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Abstract 

The influence of the oxygen containing functional groups on carbon fibers for mechanical 

properties and recyclability of carbon fiber reinforced thermos-plastics (CFRTPs) made with in-situ 

polymelizable polyamide 6 (PA6) have been discussed. Interfacial adhesion between CFs with functional 

groups and PA6 became higher compared with that of because of the interaction such as hydrogen bond, 

covalent bond. Furthermore, it was revealed that these effects apparently improved the mechanical 

properties of the CFRTPs. On the other hand, the interaction between the functional groups and PA6 

affected the recyclability of the CFRTPs. Although PA6 as the matrix polymer of the CFRTP could be 

pyrolyzed even under N2 gas and recycle CFs with very little char could be obtained at 600 oC, it was 

found that the tensile strength decreased after pyrolytic process by about 10 % only when the CFs with 

the functional groups were used for reinforcement fibers.   
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1. Introduction  

Carbon fiber reinforced plastics (CFRPs) have already been used for various applications  

[1,2], and the demand for the CFRPs as latest automotive application is considered in terms of weight 

saving of the structural materials for body. It is important for energy saving and carbon reduction to shift 

to CFRPs as the materials [3,4]. Low viscosity monomers which show good impregnation into the carbon 

fibers (CFs) are used to produce commercially available high quality carbon fiber reinforced 

thermosetting resins (CFRTSs). However, the CFRTSs are very expensive materials because the molding 

time is extremely long and the productive energy is high due to the heat setting of thermoset resins [4]. 

On the other hand, Carbon fiber reinforced thermoplastics (CFRTPs) have been focused on their low cost 

and high production rate because they can be produced speedily by using hot-melt methods. Therefore, 

many investigations about CFRTPs have been performed from various directions [3-20]. Especially, 

commodity thermoplastics such as polypropylene (PP) or low cost engineering thermoplastics such as 

polyamide (PA) or polycarbonate are selectively used as the matrix resin for CFRTPs in automotive 

applications. However, the CFRTPs have various drawbacks such as the impregnability of thermoplastics 

into CFs fabrics or the interfacial adhesion between CFs and thermoplastics [4-8,10-20]． 

The surface of commercial CFs has oxygen containing functional groups by an electrolytic 

oxidation treatment. The purpose of this treatment is improving the interfacial adhesion between CFs and 

epoxy resin by forming covalent bonds [9,21]. On the other hand, thermoplastics cannot form the 

covalent bonds with CFs during the hot-melt methods, so the improvement of interfacial adhesion for 

CFRTPs is a critical issue [4,10-12]. However, it is difficult to modify the fabrication procedure of CFs 

including the surface treatment process, so it is desired to develop novel techniques to improve the 

interfacial adhesion among oxygen containing functional groups and thermoplastics. Therefore, the 

investigation about the effects of the functional groups for some thermoplastics has been done [4,10-12], 

and it was indicated that interfacial adhesion between PA6 and CFs having the oxygen containing 

functional groups by the hot-melt method became relatively high, because PA6 is a polar polymer [6,12]. 

However, the effect of the functional groups has not been studied quantitatively. 
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As for the impregnability of CFRTPs, the impregnation of thermoplastics into CFs fabrics is 

difficult because the melt viscosity of thermoplastics is higher than that of thermoset resin in the 

condition of monomer [4, 16-20]. One possible solution to this problem is the molding of discontinuous 

CFRTPs applied kneading process. It was reported that the discontinuous CFRTPs were molded in 

minutes by the hot-press or injection molding [13-15], while the reinforcement effect of discontinuous 

fibers is extremely low. Therefore, the development of continuous CFRTPs in terms of impregnation has 

also been performed; e.g., the powder-impregnation method [16], the methods to use CFs tow widely 

opened [17], and the method to use CFs/thermoplastic fibers commingled yarns [18]. As an entirely 

different method, molding CFRTPs made with in-situ polymerizable PA6 by a vacuum assisted resin 

transfer molding (Va-RTM) has been proposed [19,20]. In this method, e-caprolactam with low viscosity 

can be impregnated into CFs fabrics and polymerized to PA6. Therefore, CFRTPs made with in-situ 

polymerizable PA6 shows good impregnation. Furthermore, they also reported that this process preserved 

high productivity as the merit of CFRTPs for the polymerization reaction time is a few minutes. On the 

other hand, it is thought the interface formed by using in-situ polymerizable PA6 in CFRTPs is different 

from that formed by using melting PA6 for different solidification mechanism. However, there is no 

reports about the investigation of interfacial adhesion between CFs and in-situ polymerizable PA6.  

In this study, to verify the potential of CFRTP made with in-situ polymerizable PA6 we 

focused on three topics about it: interfacial adhesion, difference of molding method, and recycling. To 

discuss the interfacial adhesion, the interfacial adhesion and mechanical properties of CFRTPs which 

made of different surface treatment CFs was explored. To confirm the difference of molding method, 

interfacial adhesion between in-situ polymerization and hot-melt method was compared. It is anticipated 

that the loss and waste of CFRPs will increase with the demand expansion of CFRPs, and the 

development of recycle technologies for CFRPs is urgently required [22-24]. To considering potential of 

recycling of CFRTPs made with in-situ polymerizable PA6, recover CFs (recycle CFs; Re-CFs) were 

derived from the CFRTPs using pyrolytic process which is one of methods to separate, and their 

mechanical properties and the surface condition were observed. 
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2. Experimental 

2.1. Materials  

 In-situ polymerizable PA6 containing the catalyst and active agent supplied by Nagase 

ChemteX Corporation was used as a matrix polymer. Plain fabrics of PAN-based CFs (T700-12K, Toray 

Industries, Inc.) were used as the reinforcement fibers. Prepared CFs have oxygen containing functional 

groups by a surface treatment and sizing agent on the surface details of which are not known.            

It is reported that the sizing agent interferes with the impregnation of the PA6 at the state of monomer 

[19-20]. Total flow chart of preparation of CFs and CFRTPs are shown in Fig. 1. Firstly, the CFs fabrics 

were washed in acetone for 45 min and immediately washed again for 5min in replaced acetone to 

remove the sizing agent. CFs surface was observed by using field emission scanning electron microscope 

(SEM) (E-1010, Hitachi), and it was confirmed that the sizing agent was almost removed. These CFs 

code Fre-with-CFs. To compare the effects of the functional groups, CFs without the functional groups 

and CFs with the oxygen containing functional groups again by the publicized surface treatment were 

prepared as follows; Fre-CFs fabrics were heat-treated at 1000 oC in Ar gas for 3h for decomposition of 

the oxygen containing functional groups (Fre-without-CFs). And then, Fre-without-CFs fabrics which 

size is 80 x 160 mm were surface-treated by using the ultraviolet light (Sun Energy CORP.) and ozone 

(UV-O3) treatment. The distance from CFs fabrics to UV light was set at 150 mm in chamber filled with 

O3 gas. The power of UV light was 120 W. Both sides of the CFs fabrics were irradiated for 15 min, 

respectively. Finally, the CFs fabrics with oxygen containing functional group were obtained again 

(Fre-with-UV-CFs).     

 

2.2.	  Molding method of CFRTPs 

 CFRTPs consisted with in-situ polymerizable PA6 and each Fre-CFs 

(Fre-without-CFs/CFRTP, Fre-with-CFs/CFRTP and Fre-with-UV-CFs/CFRTP) were molded by 

Va-RTM method as follows (Fig. 2); Three fabrics sheets cutted into 80 x 160 mm were cross-ply stacked 

in a mold set into a vacuum-sealed package. PA6 before the polymerization (e-caprolactam) were dried at 

45 oC for 1 day in a vacuum oven for the removing the absorbed water and immediately melted at 110 oC. 
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The e-caprolactam were impregnated into CFs fabrics with assistance of vacuum and the mold was 

transferred to the hot-press machine. It was already reported that the optimized condition for 

polymerization of this CFRTPs was at 140 - 160 oC [19]. Therefore, the hot-press machine was set at 160 

oC and pressed under 0.15 MPa for 5 min. The mold was naturally cooled and then each CFRTPs with the 

thickness of about 1.5 mm. The volume fraction of fiber was measured following JIS K7075.  

 

2.3.	  Mechanical properties of CFRTPs  

 The mechanical properties of CFRTPs were evaluated by tensile and 3-point bending test 

(AG-X plus, Shimadzu corp.). The specimen size of 160 mm x 7 mm x 1.5 mm was for the tensile test 

and that of 85 mm x 10 mm x 1.5 mm for the bending test; the longitudinal direction was along 0o in the 

stacking. For the tensile test, specimen ends were sandwiched with aluminum tabs and the end-tabs were 

gripped. The test was carried out at a strain gage length of 50 mm and a tensile rate of 1 mm/min at room 

temperature. The bending test was carried out with 65 mm distance of lower supports at a rate of 5 

mm/min under room temperature. The diameter of indenter was 5mm. Each modulus (Ec) and strength 

(sc) were determined from the initial slope of a stress-strain (S-S) curve in the strain range from 0.1 to 

0.6 % and the maximum stress at the specimen break from tensile and bending tests, respectively.  

 

2.4.	  Crystallinity of matrix polymer in CFRTPs 

 The crystallinity of matrix polymer in CFRTPs was evaluated by differential scanning 

calorimetry (DSC) (Q-2000, TA Instruments). DSC measurement was carried out from room temperature 

to 280 oC at a heating rate and cooling rate of 10 oC min-1. The melting temperature (Tm) and the 

crystallization temperature (Tc) of PA6 were determined as the peak temperatures of DSC curves 

measured during the first heating and the first cooling processes, respectively. The degree of crystallinity 

of PA6 (Xc) was calculated according to the equation (1) where ΔHm is the specific melting heat 

calculated from the endothermic peak area in the heating process, ΔHm,o is the specific melting heat of 

PA6 crystal, and m is the mass fraction of CFs [25].  

𝑋" =
∆%&

∆%&,((*+,)
× 100  (1) 
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The values of ΔHm,o for the α and γ phases are 241 Jg-1 and 239 Jg-1 respectively, and the average value 

(240 Jg-1) was used for ΔHm,o in this study [25-27]. 

 

2.5.	  Molecular weight of matrix polymer in CFRTPs 

 Molecular weight of matrix polymer in CFRTPs was evaluated by gel permeation 

chromatography (GPC) (HLC-8320GPC, Tosoh corp.) (ISO 16014-1). PA6 in CFRTP was dissolved into 

2,2,2-Trifluoroethanol and was measured at the flow rate of 1.0 mL/min under room temperature. The 

molecular weight was calculated as a weight-average molecular weight (Mw). 

 

2.6.	 Interfacial adhesion in CFRTPs 

 The interfacial adhesion between CF and PA6 can be quantified as interfacial shear strength 

(IFSS) by the fragmentation methods [9,28-30]. The fragmentation test under a microscope was carried 

out using a tensile testing machine at room temperature. The specimen was prepared as follows (Fig. 

3(a)); A single CF embedded PA6 films was prepared by Va-RTM at 160 oC for 5 min (CF/PA6-RTM). 

Then, the film was cut into the strip specimen geometry with 30 mm x 2.5 mm. The specimen was tested 

at a gage length of 15 mm and a rate of 1 mm/min until the fragmentation process was saturated, which 

was about 10 % of the tensile strain. The average length of fragmented CFs (<L>) was obtained over 70 

measurements in each sample and the test was carried out for 5 specimens. IFSS was calculated by the 

following equation.   

IFSS =
456,78
9:8

  (2) 

The ineffective length (lc) can be obtained as follows: 

< 𝐿 >= >
?
𝑙A   (3) 

The measurement methods of an average diameter (D) and the tensile test methods for estimation of 

strength (sf,lc) are explained in 2.6. sf,lc was needed to be estimated as the tensile strength of CFs at the 

length of lc. Therefore, the tensile tests were carried out for 50 specimens and the Weibull analysis of 

tensile strength obtained from the single fiber tensile test were performed, and sf,lc was estimated 

[9,29,30]. The IFSS of CF/Epoxy prepared by Va-RTM (CF/Epo-RTM), CF/PP and CF/PA6 prepared by 
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melting methods (CF/PP-melt, CF/PA6-melt) (Fig. 3(b)) was also measured for comparison as thermoset 

and other thermoplastic matrix resins. The bisphenol-A type resin (jER-828, Mitsubishi Chemical corp.) 

was used as a base resin and boron trifluoride monoethyl amine (Stella Chemifa Corp.) was used as a 

hardener of epoxy resin. PP (J-107 G, Prime Polymer Co., Ltd.) and PA6 (CM1001, Toray Industries, 

Inc.) films for melting methods were prepared in advance, respectively.  

 

2.7.	 Pyrolytic process to recover CFs from CFRTP  

 Fre-with-CFs/CFRTP, Fre-without-CFs/CFRTP and Fre-with-UV-CFs/CFRTP molded by 

Va-RTM method were pyrolyzed for decomposition of matrix in a tubular furnace, respectively (Fig. 4). 

Firstly, CFRTPs were put at one side of furnace to prevent unnecessary heat treatment. And then, they 

were pushed into the soaking area by using Inconel stick, and were heat-treated at the optimized condition 

(in N2 gas under 600 oC for 30 min). The detail of optimized condition for the pyrolytic process optimized 

by the thermal gravimetric analysis (TGA) (Q-500, TA Instruments) and the field-emission scanning 

electron microscope (FE-SEM) (JSM-7500FA, JEOL, Ltd.) will be discussed in the section of results and 

discussion. TGA measurements were carried out from 200 to 700 oC at a heating rate of 20 oC min-1 under 

N2 gas. Three Re-CFs (Re-without-CFs, Re-with-CFs and Re-with-UV-CFs) were finally obtained, 

respectively. 

 

2.8.	 Properties of CFs  

 Single fiber tensile tests were performed for the comparison of mechanical properties of each 

CF. The tensile tests were carried out for 50 specimens under ISO-11566. The test was operated at a gage 

length of 25 mm and a crosshead speed of 1 mm/min. The fiber diameter was measured by using the 

diffraction of a He-Ne laser beam normal incident on the fiber under ISO-11567. The tensile strength (sf) 

was determined as the maximum stress of S-S curve. In order to accurately determine the tensile modulus 

(Ef), compliance correction was performed according to ISO-11566. For the evaluation of crystallite size 

and structural parameters of each CFs, the density (d) was measured by the sink-float method 

(ISO-10119) and Wide-angle X-ray diffraction (WAXD) by using nickel-filtered CuKa radiation was 
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carried out [31]. The X-ray beam was incident perpendicular to the fiber axis of aligned fibers. The 

average interlayer spacing (d002) and carbon layer stack height (Lc) were estimated from (0 0 2) diffraction 

profile using Bragg and Scherrer equations. From the full-width at half-maximum intensity (FWHM) of 

the azimuthal angle scan of (0 0 2) diffraction, the crystal orientation parameter (f), which is defined as 

(1-FWHM)/p, was also estimated [31]. Surface conditions of CFs were evaluated as the O/C value (the 

peak area ratio of O1s and C1s) by using X-ray Photoelectron Spectroscopy (XPS) (PHI5000 Versa 

ProbeII, Ulvac-Phi, Inc.) and were observed by using SEM. IFSS of CF/PA6-melt by using each Re-CFs 

was also measured by the fragmentation method. 

 

3. Results and discussion 

3.1.	 The dependence on the molding methods for interfacial adhesion 

 Before the discussion of the effects of oxygen containing functional groups for CFRTPs, each 

Fre-CF used as the reinforcement fibers is summarized. The tensile properties, density, crystallite 

parameter from WAXD and O/C value from XPS are shown in Table 1. The O/C value is the index of 

volume of oxygen containing functional groups. Therefore, it is found that functional groups could be 

pyrolytically removed from Fre-without-CFs. Subsequently, it was reported that UV-O3 treatment 

efficiently works as the method of surface oxidation for CFs [32], Fre-with-UV-CFs also partly regained 

the functional groups in our method of UV-O3 treatment although the O/C value was lower than that of 

Fre-with-CFs. To discuss the pure effects of the functional groups on the interfacial adhesion, it is desired 

that the CFs keep their mechanical properties regardless of their treatments. It is clear that the tensile 

modulus of each Fre-CF could be obtained with constant values in Table 1. It is known that the tensile 

modulus of CFs generally relates to the crystallinity, crystal orientation and voids volume [33,34]. The 

interlayer spacing and layer stack height reflect the crystallinity of CFs, and density is related to the 

crystallinity and voids volume. Each parameter did not change regardless of each treatment, so it was 

confirmed that the tensile modulus of each Fre-CFs was the same in view point of CFs structure. In 

contrast, the tensile strength decreased slightly after heat-treatment, although the treatment was performed 
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under Ar gas. It might be due to the introduction of defects during the heat-treatment. On the other hand, 

the tensile strength of Fre-with-UV-CFs showed the same value with that of Fre-without- CF.             

  The IFSSs of CF/PA6-RTM and CF/PA6-melt by using each Fre-CF were shown in Fig. 5. 

For the comparison, the IFSSs of CF/Epo-RTM and CF/PP-melt by using Fre-with-UV-CFs were also 

shown. The IFSS for CF/Epo-RTM was the highest, followed in order by those for PA6 and PP. As the 

comparison among Fre-CFs for CF/PA6, the IFSS for Fre-CFs with the oxygen containing functional 

groups were higher than that of Fre-without-CFs. Furthermore, as the comparison to CF/PA6-RTM and 

CF/PA6-melt, the IFSS for in-situ polymerizable by using RTM showed higher than that of hot-melt in all 

Fre-CFs.  

In the case of CF/Epo-RTM, it is thought that epoxy resin made the covalent bonds with the 

oxygen containing functional groups on the CFs during the curing induced by chemical reaction. 

Therefore, CF/Epo-RTM had the highest IFSS. However, the thermoplastics can hardly be expected to 

make the covalent bonds with them during the physical state variation. In addition, the interaction 

between PP and the functional groups on the CFs are weak because there are no polar parts in PP. 

Therefore, it is thought that CF/PP-melt had the lowest value in spite of using the Fre-with-CFs. On the 

other hand, it is expected that some kind of interaction between CF/PA6 efficiently works for the 

interfacial adhesion. In the case of CF/PA6-melt, the hydrogen bonds might be formed between the 

functional groups on the CFs and the amide bonds into polymer chain structure of PA6. Therefore, it is 

considered that IFSS of CF/PA6-melt was quite higher than that of CF/PP-melt. Moreover, it is clear that 

the functional groups on the CFs efficiently work for the interfacial adhesion of CF/PA6-melt, comparing 

the IFSS of CFs with and without the functional groups. In the case of CF/PA6-RTM, not only hydrogen 

bonds but also two other factors are also considered for the reason of higher IFSSs. The first factor is 

forming of the covalent bonds between CFs and in-situ polymerizable PA6, because polymerization was 

occurred during the molding by CF/PA6-RTM. The second factor is the difference of residual stress 

between hot-melt method and RTM methods. While the effect of residual stress may have time 

dependence for stress relaxation, we cannot confirm this effect in this study. Although the contribution 

ratio of each effect to interfacial adhesion is uncertain at the present stage, IFSS of CF/PA6-RTM became 
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higher than that of CF/PA6-melt for these effects. Furthermore, it is also found that the interfacial 

adhesion is saturated at a certain amount of functional groups.    

 

3.2.	 The effects of interfacial adhesion for the CFRTPs 

  The melting temperature, crystallization temperature, crystallinity and the weight-average 

molecular weight of PA6 into each CFRTP were summarized in Table 2. For the comparison, the values 

of in-situ polymerizable PA6 itself (Neat-PA6-RTM) were also shown. The melting temperatures of all 

CFRTP and Neat-PA6-RTM were almost the same, so the CFs themselves or the oxygen containing 

functional groups on the surface of CFs did not influence the melting behavior. On the other hand, from 

results of molecular weight of CFRTPs, PA6 had high molecular weight by containing CFs. Moreover, 

using CFs with the functional groups, molecular weight of PA6 showed higher value than that of CFs 

without the functional groups. It was reported that the ring-opening polymerization of e-caprolactam, 

which is the same grade as in-situ polymerizable PA6 in this study, is initiated from isocyanate 

compounds [19,20]. In this case, the functional groups on surface of CFs might work as initiator like 

isocyanate compounds, so the covalent bonds might be formed between in-situ polymerizable PA6 and 

CFs. It is thought that these facts also support the reason why the IFSS of CF/PA6-RTM was higher than 

that of CF/PA6-melt as mentioned above. Furthermore, PA6 had lower crystallization temperature and 

crystallinity by containing CFs. In the case of CFs with functional groups, the crystallization temperature 

and crystallinity decreased from the case of without the functional groups. It is thought that the high 

interfacial adhesion means the attachment of the polymer chain to the CFs surface, and prevents the 

rearrangement of polymer chain for crystallization. Therefore, the crystallization temperature and 

crystallinity decreased in the case of presence of CFs with the functional groups.  

 The average tensile/bending modulus, strength and volume fraction of fiber (Vf) of each 

CFRTP were listed in Table 3. The volume fractions of fiber of each CFRTP were almost same values, so 

the influence of the difference of them can be neglect. Both strength of CFRTPs using CFs with the 

functional groups (Fre-with-CFs/CFRTP, Fre-with-UV-CFs/CFRTP) showed higher value. The typical 

stress-strain (S-S) curves of tensile and bending test for each CFRTP were shown in Fig. 6 (a), (b). 
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During tensile test for Fre-without-CFs/CFRTP, high-pitched sound was continuously heard above the 

tensile stress of 300 MPa. Similarly, the S-S curve showed zigzag line above 300 MPa. It is considered to 

be the interfacial debonding because CF/PA6 into Fre-without-CFs/CFRTP has low IFSS. All CFRTPs 

were made of plain fabrics and fibers were not straight but woven. It is considered that the fracture 

occurred not in straight fibers parts by tensile deformation but around tilt fibers from loading axis by the 

shear deformation. The reason of many high pitch sounds was due to having many tilt fiber parts in 

CFRTPs. Therefore, the mechanical properties of CFRTPs were improved by enhancing IFSS, and the 

interfacial debonding results in low tensile strength of Fre-without-CFs/CFRTP. 

The tensile modulus were almost constant regardless of the functional groups on CFs. On the 

other hand, the tensile modulus was evaluated from the initial slope of S-S curve which means that it is 

below 300 MPa, so it is thought that they were not affected by the interfacial debonding and all CFRTPs 

have almost constant values.  

In the case of bending test, the remarkable difference of bending strength was observed. The 

fracture of Fre-without-CFs/CFRTP was occurred at about 300 MPa, and this stress is corresponding to 

the interfacial debonding stress of tensile test. Therefore, it is revealed that the bending fracture was 

strongly influenced by the interfacial debonding. Bending deformation consists of tensile and 

compression deformations. In the case of tensile deformation, shear fracture of tilt fibers parts does not 

affects the tensile strength of CFRTPs, however, in the case of compression deformation, that reduce 

compression strength of CFRTP, because the debonding makes fiber lateral support lost. For this reason, 

the bending strength was markedly decreased. Bending modulus of each CFRTP also had almost constant 

values for the same reasons as tensile test. 

The mechanical properties of CFRTP may depend on the other factors: molecular weight, 

crystal structure and strength of CFs. However, it is thought that the influence of these factors was not so 

much in this study as the following reasons. Based on a rule of mixture, the effect of the mechanical 

properties of matrix resin is very small compared with that of reinforcement fiber, and the influence of 

mechanical properties of matrix polymer can be neglected. As shown in Table 1, although the tensile 

strength of Fre-with-UV-CFs decreased compared to the Fre-with-CFs because of the heat treatment, the 
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mechanical properties of Fre-with-CFs/CFRTP was the same as that of Fre-with-UV-CFs/CFRTP and the 

influence of CFs strength was limited to CFRTPs. 

	   

3.3.	  The effects of interfacial adhesion for recyclability of CFRTPs 

To optimize the pyrolysis condition for CFRTP made with in-situ polymerizable PA6, the 

measurements of TGA under N2 gas for Fre-with-CFs and Neat-PA6-RTM were performed. The TG 

curve of Fre-with-CFs were shown in Fig. 7(a). Although the slight weight loss of CFs was observed 

from 300 to 400 oC for the pyrolysis of sizing agent, the decomposition of CFs itself was not observed. 

Therefore, it is thought that the damage of Re-CFs could be prevented as much as possible. On the other 

hand, the TG curve of Neat-PA6-RTM were also shown in Fig. 7(b). The weight loss of Neat-PA6-RTM 

started from about 300 oC, and Neat-PA6-RTM could be pyrolyzed more than 99 % of its initial weight 

around 400 oC. The SEM images of Re-with-CFs pyrolyzed from Fre-with-CFs/CFRTP at temperature of 

500, 550 and 600 oC for 30 min under N2 gas were shown in Fig. 8 (a)- (c). Although Neat-PA6-RTM 

could be pyrolyzed more than 99 % of its initial weight around 400 oC, the remained char obviously 

existed at pyrolysis temperature of 550 oC. The actual tow of Re-with-CFs lost its flexibility due to 

agglutination between CFs. This condition inhibits the impregnation of matrix resins when Re-CFs reuse 

as reinforcement fiber for CFRTS or CFRTP. On the other hand, in the case of Re-with-CFs pyrolyzed at 

600 oC, remained char was scarcely observed and Re-with-CFs had good flexibility. It was expected that 

the pyrolysis at 600 oC under N2 gas prevents the damage for Re-CFs, so it was found that the optimized 

pyrolysis condition for CFRTPs made with in-situ polymerizable PA6 was set at the temperature of 600 

oC under N2 gas for 30 min. As the comparison, in the case of CFRTSs made with epoxy resin, it was 

reported that beginning decomposition temperature was above 400 oC, and epoxy resin could not be 

pyrolyzed completely and several % of char remained under N2 gas [35]. Therefore, it is difficult to 

pyrolyze the CFRTSs under N2 gas, so the investigations for the pyrolytic process for CFRTSs have been 

generally performed under air or superheated steam [24,35,36]. However, oxidation condition has the 

possibility of producing the damage to Re-CFs. Therefore, it is said that in-situ polymerizable PA6 can be 
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pyrolyzed easily from CFRTP without the severe damages under N2 gas, so it is found that this CFRTPs 

PA6 has the advantage of recyclability by pyrolytic process compared with conventional CFRTSs. 

 As the summary of each Re-CFs, the tensile properties, density, crystallite parameter from 

WAXD and O/C value from XPS were shown in Table 4. Especially, comparisons of the tensile strength 

and O/C value of Re-CFs and Fre-CFs were also shown in Fig. 9, 10 as histogram. The tensile modulus of 

Re-CFs did not decrease after the pyrolytic process regardless of the functional groups on CFs. As 

mentioned above, the tensile modulus of CFs relates to the crystallinity, crystal orientation and voids 

volume. The interlayer spacing and layer stack height and density did not change compared with Table 1 

and 4. In particular, it was known that the crystallite parameters of CFs were influenced with the 

maximum temperature in carbonization process [33]. Although the carbonization temperature generally 

sets up to 1000 - 1500 oC in the case of PAN-based CFs [23], the pyrolysis temperature in this study was 

decided at 600 oC. Therefore, it is thought that the pyrolytic process did not affect the crystallite 

parameter and the tensile modulus did not change after the process.  

On the other hand, the pyrolytic process influenced the tensile strength of Re-CFs. Although 

the tensile strength of Fre-without-CFs and Re-without-CFs have almost constant values, the tensile 

strength of Re-with-CFs and Re-with-UV-CFs decreased compared with each Fre-CFs, respectively. It 

means that the tensile strength decreased after pyrolytic process only when the CFs with the oxygen 

containing functional groups on the surface were used as reinforcement fibers. It is difficult to decide the 

reasons of decreasing of the tensile strength during the pyrolytic process at the present stage. Actually, the 

obvious defects couldn’t also be observed by using SEM. However, it was clear that the interaction 

between the functional groups and PA6 affected the decreasing of tensile strength because the small 

damages, even if being too small to be observed by SEM, were initiated on the surface during the 

pyrolytic process. Furthermore, it was found that the functional groups on the surface of Fre-with-CFs 

and Fre-with-UV-CFs decomposed after the pyrolytic process in terms of the O/C value.  

Finally, to discuss the feasibility of reusing CFs as reinforcement fiber of CFRTP, the 

comparisons of IFSS of CF/PA6-melt by using each Fre-CF and Re-CF were shown in Fig. 11. The O/C 

values of Re-with-CFs, Re-with-UV-CFs and Re-without-CFs were below 0.07. In spite of smaller O/C 
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values, the IFSS of CF/PA6-melt by using Re-CFs were considerably high compared with the case by 

using Fre-CFs. The two possibilities are considered for the reason of higher IFSS of CF/PA6-melt by 

using Re-CFs. The one possibility is that the defects created during the pyrolytic process worked as the 

anchor effects. However, it is thought that this possibility was low because the IFSS were also high by 

using the Re-without-CFs and also the decreasing of strength wasn’t observed after the pyrolytic process. 

The other possibility is that a little char on the surface after the pyrolytic process affected the IFSS as the 

anchor effects. Actually, a little char was also clearly observed on Re-CFs shown in Fig. 8(c). 

Furthermore, the roughness caused by other char which cannot be observed by using SEM may affect the 

IFSS. Therefore, it is concluded that the IFSS of CF/PA6-melt by using all Re-CFs were higher than that 

by using Fre-CFs. It is expected that these results become big merits for the reusing of Re-CFs for 

reinforcement fibers for CFRTP. 

  

 

4. Conclusion 

 In this study, we explored interfacial adhesion, effects of molding method, and recycling of 

CFRTP made with in-situ polymerizable PA6. 

The effects of oxygen containing functional groups to mechanical properties of CFRTP were 

investigated by preparing CFs with different carbon surface conditions. In the case of using the Fre-CFs, 

interfacial adhesion of CF/PA6 showed high interfacial shear strength for high interaction between CFs 

and PA6. The higher interfacial shear strength is due to forming the hydrogen bonds considering the 

interfacial shear strength using CFs without oxygen containing functional groups. 

Effects of molding methods were evaluated by comparing interfacial shear strength and 

mechanical properties for CFRTPs using Va-RTM and melting method. The hydrogen bonds, the effect 

of residual stress, and the covalent bonds by polymerization during the molding were considered as 

controlling factors of interfacial shear strength and mechanical properties of CFRTPs. The latter two 

effects did not occur in conventional melting method, and it found that latter two effects are advantage of 
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the CFRTP made with in-situ polymerizable PA6. The mechanical properties of these CFRTPs were 

greatly improved and supported this assumption. 

Using Pyrolytic process, recyclability of these CFRTPs was discussed. Different from the 

pyrolytic process of CFRTS which were performed under air or superheated steam, the matrix polymer in 

CFRTPs made with in-situ polymerizable PA6 was able to pyrolyze under N2 gas. The tensile properties 

of Re-CFs were examined, and it is found that the tensile strength decreased after pyrolytic process in 

case of using CFs with the oxygen containing functional groups for reinforcement fibers. It is considered 

that the strong interaction between the functional groups and PA6 affected the carbon fiber surface for 

introducing the small damages during pyrolytic process.   

As the summary, it is concluded that the CFRTPs made with in-situ polymerizable PA6 

shows strong interaction between the surface of CFs and PA6, and good recyclability. These CFRTPs 

may be one of the candidate of structural materials replacing CFRTS and more research is needed. 
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Table 1 The tensile modulus (Ef), strength (sf), density (d), crystallite parameters and O/C value of each 

Fre-CFs.  

 

The numbers after “±” are standard deviations.   

  

 
Table 2 The melting temperature (Tm), crystallization temperature (Tc), crystallinity (Xc) and 

weight-average molecular weight (Mw) of PA6 into each CFRTPs. 

 

 

 

 

 

 

 

 

 

 

  

CFs code Tensile test (N =50)  Sink-flow  WAXD  XPS 

Ef 

(GPa) 

sf 

(GPa) 

 d 

(g/cm3) 

 d002 

(nm) 

Lc 

(nm) 

f 

(-) 

 O/C 

(-) 

Fre-without-CFs 199 ± 9 4.2 ± 1.0  1.78  0.353 1.7 0.81  0.030 

Fre-with-CFs 201 ± 8 4.8 ± 1.2  1.79  0.354 1.8 0.80  0.192 

Fre-with-UV-CFs 205 ± 13 4.3 ± 1.0  1.79  0.352 1.7 0.82  0.113 

CFRTPs code DSC  GPC 

Tm 

(oC) 

  Tc 

 ( oC ) 

Xc 

(%) 

 Mw 

(104) 

Neat-PA6-RTM 213.4 175.7 26.6  7.7 

Fre-without-CFs/CFRTP 213.8 183.7 32.3  7.8 

Fre-with-CFs/CFRTP 214.6 180.1 27.9  8.6 

Fre-with-UV-CFs/CFRP 214.6 178.5 27.7  10.5 
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Table 3 The tensile/bending modulus (Ec) and strength (sc) of each CFRTPs. 

 

The numbers after “±” are standard deviations. 

 
Table 4 The tensile modulus (Ef), strength (sf), density (d), crystallite parameters and O/C value of each 

Re-CFs. 

 

The numbers after “±” are standard deviations.  

CFRTPs code Volume Tensile test  Bending test 

Fraction 

of fiber 

(%) 

Ec 

(GPa) 

(N =8) 

sc 

(MPa) 

 Ec 

(GPa) 

(N =8) 

sc 

(MPa) 

Fre-without-CFs/CFRTP 59 ± 4 59.9 ± 1.3 638 ± 28  49.0 ± 0.8 366 ± 23 

Fre-with-CFs/CFRTP 61 ± 6 64.7 ± 8.7 705 ± 82  44.7 ± 1.0 463 ± 9 

Fre-with-UV-CFs/CFRTP 57 ± 3 61.2 ± 1.5 749 ± 96   51.0 ± 3.1 509 ± 13 

CFs code Tensile test (N=50)  Sink-flow  WAXD  XPS 

Ef 

(GPa) 

sf 

(GPa) 

 d 

(g/cm3) 

 d002 

(nm) 

Lc 

(nm) 

f 

(-) 

 O/C 

(-) 

Re-without-CFs 203 ± 10 4.1 ± 0.9  1.80  0.354 1.8 0.80  0.034 

Re-with-CFs 203 ± 8 4.2 ± 1.1  1.81  0.355 1.7 0.79  0.058 

Re-with-UV-CFs 203 ± 10 4.0 ± 1.0  1.80  0.353 1.7 0.81  0.068 
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Fig. 1 Total flow chart of the preparation of Fre-CFs, CFRTPs and Re-CFs. 

 

 
 
Fig. 2 Schematic illustration of Va-RTM methods. 
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Fig. 3 Schematic illustration of fragmentation test procedure. 
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Fig. 4 Schematic illustration of tubular furnace for using pyrolytic process to recover the recycled CFs. 

 

 

Fig. 5 The IFSS of CF/PP-melt, CF/PA6-melt, CF/PA6-RTM and CF/Epo-RTM. The error bars mean 

the standard deviations.   

  

push
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Fig. 6 The typical S-S curves of tensile/bending tests for each CFRTPs. 
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Fig. 7 TGA curves of (a) Fre-with-CFs and (b) Neat-PA6-RTM under N2 gas. 
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Fig. 8 SEM images of Re-with-CFs pyrolyzed from Fre-with-CFs/CFRTP at the temperature of (a) 500, 

(b) 550 and (c) 600 oC for 30min under N2 gas. 

 

 
Fig. 9 The comparison of the tensile strength of Fre-CFs and Re-CFs. The error bars mean the 

standard deviations. 
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Fig. 10 The comparison of the O/C value of Fre-CFs and Re-CFs. The error bars mean the standard 

deviations. 

 
Fig. 11 The comparison of the IFSS of Fre-CFs and Re-CFs. The error bars mean the standard 

deviations. 


