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Abstract

:

Commingled yarns consisting of thermoplastic nylon fibers and carbon fibers can be used to produce superior carbon fiber reinforced thermoplastics (CFRTP) by applying fiber spreading technology after commingling. In this study, we examined whether spread commingled carbon fiber/nylon fiber yarns could reduce the impregnation distance, as there are few reports on this. From this study, the following are revealed. The impregnation speed of the nylon resin on the carbon fiber was very fast, less than 1 min. As the molding time increased, the tensile strength and tensile fracture strain slightly decreased, and the nylon resin deteriorated. The effects of molding time on flexural strength, flexural modulus, and flexural fracture strain were negligible. From the cross-sectional observation conducted to confirm the impregnation state of the matrix resin, no voids were observed in the molded products, regardless of molding time or molding pressure, indicating that resin impregnation into the carbon fiber bundle of the spread commingled yarn fabric was completed at a molding pressure of 5 MPa and a molding time of 5 min.
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1. Introduction


With the introduction of global CO2 regulations and rising fuel prices, the need for lighter cars has dramatically increased. Although there are options for reducing the weight of automobiles, such as the use of high-tensile steel plates and large quantities of aluminum alloy, the application of carbon fiber reinforced plastics (CFRP), which have excellent specific strength and modulus, to structural elements is considered the most efficient. CFRP is a composite material that uses plastic as a matrix material and carbon fiber as a reinforcement material. It should be used in a wide range of fields due to its characteristics of high strength, high elastic modulus, and light weight (low density). Depending on the matrix resin used as the basic material, CFRP can be divided into two types: thermosetting CFRP, which uses epoxy or unsaturated polyester, and thermoplastic CFRP which uses polypropylene or nylon. Thermosetting CFRP is a flexible material prior to hardening due to the nature of the thermosetting resin, making it easy for the resin to impregnate the carbon fiber bundle and relatively easy to fabricate the prepreg sheet, which is the intermediate material for CFRP. However, thermosetting resins need more curing time because they undergo crosslinking reactions by chemical reactions.



On the other hand, thermoplastics do not require a thermosetting process and can reversibly repeat the solid state at room temperature and the molten state at high temperatures without any chemical reaction, which means that molding can be carried out in a very short time. Therefore, it requires only the cooling of the material and leads to a short molding cycle. In addition, it can be remolded by reheating and has excellent recyclability. Therefore, if it is possible to provide thermoplastic CFRP with, for example, higher strength and a higher elastic modulus, comparable to those of thermosetting CFRP, this will be expected to serve as a material with high productivity and excellent recyclability.



Demand for continuous fiber reinforced thermoplastic composites, which have continuous fibers, is expected to increase significantly, as the strength of the reinforcing fibers can be maximized for use in the structural materials of automobiles and aircraft. However, the melting viscosity of the thermoplastic resin is extremely high compared to that of the pre-hardening thermosetting resin. Therefore, the challenge is impregnating the reinforcing fiber bundle with thermoplastic resin in a short time. Preimpregnated thermoplastic resin into carbon fiber bundle (thermoplastic prepreg) is difficult to adapt to molded products with complex shapes unless the viscosity of the resin is reduced by preheating. The relationship between the resin/fiber distance and the resin penetration time was compared with the analytical model using the Darcy rule and the experimental results [1,2,3,4,5,6]. Several molding methods have been proposed for the manufacture of prepreg thermoplastic resin and carbon fiber, including the powder method [7,8,9], the commingled fiber method [10,11,12,13,14,15,16,17,18,19], and the film-stacking method [20,21,22,23,24,25], and the relationships between these molding methods and the degree of impregnation have been reported. The results show that the thermoplastic prepreg with the best impregnation properties is the one made of commingled yarn, which has the shortest distance between carbon and thermoplastic fibers. Consequently, it is necessary to establish a molding technology to produce CFRTP using commingled yarn.



On the other hand, to fully demonstrate the strength of carbon fiber, one study shortened the impregnation distance in the film stacking method by applying “open continuously reinforcing fiber tow,” a technique to thinly and widely spread carbon fiber bundles [26]. It is also known that the “thin-ply effect” can be obtained, which improves the mechanical properties of the composite materials by reducing the thickness of the prepreg to an extremely low level [27,28]. It is expected that a further fiber-spreading treatment of commingled yarns, consisting of thermoplastic and carbon fibers, could produce superior CFRTP, but few studies have been conducted toward that end. In this study, we fabricated woven fabrics using spread commingled yarns, and investigated the effects of forming time and pressure in press forming on the mechanical properties of the molded products.




2. Materials and Methods


2.1. Material


Commingled yarn consisting of polyacrylonitrile (PAN)-based carbon fiber (CF) and low-water-absorbing nylon resin fiber was used as the material for the woven thermoplastic CFRP laminate. Table 1 shows the specifications of the commingled yarn. First, the yarns were spread to a width of 30 mm, and then the yarns were coated with 15 wt% copolymerized polyamide powders to seal the spread commingled yarns. These were then woven with a rapier loom. Table 2 shows the properties of the spread commingled yarn fabrics. Figure 1 shows the procedure for spread and bonding commingled yarns. Figure 2 shows a photograph of the spread plain fabric using commingled yarn. This fabric was cut into 245 mm squares, and these fabrics were point-bonded to each other using a soldering iron with a temperature-control function (RX-802AS manufactured by Taiyo Denki Sangyo, Japan), then individually laminated (Figure 3). The temperature of the soldering iron was set to 270 °C. The number of layers was set to 30 so that the thickness of the molded product would be approximately 2 mm. Table 3 shows the specifications of the laminated fabrics made from spread commingled yarn.




2.2. Press Molding


A heating and cooling press-molding machine (UFHS2500, H&F Co. Ltd., Fukui, Japan) was used as a press-molding machine. Figure 4 shows a photograph of the machine. The heating plate and the cooling plate were lined up next to each other, and a die lifter was installed in front of and behind of the two plates. As a result, heated molds were transported on a cooling plate using a die lifter for quick cooling. A male—female mating system was adopted for molding. The mold area dimensions were 250 mm square.




2.3. Press-Forming Conditions


The press-forming process used in this experiment is described below. The molding temperature and pressure were based on the study by Uematsu et al. [23].




	
The spread commingled yarn fabric was laminated in advance using any number of layers and any lamination configuration, then dried in a vacuum dryer for at least 15 h at 80 °C.



	
After it was confirmed that the mold had reached the desired molding temperature, the laminated spread commingled yarn fabric was removed from the vacuum dryer and fed into the mold.



	
To melt the nylon fibers, preheating was performed under 1 MPa pressure for 5 min.



	
The mold was maintained at a predetermined pressure (molding pressure) and for a predetermined time (molding time).



	
After the heat molding was completed, the mold was unclamped, lifted off the hot plate by the die lifter, transferred from the heating plate to the cooling plate at room temperature, and cooled again by applying the desired pressure (molding pressure).



	
After the mold temperature was confirmed to be below 80 °C the mold was opened by the press machine and the molded product was demolded using ejector plate.








To study the effects of molding pressure on the mechanical properties of the molded products, molding was carried out at two pressure levels: 5 MPa and 10 MPa. The molding temperature was set to 270 °C and the molding time was set to four levels: 5, 10, 20, and 30 min (Table 4). Figure 5 shows an example of the temperature and pressure history during the molding, where the molding pressure is 5 MPa and the molding time is 30 min.




2.4. Tensile Test and Four-Point Flexural Test


The tensile test was carried out as described in JIS K 7164. A CCD camera was used to measure the increase in the distance between the sample reference lines during the test. The four-point flexural test was then performed according to JIS K 7074. Flexural deflection was measured with a flexural deflectometer placed directly under the center of the test specimen. Table 5 and Table 6 present the test conditions of the tensile test, and the four-point flexural test, respectively. For both tests, the fabric was cut so that the warp direction of the fabric was in the longitudinal direction of the specimen. A precision universal testing machine (AG-IS100kN, Shimadzu Co. Ltd., Kyoto, Japan) was used for the tensile test. Figure 6 shows a photograph of the four-point flexural test’s jig.




2.5. Measurement of Fiber Volume Content


To measure the volume content of carbon fiber Vf, the combustion method was adopted, and the matrix resin was completely burned in an electric furnace at a combustion temperature of 400 °C for more than 15 h. The densities of the carbon fiber and nylon were ρf = 1.82 × 103 kg/m3 and ρm = 1.11 × 103 kg/m3, respectively.




2.6. Confirmation of Resin Impregnation to the Interior of the Carbon Fiber


To observe the condition of the impregnated resin in the carbon fiber bundle, a cross-section of the molded product was observed. The center of the flat molded plate was cut into a 15 mm square using a composite cutting machine, and the cut sample was encapsulated in unsaturated polyester resin. The cross-section with a mirror finish was observed using a microscope (VHX-2000, Keyence Co. Ltd., Osaka, Japan).





3. Results


3.1. Fiber Volume Content


The fiber volume fraction Vf of each molded product measured by the combustion method is shown in Table 7. The measured results of Vf were 38.3%~38.9% for the products molded at 5 MPa for 5 min. On the other hand, Vf 48.7% of the molded products were formed at 10 MPa. The value of Vf for each molded product formed at 5 MPa reflects the designed Vf of 41.5% for the spread commingled yarn fabric shown in Table 2, and is almost the same, regardless of the forming time. On the contrary, the value of Vf for the molded product formed at a molding pressure of 10 MPa was 48.7%, which was much higher than the designed Vf value. This is probably because there is more leakage of matrix resin during molding at the higher molding pressure of 10 MPa.




3.2. Tensile Test


The stress-strain (S-S) curves obtained from the tensile test is shown in Figure 7. Each sample shows a test result close to the average of the five tests. It can be seen that the S-S curves of the product molded at 5 MPa is linear up to the maximum tensile stress regardless of the molding time. On the other hand, the S-S curve of the product molded at 10 MPa is lower. Figure 8 shows the relationships between tensile strength, tensile strain, tensile modulus, and molding time. The tensile strength and breaking strain slightly decreased with the increased molding time, but the tensile modulus did not change. The longer the molding time, the lower the elongation at break and, consequently, the lower the breaking stress. This may be due to thermal degradation of the nylon matrix. Figure 9 shows the results of varying the molding pressure while the molding time was fixed at 30 min. As shown in Table 7, the higher the molding pressure, the more the nylon matrix resin is flowed out of the molded product. The volume fraction of fibers also increases, which is thought to increase the fracture strength and elongation at break. However, the reason for the reduction in the modulus at the molding pressure of 10 MPa is probably due to the disorderly orientation of the carbon fiber in the tensile direction. In the case of spread yarn fabric, it is most important to prevent the flow of resin from causing the carbon fibers to be distorted.



There have been few reports about the mechanical properties of composites made from commingled carbon/nylon fiber fabrics, Toyota et al. evaluated the mechanical properties of fabrics made from spread commingled carbon fiber yarns coated with nylon resin, and reported that the fabrics made from this had a 20% higher elastic modulus and strength than those made from unspread yarns [27]. The tensile modulus of carbon fiber TR50S12L is 235 GPa, therefore, if the volume fraction is 39 % and the nylon fibers’ modulus are ignored, the tensile modulus of composites will be 91.7 GPa if the carbon fibers are aligned in the tensile direction. On the other hand, in plain weave, half of the carbon fibers are at 90° to the tensile direction, which means that modulus of the 90° fibers is almost zero. Therefore, the modulus is further halved to 45.8 GPa. The tensile modulus in Figure 8c ranged from 40 to 45 GPa, which was almost exactly as expected.




3.3. Four-Point Flexural Test


Figure 10 shows the S-S curves obtained from the four-point flexural test. Each sample shows the average results of the six samples tested. It can be seen that the S-S curves are linear up to the maximum breaking flexural stress under any of the molding conditions. Figure 11 shows the relationship between flexural strength, flexural modulus, flexural strain at break, and molding time. The results showed that the molding time had no effect on the flexural strength, flexural modulus or flexural strain at break. Kawabe et al. applied a flexural test to a molded body with a thickness of 1 mm, consisting of 19 layers, each made of alternating 12 K carbon fiber unidirectional sheets spread to a width of 16 mm and nylon 6 film with a thickness of 25 μm. As a result, the flexural strength increased as the molding time increased, but the increase after 5 min was slight. The tensile properties in Figure 6 decreased with increasing molding time, but the flexural properties in Figure 9 were not affected by molding time. Considering that the impregnation of the nylon film on the spread 12 K carbon fiber bundle is almost complete in 5 min [26], the resin impregnation in the commingled yarn, consisting of nylon and 12 K carbon fiber in this study, was sufficiently complete in less than 5 min. In the flexural test, we did not observe any decrease in strength due to nylon resin degradation over the long molding time observed in the tensile test. This is presumably because the spread woven fabric was used. All fractures in the flexural tests were on the tensile side, and the composite failed without interlaminar shear failure or buckling failure. This may be because the strength retention effect of the weft yarn due to the woven structure is greater than the degradation of the resin due to the long molding time, and this effect was not observed within the error range. With a higher molding pressure, the flexural properties become slightly better, but these were within the margin of error (Figure 12).





4. Discussion


Figure 13 and Figure 14 show cross-sectional images of the products molded at 5 MPa and 10 MPa, respectively. The white horizontal stretch in each image shows the weft yarn of the carbon fiber, the white dot shows the warp yarn of the carbon fiber, and the gray area shows the matrix resin, Nylon-MXD10. The matrix resin was sufficiently impregnated into the carbon fiber bundle, and no voids were observed. Figure 15 shows the effects of molding time and pressure on the thickness of the commingled yarn after molding. Even with a molding time of 5 min, the nylon fibers are completely melted, whereas the carbon fiber bundle is still somewhat swollen. Therefore, 10 min is the optimum molding time, even for the spread fabric.



The impregnation rates of resin into the carbon fiber of the carbon fabric/film laminate, shown in Figure 16a, and the commingled yarn fabric shown in Figure 16b, were investigated. Ueda et al. used the Darcy rule to evaluate the impregnation rate of resin on carbon fiber [3]. Using Ueda et al.’s formula in Equation (1) and calculating the distance between the commingled nylon and carbon fibers l0 as 10 μm, we found that the resin was completely impregnated into carbon fibers in 20 s at a molding pressure of 1 MPa preheating (Figure 17). This is example one of an equation:


  I =    (    2 k (  P m  −  P 0    η  l 0 2     )     1 2    ×  t   1 2     



(1)







t: molding time, η: resin viscosity (120 Pa·s), l0: distance from the resin flow front to the center of the fiber bundle (10 µm commingled yarn, 100 µm film), Pm: press pressure (1~10 MPa), P0: atmospheric pressure (0.101 MPa), k: constant (1.83 × 10−14). On the other hand, if distance between carbon fiber and nylon 6 resin or fiber; l0 is set to 100 μm, assuming the lamination of the spread carbon fiber and resin film, it took 3 min and 20 s for the resin to completely impregnate the carbon fiber under a molding pressure of 10 MPa (Figure 17).



Motochika et al. studied the resin impregnation rate of the commingled carbon fiber yarn and nylon fiber yarn used in this study. They found that the resin impregnation rate after 1 min was 98.5% (not impregnated rate: 1.5%) [29]. It can be deduced that formation of the woven fabric made of spread commingled yarns can be completed in a very short time.



In terms of the impregnation rate of the resin in the carbon fiber, the rate is assumed to be the same whether the fabric of commingled yarns is manufactured from spread yarns or not. On the other hand, as shown in Figure 16, in the case of film stacking procedure (Figure 16a), which is not a commingled yarn but a carbon fiber bundle with resin layers above and below, it is useful to reduce the thickness of the fiber bundle. The fiber bundle was spread in order to increase the rate of thermoplastic resin penetration into the carbon fiber. The woven sheet in Figure 16a has great rigidity because the resin is in the shape of film. However, fabrics made of commingled yarns are flexible. In addition, the flexibility is more pronounced for spread fabrics. The woven fabric made by spread carbon fiber bundles has the merit of maximizing the original strength and modulus of carbon fibers because it can reduce the curvature of fibers at the intersection of warp and weft yarns.



Takahashi et al. compared the transverse tensile strengths of carbon fiber and PEEK commingled yarn fabrics, carbon fiber yarn and PEEK yarn fabrics, and even carbon fiber impregnated PEEK prepreg [30]. The results showed that the order of tensile modulus was CF/PEEK prepreg > CF/epoxy prepreg > CF/PEEK commingle > CF/PEEK fabric > PEEK resin. The breaking stress was CF/PEEK prepreg > CF/PEEK commingle > CF/epoxy prepreg > PEEK resin > CF/PEEK fabric.



In the present study, CF/Nylon commingled yarn was used and woven with spread fiber. In the future, it will be necessary to develop a loom suitable for fiber spreading and improve the manufacturing method of commingled yarn so that the results can be compared with fabrics of commingled yarn without fiber spreading, the effect of carbon fiber sagging caused by fiber spreading, and the optimum width of fiber spreading.




5. Conclusions


We investigated whether woven fabric consisting of spread commingled yarns made of carbon and nylon fibers could shorten the impregnation distance from matrix resin to carbon fibers and thus shorten the molding time of CFRTP. Woven fabrics made of commingled nylon fiber and carbon fiber yarns are easy to handle, and minimize the decrease in the elastic modulus of carbon fiber due to crimping, which is characteristic of woven fabrics. There are few reports on the design of woven fabrics by spread carbon fiber bundles consisting of commingled yarns.




	
The impregnation speed of the nylon resin into the carbon fiber bundles were very fast: less than 1 min. As the molding time increased, the tensile strength and tensile fracture strain slightly decreased, indicating the deterioration of the the nylon resin. As the molding pressure increased, the amount of matrix resin flowing out increased and the fiber volume fraction of the molded product increased, resulting in an increase in tensile strength and tensile strain at break.



	
The effects of molding time on flexural strength, flexural modulus, and flexural fracture strain were negligible.



	
As a result of the cross-sectional observation conducted to confirm the impregnation state of the matrix resin, no voids were observed in the molded products regardless of the molding time or molding pressure, indicating that resin impregnation into the carbon fiber bundles of the spread commingled yarn fabric was completed at a molding pressure of 5 MPa and a molding time of 5 min.



	
The combination of commingled yarn, spread fiber, and woven fabric suggested the possibility of flexible and easy-to-handle thermoplastic CFRP prepreg.



	
This is the first study on CFRTP using spread commingled carbon fiber and nylon fiber yarns as woven fabric.












Author Contributions


Data analysis, M.O.; Experimental and investigation, M.O.; Research method, M.Y.; Experimental advice, M.Y.; Writing—original draft preparation, H.U.; Writing—review and editing, M.Y.; Project administration, S.T.; Funding acquisition, Y.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by JKA, grant number 2020M-169 at https://hojo.keirin-autorace.or.jp (accessed on 31 March 2021).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


We would like to express our sincere gratitude to Kazumasa Kawabe, Director, and Shin Kaechi, Researcher, of the Industrial Technology Center of Fukui Prefecture, for their guidance and advice on our experiments. We would like to express our sincere gratitude to them. We would like to express our gratitude to Toshihiro Motochika of Kajirene Co., Ltd., for his help in making the commingled yarn. We would also like to express our gratitude to Kazumi Nobata, President of Harmoni Industry Co.




Conflicts of Interest


The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Okumura, W.; Hasebe, H.; Kimizu, M.; Ishida, O.; Saito, H. Development of Carbon Fiber Fabric Reinforced Polypropylenes—Part 1: Effect of Content of Maleic Acid and Removal of Sizing Agent—. Sen’i Gakkaishi 2013, 69, 177–182. [Google Scholar] [CrossRef]

	



Kobayashi, S.; Tanaka, A.; Morimoto, T. Analytical prediction of resin impregnation behavior during processing of unidirectional fiber reinforced thermoplastic composites considering pressure fluctuation. Adv. Compos. Mater. 2012, 21, 425–432. [Google Scholar] [CrossRef]

	



Ueda, H.; Okumura, W.; Uematsu, H.; Tanoue, S. Processing of Carbon Fiber Fabric Reinforced Polycarbonate—Formation Mechanism of void. J. Fiber Sci. Technol. 2016, 72, 244–250. [Google Scholar] [CrossRef]

	



Nedanov, P.B.; Advani, S.G. A Method to Determine 3D Permeability of Fibrous Reinforcements. J. Compos. Mater. 2002, 36, 241–254. [Google Scholar] [CrossRef]

	



Batchelor, G.K. Transport Properties of Two-Phase Materials with Random Structure. Ann. Rev. Fluid. Mech. 1974, 6, 227–255. [Google Scholar] [CrossRef]

	



Jespersen, S.T.; Wakeman, M.D.; Michaud, V.; Cramer, D.; Manson, J.-A.E. Film stacking impregnation model for a novel net shape thermoplastic composite preforming process. Compos. Sci. Technol. 2008, 68, 1822–1830. [Google Scholar] [CrossRef]

	



Miller, A.; Wei, C.; Gibson, A. Manufacture of polyphenylene sulfide (PPS) matrix composites via the powder impregnation route. Compos. Part A 1996, 27, 49–56. [Google Scholar] [CrossRef]

	



Padaki, S.; Drzal, L.T. A simulation study on the effects of particle size on the consolidation of polymer powder impregnated tapes. Compos. Part A 1999, 30, 325–337. [Google Scholar] [CrossRef]

	



Ramasamy, A.; Wang, Y.; Muzzy, J. Braided thermoplastic composites from powder-coated towpregs. Part I: Towpreg characterization. Polym. Compos. 1996, 17, 497–504. [Google Scholar] [CrossRef]

	



Oleg, S.; Till, Q.; Richard, H.; Thomas, G. Commingled composites. Fiber Reinf. Compos. 2021, 439–460. [Google Scholar] [CrossRef]

	



Kwon, D.-J.; Kim, N.-S.-R.; Jang, Y.-J.; Choi, H.H.; Kim, K.; Kim, G.-H.; Kong, J.; Nam, S.Y. Impacts of thermoplastics content on mechanical properties of continuous fiber-reinforced thermoplastic composites. Compos. Part B Eng. 2021, 216, 108859. [Google Scholar] [CrossRef]

	



El-Dessouky, H.M.; Liu, B.; Saleh, M.N.; Scaife, R.J. Co-woven carbon and nylon fibres for manufacturing thermoplastic composite plaques. Procedia CIRP 2019, 85, 272–276. [Google Scholar] [CrossRef]

	



Bernet, N.; Michaud, V.; Bourban, P.-E.; Manson, J.-A.E. Commingled yarn composites for rapid processing of complex shapes. Compos. Part A 2001, 32, 1613–1626. [Google Scholar] [CrossRef]

	



McDonnell, P.; McGarvey, K.P.; Rochford, L.; Bradaigh, C.M.O. Processing and mechanical properties evaluation of a commingled carbon-fibre/PA-12 composite. Compos. Part A 2001, 32, 925–932. [Google Scholar] [CrossRef]

	



Gilchrist, M.D.; Sevensson, N.; Shishoo, R. Fracture and fatigue performance of textile commingled yarn composites. J. Mater. Sci. 1998, 33, 4049–4058. [Google Scholar] [CrossRef]

	



Kim, D.H.; Lee, W.I.; Friedrich, K. A model for a thermoplastic pultrusion process using commingled yarns. Compos. Sci. Technol. 2001, 61, 1065–1077. [Google Scholar] [CrossRef]

	



Boourban, P.-E.; Bernet, N.; Manson, J.-A.E. Material phenomena controlling rapid processing of thermoplastic composites. Compos. Part A 2001, 32, 1045–1057. [Google Scholar] [CrossRef]

	



Hamada, H.; Fujita, A.; Nakai, A. Design Methodology for Braided Composite Tubes: 1st Report, Bending Properties. Jpn. Soc. Mech. Eng. 1995, 61, 1460–1466. [Google Scholar] [CrossRef]

	



Nakai, A. Processing for Continuous Fiber Reinforced Thermoplastic Composites by Braiding Technique. J. Jpn. Soc. Tech. Plast. 2014, 55, 602–606. [Google Scholar] [CrossRef]

	



Ma, Y.; Jin, S.; Yokozeki, T.; Ueda, M.; Yang, Y.; Elbadry, E.A.; Hamada, H.; Sugahara, T. Effect of hot water on the mechanical performance of unidirectional carbon fiber-reinforced nylon 6 composites. Compos. Sci. Technol. 2020, 200, 108426. [Google Scholar] [CrossRef]

	



Ma, Y.; Yokozeki, T.; Ueda, M.; Sugahara, T.; Yang, Y.; Hamada, H. Effect of polyurethane dispersion as surface treatment for carbon fabrics on mechanical properties of carbon/Nylon composites. Compos. Sci. Technol. 2017, 151, 268–281. [Google Scholar] [CrossRef]

	



Sakai, T.; Shamsudim, N.S.B.; Fukushima, R.; Kageyama, K. Effect of matrix crystallinity of carbon fiber reinforced polyamide 6 on static bending properties. Adv. Compos. Mater. 2021, 30, 71–84. [Google Scholar] [CrossRef]

	



Uematsu, H.; Kurita, D.; Nakakubo, S.; Yamaguchi, A.a.; Yamane, M.; Kawabe, K.; Tanoue, S. Mechanical behavior of unidirectional carbon fiber-reinforced polyamide 6 composites under transverse tension and the structure of polyamide 6 among carbon fibers. Polym. J. 2020, 52, 1195–1201. [Google Scholar] [CrossRef]

	



Zhang, J.M.; Reynolds, C.T.; Peijs, T. All-poly(ethylene terephthalate) composites by film stacking of oriented tapes. Compos. Part A 2009, 40, 1747–1755. [Google Scholar] [CrossRef]

	



Ali, R.; Iannace, S.; Nicolais, L. Effects of processing conditions on the impregnation of glass fibre mat in extrusion/calendaring and film stacking operations. Compos. Sci. Technol. 2003, 63, 2217–2222. [Google Scholar] [CrossRef]

	



Kawabe, K.; Matsuo, T.; Maekawa, Z. The Impregnation Behavior of Matrix Resin into the Opened Reinforcing Fiber Tows. J. Soc. Mat. Sci. Jpn. 1998, 47, 735–742. [Google Scholar] [CrossRef]

	



Toyota, K.; Okubo, K.; Fujii, T.; Oguri, T.; Uenoya, T.; Sugawara, T. Mechanical Properties of Plain-woven CFRP Reinforced by Spread Fiber Tow During and After Drop-weight Impact. WIT Trans. Built Environ. 2006, 87, 455–464. [Google Scholar]

	



EL-Dessouky, H.M.; Lawrence, C.A. Ultra-lightweight carbon fibre/thermoplastic composite material using spreadeded tow technology. Compos. Part B Eng. 2013, 50, 91–97. [Google Scholar] [CrossRef]

	



Motochika, T.; Takagi, M. Application of Semi-Impregnated Intermediate Materials for CFRTP to Textile Composites. Proc. Annu. Meet. Soc. Text. Mach. Soc. Jpn. 2019, 72, 68–69. [Google Scholar]

	



Yoon, H.; Takahashi, K.; Kojima, K.; Kon, Y. Resistance to transverse tension of a commingled carbon fiber/poly (ether ether ketone) composite. Sen’i Gakkaishi 1991, 47, 76–83. [Google Scholar] [CrossRef]








[image: Polymers 13 03206 g001 550] 





Figure 1. Image of spread of commingled yarn. (a) Standard commingled yarn; (b) Spread commingled yarn. 
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Figure 2. Woven fabric using spread commingled yarn. 
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Figure 3. Laminated configuration of woven fabric using spreading. 
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Figure 4. (a) Press-molding machine; (b) Press-molding die attached to heating plate. 
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Figure 5. Profile of molding pressure and molding temperature. 
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Figure 6. Four-point flexural test’s jig (Shimadzu Co. Ltd., Kyoto, Japan). 
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Figure 7. Stress-strain curves of the tensile test. 
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Figure 8. (a) Effect of molding time on tensile strength under molding pressure of 5 MPa; (b) Effect of molding time on tensile modulus under molding pressure of 5 MPa and (c) Effect of molding time on tensile strain at break under molding pressure of 5 MPa. 
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Figure 9. (a) Effect of molding pressure on tensile strength under molding time of 30 min; (b) Effect of molding pressure on tensile modulus under molding time of 30 min and (c) Effect of molding pressure on tensile strain at break under molding time of 30 min. 
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Figure 10. Stress-strain curves of the four-point flexural test. 
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Figure 11. (a) Effect of molding time on flexural strength under molding pressure of 5 MPa.; (b) Effect of molding time on flexural modulus under molding pressure of 5 MPa and (c) Effect of molding time on flexural strain at break under molding pressure of 5 MPa. 
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Figure 12. (a) Effect of molding pressure on flexural strength under molding time of 30 min; (b) Effect of molding pressure on flexural modulus under molding time of 30 min. 
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Figure 13. Cross-sectional photographs of composite materials made at different molding times under molding pressure is 5 MPa. 
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Figure 14. Cross-sectional photographs of composite materials made at molding time is 30 min under molding pressure is 10 MPa. 
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Figure 15. Effects of molding time and pressure on the thickness of the commingled yarn after molding. 
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Figure 16. (a)Molding of composite materials from carbon fiber fabric and thermoplastic film; (b) Molding of composite materials from commingled yarns. 
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Figure 17. Impregnation ratio as a function of molding pressure and l0. 
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Table 1. Specifications of commingled yarn (Manufacturer; Kajirene Co. Ltd., Kanazawa, Japan).
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	Matrix resin
	Low-water-absorbing nylon MXD10 (LEXTER manufactured by Mitsubishi Gas Chemical Co. Ltd., Japan)

1532 filaments (3.125 d mono-filament)



	Carbon fiber
	PAN CF

(Mitsubishi Chemical Co. Ltd. TR50S12L, Japan)

12,000 filaments



	Designed value of fiber volume content (   V f   )
	50%
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Table 2. Specifications of woven fabric using commingled yarn (Manufacture; Harmoni Industry Co. Ltd., Fukui, Japan).
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	Weave Structure
	Plain





	basis weight
	107.5 g/m2



	Thickness
	244.6 µm



	Fiber volume content (   V f   )
	41.5 %
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Table 3. Specifications of laminated materials.
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	Length
	Width
	Layer Number





	245 mm
	245 mm
	30 ply
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Table 4. Press molding conditions.
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	Molding Temperature
	Preheating
	Molding Time
	Molding Pressure





	270 °C
	1 MPa, 5 min
	5 min, 10 min

20 min, 30 min
	5 MPa, 10 MPa (30 min)
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Table 5. Conditions of tensile test.
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Test Specimen Longitudinal Direction

	
Warp Direction






	
Test specimen dimensions

	
length

	
240 mm




	
width

	
25 mm




	
thickness

	
2 + 0.4 mm




	
Distance between two lines of sight

	
50 mm




	
Distance between tabs

	
150 mm




	
Tab Length

	
45 mm




	
Tensile test speed

	
2 mm/min.




	
Sample number

	
5
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Table 6. Conditions of four-point flexural test.
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Test Specimen Longitudinal Direction

	
Warp Direction






	
Test specimen dimensions

	
length

	
100 mm




	
width

	
15 mm




	
thickness

	
2 ± 0.4 mm




	
Distance between fulcrums

	
88 mm




	
Distance between indenters

	
29 mm




	
fulcrums radius

	
3 mm




	
indenters radius

	
3 mm




	
Flexural test speed

	
5 mm/min.




	
Sample number

	
6











[image: Table] 





Table 7. Fiber volume fraction of each molded products.






Table 7. Fiber volume fraction of each molded products.





	
Molding Time

	
5 min

	
10 min

	
20 min

	
30 min

	
30 min






	
Molding pressure

	
5 MPa

	
10 MPa




	
Fiber volume fraction (   V f   )

	
38.9%

	
38.7%

	
38.3%

	
38.6%

	
48.7%
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