that the ribs are molded through injection has been proposed, which may increase the mechanical properties and reduce the material cost. To prevent failure at the injection part, the use of fiber-reinforced resin as an injection material has been suggested. This approach contributes to a higher bond strength by lowering the molding shrinkage rate. In this study, the hat-shaped parts of carbon fiber-reinforced thermoplastics (CFRTPs) with fiber-reinforced and neat resin layers at the rib root were fabricated through press and injection hybrid molding, and their mechanical properties were evaluated through three-point bending tests. The effects of the resin layer at the rib root and the existence or nonexistence of fiber reinforcement on the mechanical properties, as well as the relationship between the material cost and the mechanical properties, were clarified through an experiment and FEM analysis. The bond strength was also evaluated through tensile tests that were undertaken at the rib root. Molded parts with neat PA6 and glass fiber-reinforced PA6 resin layers at the rib roots showed higher bond strength than those without resin layers. In a three-point bending test of a CFRTP hat-shaped part with a resin layer at the rib roots, the use of a 1 mm thick CFRTP laminate for the outer shell and glass fiber-reinforced PA6 resin as the injection material showed the same stiffness as a part that used a 2 mm thick CFRTP laminate for the outer shell. FEM analysis showed that the resin layer prevented the concentration of strain at the rib roots, and the model that used a 1 mm thick CFRTP laminate for the outer shell and glass fiber-reinforced PA6 resin as the injection material showed the best specific stiffness in this study. By adding a resin layer to the rib roots, the fabrication of molded parts with excellent specific stiffness was enabled at a small increase in cost.
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1. Introduction


The Fit for 55 policy packages announced by the EU on 14 July 2021 will effectively prohibit the production of internal combustion engine vehicles (ICEVs) after 2035. This announcement has accelerated the spread of zero emission vehicles such as battery electric vehicles (BEVs) more than ever. This is due to the increase in carbon dioxide emission reduction targets for new vehicles, which will be raised from a 37.5% reduction to a 55% reduction from 2021 levels after 2030, with a further increase to a 100% reduction planned after 2035. BEVs need to carry many batteries to extend the required mileage, so it is important to reduce the weight of the vehicle’s body [1]. To meet this demand, carbon fiber-reinforced plastics (CFRPs), which are lightweight and have both an excellent specific strength and stiffness, are expected to be used as a substitute for metal [2,3]. CFRPs can be divided into CFRTSs (carbon fiber-reinforced thermosetting plastics) and CFRTPs (carbon fiber-reinforced thermoplastics) depending on the resin used as the matrix. The use of CFRTPs is currently limited to luxury vehicles due to the high cost of autoclave production and the high cost of the raw materials used for the thermosetting resin itself [4]. On the other hand, CFRTPs are expected to have a short molding cycle and a high level of recyclability by taking advantage of the properties of thermoplastic resin and are a candidate for use as a lightweight material [4]. Therefore, research and development are underway to apply CFRTPs to the structural parts of mass-produced vehicles [5,6,7]. The molding methods used for CFRTP structural parts include press molding using continuous fiber-reinforced thermoplastic laminates and injection molding using short or long fiber-reinforced thermoplastic. Although press molding using continuous fiber as a reinforcement material has excellent mechanical properties, it is difficult to mold automotive parts with complex shapes such as ribs. On the other hand, injection molding can mold complex shapes. However, the mechanical properties of injection-molded structural parts are insufficient when short fibers are used. In recent years, the press and injection hybrid molding method, which combines press molding and injection molding, has been attracting attention. In this method, a continuous fiber-reinforced thermoplastic laminate that has been preheated and melted is placed in a mold, and short fiber-reinforced resin is injected at the same time as the press molding to give the rib structures [8,9]. The press and injection hybrid molding method is suitable for molding CFRTP structural parts for mass-produced vehicles because it can significantly reduce the molding cycles and unit costs [8]. However, it has been reported that press and injection hybrid molded parts frequently fail at the interface between the surface material (the outer shell) and the ribs (the injected part) [8,9,10,11] or at the injection part. A method to prevent interfacial failure between the surface material and the ribs is one that the CFRTP laminate penetrates into the ribs. The authors have developed a method to improve bond strength by supplying either cut or slit materials of a continuous fiber prepreg that has excellent flowability at the bonding area [12,13]. However, there is concern that the end of the fiber bundle in the cut material and the cut portion in the slit material may be the starting point of failure [14]. Therefore, it is necessary to develop methods to increase bond strength in addition to the inflow of surface materials, such as continuous fibers or cut materials, into the ribs. It was reported that the failure load can be increased by designing a geometrically large bonding area between the surface material and the ribs [11]. Therefore, one candidate that can be used to increase bond strength is that of adding a resin layer to the rib roots at the same time that the ribs are molded. Furthermore, the addition of a resin layer is expected to increase the sectional secondary moment of the structural part, thereby increasing the stiffness and reducing the cost of materials. Moreover, failure at the injection part may be prevented by using fiber-reinforced resins as the injection material, which are expected to have high strength. Another advantage of using fiber-reinforced resins is that they have a lower molding shrinkage rate than neat resins. For example, in a study on bonding injection materials to metal, it was reported that fiber-reinforced resins have a higher bond strength to aluminum plates than neat ones [15]. This is because fiber reinforcement can lower the molding shrinkage rate and therefore prevent the peeling that occurs at the interface between the injection material and the aluminum plate.



Press and injection hybrid molded structural parts are now commercially available and displayed as prototypes at many exhibitions. On the other hand, academic papers are usually focused on the interfacial bond properties between the surface material and the injection material [16,17,18], which represent an issue in actual structural parts. Quantitatively evaluated mechanical properties (stiffness, strain distribution, etc.) of actual structural parts based on different configurations of the surface and injection materials are difficult to find in journal papers. To prepare for the optimal design of real structural parts in the future, it is necessary to experimentally evaluate the mechanical properties of press and injection hybrid molded parts and to verify the consistency of the results with the FEM model. In general, it is expected that high strength and high stiffness can be obtained by using fiber-reinforced resins [19]. On the other hand, quantitatively evaluated mechanical properties are difficult to find in journal papers when fiber-reinforced and neat resins are applied to actual hybrid structural parts. In this study, CFRTP hat-shaped parts with fiber-reinforced or neat resin layers at the rib root were molded through press and injection hybrid molding, and their mechanical properties were evaluated using three-point bending tests. The effects of the resin layer at the rib root and the existence of fiber reinforcement in the resin on the mechanical properties, as well as the relationship between the cost and the mechanical properties, were also clarified through an experiment and FEM analysis. FEM analysis was used to evaluate the mechanical properties of parts that could not be fabricated using the existing molds. The bond strength between the surface material (the outer shell) and the ribs (the injection part) was also evaluated through tensile tests of the rib root specimens.




2. Materials and Methods


2.1. Materials and Method of Fabricating Hat-Shaped Parts


The CFRTP laminates used as the surface material of the outer shell of the hat-shaped parts were a CF/Phenoxy prepreg (CF: TR50S-15L, Vf: 50%, area weight: 264 g/m2, KURABO INDUSTRIES Ltd., Osaka, Japan) made of unidirectional carbon fiber impregnated with phenoxy resin. Injection materials supplied to the ribs and flange of the hat-shaped parts were PA6 resin (1015B, melting point: 225 °C, tensile modulus: 2.9 GPa, Ube Industries Ltd., Tokyo, Japan) and glass fiber-reinforced PA6 resin (1015GC6, melting point: 225 °C, tensile modulus: 9.3 GPa, Vf: 15–17%, Ube Industries Ltd., Tokyo, Japan). The CFRTP laminates were laminated in a configuration of [0°/90°/0°]2 and [0°/90°/0°]4 to achieve a thickness of 1 mm or 2 mm and pressed at a forming temperature of 180 °C, a press pressure of 4 MPa, and a holding time of 300 s. An injection-press hybrid molding machine (STIP05-05, SATOH MACHINERY WORKS Co., Ltd., Nagoya, Japan), which combines an injection molding machine and a press molding machine, was used to mold hat-shaped parts. Figure 1 shows the molding method for hat-shaped parts. The CFRTP laminate was heated and melted (Figure 1a) in advance in a contact heater (TH-5, Leibrock, Pirmasens, Germany) set at 180 °C and placed in a mold maintained at 150 °C (Figure 1b). Next, neat PA6 resin or glass fiber-reinforced PA6 resin was injected from the bottom of the mold (Figure 1c). Finally, the mold was closed and compressed (Figure 1d) to fabricate the hat-shaped molded parts shown in Figure 2. In this study, three types of hat-shaped parts were fabricated. The composition of the surface material and resin layer is shown in Table 1, and a schematic drawing is shown in Figure 3. P0C1 and P0C1G, without a resin layer, could not be fabricated with the existing molds, so they were used only for FEM analysis, as discussed in Section 2.4. P means PA6, C means CFRTP laminate, G means glass fiber, and the number after the code indicates the thickness. P1C1 and P1C1G, which used a 1 mm thick CFRTP laminate placed on the top surface of the outer shell, had a 1 mm thick neat PA6 resin layer or glass fiber-reinforced PA6 resin layer by injection molding; P0C2 used a CFRTP laminate with 2 mm thickness for the outer shell.




2.2. T-Shaped Tensile Tests


The bond strength at the rib root of each hat-shaped part was evaluated by a tensile test using a universal testing instrument (5566, Instron, Norwood, MA, USA) with a T-shaped specimen cut out, as shown in Figure 4. With reference to the previous studies [12,13,20], T-shaped tensile tests were conducted. T-shaped tensile tests were also performed on specimens of P1C1 and P1C1G in which the resin layer at the rib root was removed using abrasive paper, as shown in Figure 5. These specimens are called P0C1 and P0C1G, respectively. To reduce displacement in the direction of tensile loading, aluminum tabs were bonded to the laminates of the test specimens using epoxy adhesive. The displacement speed was set to 1.7 × 10−5 m/s (1.0 mm/min), and the bond strength was calculated by dividing the maximum load in the obtained load–displacement curve by the cross-sectional area, without considering the R at the rib root, regardless of the failure position. The cross section of each specimen was observed using a digital microscope (VHX-5000, Keyence, Osaka, Japan).




2.3. Three-Point Bending Tests of Hat-Shaped Parts


The mechanical properties of each hat-shaped part were evaluated by a three-point bending test using a universal testing instrument (Autograph AGX-250 kN, Shimadzu Corporation, Kyoto, Japan) with the surface material on the tensile side, as shown in the schematic diagram in Figure 6. The displacement speed was set to 5.3 × 10−5 m/s (3.2 mm/min), the span length of the support was 240 mm, and the slope of the obtained load–displacement curve from the time when the hat-shaped part was loaded to the displacement of 0.96 mm was calculated as the stiffness of the entire part. The bending behavior of each hat-shaped part during the test was observed using a digital video camera (FDR-AX45, SONY, Tokyo, Japan).




2.4. Three-Point Bending FEM Analysis of Hat-Shaped Parts


FEM analysis was performed by Solid Mechanics (structural mechanics module) using the COMSOL Multiphysics® (Stockholm, Sweden) simulation software. An example of an FEM model is shown in Figure 7. The mesh was generated with tetrahedral elements. The displacement in the –Z direction was applied to the FEM model at the line segment assuming the indenter on the core side, and the displacement in the Z direction was constrained at the two-line segments assuming the support on the cavity side. The shapes of the FEM models are the same as those of P1C1, P1C1G, and P0C2 fabricated in Section 2.1, and structures are shown in Figure 8a,b. A convex surface material with a thickness of 2 mm was divided into 1 mm sections; for P1C1 and P1C1G, the core side was set as the resin layer and the cavity side was set as the laminate. In P0C2, both the core and cavity sides were set as the laminate. To evaluate the effect of the resin layer at the rib root on the mechanical properties, analyses were also performed for P0C1 and P0C1G with the resin layer at the rib root removed, as shown in Figure 8c. Table 2 shows the material properties of each material used in the FEM model. Young’s modulus of PA6 resin, glass fiber-reinforced PA6 resin, and CFRTP laminate in the Z direction was evaluated by load–unload tests using a dynamic ultra micro hardness tester (DUH-211, Shimadzu Corporation, Kyoto, Japan). Young’s modulus of CFRTP laminates in the X and Y directions was calculated from displacements obtained by FEM analysis of the tensile tests using an FEM model of a strip specimen complying with JIS K 7164. The FEM model was created using the same structure as the CFRTP laminate explained in Section 2.1. Other material properties were based on catalog values [21,22,23,24]. In this study, the reaction force and displacement acting on the line segment assuming an indenter were obtained by three-point bending FEM analysis; the stiffness was calculated as shown in Section 2.3 and compared with the experimental values. The principal stress distribution for the cross section of the parts shown in Figure 9 and the principal strain distribution for the sides of the parts were obtained, and the specific stiffness was calculated by dividing the stiffness by the density.




2.5. Cost Evaluation of Hat-Shaped Parts


The costs of the injection and surface materials used to fabricate each hat-shaped part are the values shown in Table 3. These costs were our purchase prices. The molded part costs were calculated using the material costs shown in Table 3, using the volumes of the injection part, laminate, and resin layer calculated by CAD software and the density of the materials. The results of the cost calculations for each hat-shaped part are shown in Table 4. In this study, the cost of materials only was evaluated, without considering labor, equipment, or molding costs, and the relationship between the specific stiffness calculated by FEM analysis and the cost of each hat-shaped part was evaluated.





3. Results and Discussion


3.1. T-Shaped Tensile Test


Figure 10 shows the results of the observation of the molded P1C1 and P1C1G from the core side, respectively. Whitened areas were observed where the CFRTP laminate and the resin layer appeared to be peeling off. For clarity, the peeled areas are shown in red in the right-side figures of Figure 10. Although for P1C1, which used neat PA6 resin as the injection material, a peeled area was observed, no peeling was observed for P1C1G, which used glass fiber-reinforced PA6 resin as the injection material. Cross-sectional observations of the cut specimens of P1C1 and P0C2 are shown in Figure 11. P0C2, which used a 2 mm thick CFRTP laminate, showed that the press pressure caused the laminate to flow into the ribs in contrast to P1C1, which had a resin layer. Although not shown here, P1C1G, P0C1, and P0C1G, like P1C1, showed no laminate flow into the ribs.



Figure 12 shows the results of the bond strength at the rib roots obtained from the T-shaped tensile test. The bond strengths of P1C1 and P1C1G with a resin layer at the rib root were 129% and 52% higher than those of P0C1 and P0C1G without a resin layer, respectively. The bond strength of P1C1 was not significantly different from that of P0C2. The bond strengths of P1C1G and P0C1G using glass fiber-reinforced PA6 resin as the injection material were 90% and 186% higher than those of P1C1 and P0C1 using neat PA6 resin, respectively. In general, the stress was concentrated at the rib roots. In the case of P1C1 and P1C1G, which had a resin layer, the stress dispersed at the interface due to the resin layer. As a result, P1C1 and P1C1G with a resin layer at the rib roots showed higher bond strengths than P0C1 and P0C1G without a resin layer. Previously, the authors reported that, in hybrid molding, the more the laminate flows into the ribs, the higher the bond strength is [12,13]. In this study, P0C2, which used 2 mm thick CFRTP laminates and did not have a resin layer, increased the bond strength due to the inflow into the ribs of the laminate. Therefore, it is considered that the bonding strength of P0C2 was equivalent to that of P1C1 with a resin layer. The mold shrinkage rate [21,22] of the materials used in injection molding was 1.4% in the machine direction and 1.5% in the transverse direction for the neat PA6 resin, while the glass fiber-reinforced PA6 resin had lower values of 0.2% in the machine direction and 0.7% in the transverse direction. As shown in Figure 10b, the use of glass fiber-reinforced PA6 resin as the injection material prevented peeling of the bonding area due to its low mold shrinkage rate. It was reported that, in the case of joints between injection materials and metals, the smaller the amount of peeling in the bonding area, the higher the bond strength is and there is a correlation between the two [15]. These results suggest that P1C1G, which had a lower mold shrinkage rate, can be used to mold parts that exhibit higher bond strength than P1C1.




3.2. Three-Point Bending Tests of Hat-Shaped Parts


Some examples of load–displacement curves obtained from three-point bending tests are shown in Figure 13. The stiffness and maximum load calculated from these results are shown in Figure 14. The stiffness of P1C1G was 70% higher than that of P1C1 and not significantly different from that of P0C2. The maximum load of P0C2 was 85% higher than that of P1C1, and the maximum load of P1C1G was 74% higher than that of P1C1.



The use of glass fiber-reinforced PA6 resin, which has a high Young’s modulus, in the injection material showed that P1C1G exhibited higher stiffness than P1C1. A study on the bending properties of hat-shaped parts reported that the thicker the laminate, the higher the stiffness [25]; in this study, P0C2, with a thicker laminate of 2 mm CFRTP, showed higher stiffness than P1C1. Figure 15 shows a side observation of P1C1 after the three-point bending test; the white arrows indicate the direction of crack propagation. At maximum load, a crack was observed in the CFRTP laminate at the back of the flange, followed by crack propagation to the side of the part. Although not shown here, cracks in the laminates were observed in P1C1G and P0C2 as well as in P1C1. Figure 14 suggests that the use of a high-strength laminate for the surface material resulted in a higher maximum load for P0C2 than that for P1C1. As shown in Figure 15, the laminate cracked around 3.5 mm displacement, showing the maximum load in both P1C1 and P1C1G. However, there was a significant difference in the maximum load of P1C1 and P1C1G. The reasons for this difference are discussed in detail in Section 3.3.




3.3. Three-Point Bending FEM Analysis of Hat-Shaped Parts


The stiffness of each hat-shaped part obtained by FEM analysis is shown in Figure 16 with the experimental values. For P1C1G and P0C2, the analytical values were within the standard deviation, showing that the modeling performed with excellent accuracy. On the other hand, for P1C1, the analytical value was not within the standard deviation of the experimental values and was high. As shown in Figure 10a, peeling between the CFRTP laminate and the resin layer on the surface at P1C1 is considered to be the one reason for these lower experimental values. Figure 17 shows the observed bending behavior of P1C1 at a displacement of 0.96 mm after loading in a three-point bending test. The resin layer was observed to have peeling at the flange just below the indenter. In the FEM model of P1C1, the bonding conditions between the laminate and the resin layer were not considered, which may have lowered the stiffness.



The principal stress distributions and the principal strain distributions of each model obtained by FEM analysis are shown in Figure 18. In the principal stress distribution of P1C1G and P0C1G using glass fiber-reinforced PA6 resin as the injection material, we observed higher stress in the ribs just below the indenter than in P1C1, P0C2, and P0C1 using neat PA6 resin. The cause of the significant difference in the maximum loads for P1C1 and P1C1G in Section 3.2 may be due to the glass fiber-reinforced PA6 resin, which increased the stiffness of the ribs and prevented deformation. In the principal strain distribution of P0C2, P0C1, and P0C1G, which had no resin layer, the strain was concentrated at the place where the ribs were located. On the other hand, P1C1 and P1C1G with the resin layer were observed to prevent the concentration of strain. The resin layer is considered to have dispersed the load applied to the interface and prevented the concentration of strain.



The specific stiffness calculated by dividing the stiffness of each hat-shaped part by the density is shown in Figure 19. The specific stiffness of P1C1 and P1C1G with a resin layer at the rib root was 38% and 42% higher than that of P0C1 and P0C1G without a resin layer, respectively. The resin layer is considered to have increased the sectional secondary moment, resulting in high specific stiffness. Therefore, if the wall thickness can be expanded, a molded part with excellent stiffness can be fabricated by adding a resin layer at the rib root. In this study, the P1C1G with a 1 mm thick CFRTP laminate on the top surface of the outer shell and a 1 mm glass fiber-reinforced PA6 resin layer by injection showed the highest specific stiffness.



In this study, only the stiffness was obtained by the FEM models. The next step would be to construct the FEM model for fracture analysis. In this case, the Cohesive Zone Model (CZM) in the FEM analysis would be one solution to obtain more accurate simulation results [20,26].




3.4. Cost Evaluation of Hat-Shaped Parts


The relationship between material cost and specific stiffness for each hat-shaped part calculated by FEM analysis is shown in Figure 20. The cost of P1C1 and P1C1G with a resin layer at the rib root was almost the same as that of P0C1 and P0C1G without a resin layer. The specific stiffness of P1C1 and P1C1G was 38% and 42% higher than that of P0C1 and P0C1G, respectively. By adding a resin layer to the rib roots, molded parts with excellent specific stiffness can be fabricated at a small increase in cost. Among these, P1C1G, which had a 1 mm thick CFRTP laminate on the top surface of the outer shell and a 1 mm glass fiber-reinforced PA6 resin layer by injection molding, achieved a 7% higher specific stiffness at a 47% lower cost than P0C2, which used a 2 mm thick CFRTP laminate for the outer shell.





4. Conclusions


In this study, CFRTP hat-shaped parts with neat PA6 or glass fiber-reinforced resin layers at the rib roots were fabricated by press-injection hybrid molding. T-shaped tensile and three-point bending tests at the rib root were performed to assess the bond strength between the surface material and the ribs and to clarify their effects on stiffness. Furthermore, a three-point bending FEM analysis was performed to clarify the effect of the resin layer at the rib roots on the mechanical properties and the relationship between material cost and mechanical properties. The investigation yielded the following conclusions:




	
In T-shaped tensile tests at the rib roots, molded parts with neat and fiber-reinforced resin layers at the rib roots showed 129% and 52% higher bond strengths than those without resin layers, respectively. The use of glass fiber-reinforced PA6 resin showed a lower molding shrinkage rate, suggesting that it prevents peeling of the bonded area, resulting in higher bond strength than that of the neat PA6 resin.



	
In the CFRTP hat-shaped parts with a resin layer at the rib root, the use of glass fiber-reinforced PA6 resin as an injection material enables the fabrication of a molded part that shows the same stiffness as that of a molded part using a 2 mm thick CFRTP laminate for the outer shell.



	
The three-point bending FEM analysis of a CFRTP hat-shaped part showed that the addition of a resin layer prevents the concentration of strain where the ribs of the surface material are located. The model with the use of a 1 mm thick CFRTP laminate for the outer shell and glass fiber-reinforced PA6 resin as the injection material showed the best specific stiffness in this study.



	
By adding a resin layer to the rib root, molded parts with excellent specific stiffness can be fabricated with a small increase in cost. A model with a resin layer using glass fiber-reinforced PA6 resin as the injection material showed low cost and excellent specific stiffness.
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Figure 1. Molding process of injection-press hybrid molded part. 
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Figure 2. Molded hat-shaped parts. 
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Figure 3. Schematic drawing of hat-shaped parts. (the red square in the figure is a magnified view of the rib root). 
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Figure 4. Schematic drawing of T-shaped specimen and tensile test. 
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Figure 5. Removal process of the resin layer at the rib root. 
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Figure 6. Schematic drawing of three-point bending test. 
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Figure 7. Schematic drawing of FEM model for P1C1, P1C1G. 






Figure 7. Schematic drawing of FEM model for P1C1, P1C1G.



[image: Jcs 08 00056 g007]







[image: Jcs 08 00056 g008] 





Figure 8. Composition of FEM models. 
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Figure 9. Cross-sectional observation area of FEM model. 
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Figure 10. Molded parts after the eject process and their schematic diagrams. 
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Figure 11. Magnified cross-sectional view of T-shaped specimens. 
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Figure 12. Tensile strength of molded parts obtained by T-shaped tensile tests. (N = 5, mean ± S.D). 
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Figure 13. Load–displacement curve of three-point bending tests. 
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Figure 14. Stiffness and maximum load of molded parts obtained by three-point bending tests. (N = 5, mean ± S.D). 
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Figure 15. Observation of the side of P1C1 after three-point bending tests (the red square in the figure is a magnified view of the crack area). 
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Figure 16. Stiffness of experimental and analytical results. 
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Figure 17. Observation of bending behavior of P1C1 (the red square in the figure is a magnified view of peeled area) (displacement = 0.96 mm). 
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Figure 18. Analyzed principal stress and principal strain distributions of FEM models (displacement = 0.96 mm). 
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Figure 19. Specific stiffness of FEM models. 
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Figure 20. Relationship between material cost and specific stiffness. 
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Table 1. Composition of hat-shaped parts.
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Resin Layer [mm]

	
CFRTP Laminate [mm]

	
Experiment

	
FEM Analysis




	
PA6

	
GF/PA6






	
P1C1

	
1

	
-

	
1

	
○

	
○




	
P1C1G

	
-

	
1

	
1

	
○

	
○




	
P0C2

	
-

	
-

	
2

	
○

	
○




	
P0C1

	
-

	
-

	
1

	
-

	
○




	
P0C1G

	
-

	
-

	
1

	
-

	
○











 





Table 2. Material properties.
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Property

	
Young’s Modulus [GPa]

	
Shear Modulus [GPa]

	
Poisson Ratio

	
Density [kg/m3]




	
Material

	

	
EX

	
EY

	
EZ

	
GX

	
GY

	
GZ






	
PA6

	
2.3

	

	
0.3

	
1140 [21]




	
GF/PA6

	
3.7

	

	
0.3

	
1360 [22]




	
CFRTP laminate

	
79

	
40

	
1.8

	
30

	
15

	
0.7

	
0.3

	
1505 [23,24]











 





Table 3. Cost of materials.
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	Material
	Cost [yen/kg]





	PA6
	0.60 × 103



	GF/PA6
	1.2 × 103



	CF/Phenoxy prepreg
	29 × 103










 





Table 4. Cost of molded parts.
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	Molded Part
	Cost [yen]





	P1C1
	2.0 × 103



	P1C1G
	2.1 × 103



	P0C2
	3.9 × 103



	P0C1
	2.0 × 103



	P0C1G
	2.1 × 103
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