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Abstract
The interfacial adhesion properties of recycled carbon fibers subjected to 1 hour superheated steam (SHS) treatment at 650 °C were evaluated by performing micro-droplet tests on the single fibers. The virgin carbon fiber with sizing agent was selected as the reference material; maleic anhydride (0.5 wt%) grafted polypropylene and non-treated polypropylene were used as polymer matrixes for the evaluation. The interfacial shear strength (IFSS) was calculated on the basis of experimental results. It has been observed that SHS promotes desirable adhesion properties of the resultant fibers by comparing the IFSS with that of corresponding ones. The surface morphology of the recovered fibers revealed that the SHS will not induce specific degradation during the recycling. The thermal residual stress and surface chemical states were studied to elucidate the experimental results.

1.
Introduction
Carbon fiber reinforced plastics (CFRP) have been attracted extensive attention, and widespread application have found in the various segments [1,2]. The total demand for CFRP is expected to increase in the next few years, primarily owing to their high specific strength and high specific stiffness [3,4]. At the same time, CFRP waste has also increased, raising concerns about environmental issues. Currently, recycling is the most efficient way for managing CFRP waste. The conventional recycling can be surmised as the decomposition of polymer matrix and the recovery of the carbon fibers, since it is difficult to recycle fiber and matrix simultaneously from the waste. Recently, treatment with superheated steam (SHS) has considered as a potential technique for CFRP recycling, because of its specific advantages over the hot air, which is used in the conventional processes. The SHS exhibits high thermal capacity and heat transfer coefficient, which are the essential parameters in determining the efficiency of thermal decomposition [5,6].

Generally, virgin fibers are coated with a polymeric-sized layer on the surface to enhance the interfacial adhesion to the polymer matrix whereas recycled carbon fibers (RCF) are not, since the sizing agent could be decomposed simultaneously with the polymer matrix during the recycling. Thus, an additional surface treatment is necessary for re-use of the RCF[7]. This is due to that the interfacial adhesion contributes considerably to the mechanical properties of CFRP. A recent study has reported that SHS treatment has high potential in surface modification when the fiber bundles were exposed to SHS [8]. If the treatment with SHS could ensure the desirable carbon fiber recovery with complete decomposition of polymer matrix, as well as simultaneous increase in the adhesion properties, then the extensive RCF re-using could be expected due to the lowering of cost and manufacturing cycle time.

In this study, the effect of SHS on the carbon fiber adhesion properties was assessed toward the development of SHS treatment for CFRP recycling. The interfacial adhesion of resultant RCF was measured through performing micro-droplet test on the single fibers. The influence of thermal residual stress on the evaluation of interfacial adhesion was discussed. Furthermore, the effect of SHS on RCF surface chemical states was studied by X-ray photoelectron spectroscopy (XPS).

2.
Experimental
2.1. 
Materials
Virgin carbon fibers (PYROFIL TR-50S, Mitsubishi Chemical Co., Ltd., Japan) as-treated with sizing agent were used as reference material. To demonstrate the influence of sizing agent on the adhesion properties, cleaning of the as-received virgin fibers was performed sequentially by using acetone, ethanol and pure water. These fibers are labeled the “sized” and “desized”, respectively. Unidirectional carbon fiber reinforced (UD) sheets in an average volume fraction of 55% were provided by the Industrial Technology Center of Fukui Prefecture, Japan for this study. These UD sheets were manufactured by impregnating as-spread TR-50S tow to the both sides of polyamide 6 resin film. Maleic anhydride (0.5 wt%) grafted polypropylene (MAPP) and non-treated polypropylene (PP) (Toyobo Co., Ltd., Japan) were used as polymer matrixes for the experiments.

2.2.  SHS treatment

Treatment facility consists of an SHS-generating system and a processing chamber that is equipped with an assistant heater to provide a relatively constant temperature during the treatment. Currently, the permissible dimensions of the sample for SHS treatment are regarded as 250 × 250 × 250 mm (length × width × thickness). The treatment with SHS was performed on UD sheets with dimensions of 240 × 180 × 0.044 mm (length × width × thickness) at the Japan Fine Ceramics Center, Japan. The treatment temperature was 650 °C, and the treatment time was 1 hour. The selection of treatment condition is on the basis of the results of our previous study, since it had been observed that carbon fibers were recovered with complete decomposition of resin after the SHS treatment for 1 hour at temperatures higher than 650 °C. The results of thermogravimetry and differential scanning calorimetry (TG-DSC) also indicated that SHS treatment at 650 °C was sufficient for complete resin decomposition, as shown in Figure 1 [9]. The RCF subjected to the SHS treatment is labelled based on the temperature in the rest of this paper.
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Figure 1. TG-DSC curves of UD sheet in SHS-like atmosphere. Adapted from [9].
2.3.  Characterization
The surface morphologies of sized, desized, and RCF subjected to 1 hour SHS treatment at 650 °C (SHS650) were observed using a scanning electron microscopy (SEM) system (JSM-IT300LV, JEOL, Ltd., Japan). 
The effect of the SHS on the interfacial adhesion properties of carbon fibers were evaluated by single fiber micro-droplet tests. To prepare the specimens for the test, single carbon fibers were selected randomly from the bundle of sized and desized carbon fiber, and from the as-treated UD sheets, respectively. A single carbon fiber was placed at the aluminum mounting and then firmly bonded to the mounting using a drop of polyester adhesive (NP-50B, Tokyo Sokki Kenkyujo Co., Ltd., Japan). A micro-droplet testing system (HM410, Tohei Sangyo Co., Ltd., Japan) was employed to the measurement. The droplets were fabricated within the temperature range of 155 – 160 °C. Subsequently, the droplets were solidified to the room temperature with a gradual cooling in order to promote sufficient crystallization of resin. 
After preparation, a droplet was loaded between two blades. Then the embedded length was measured through a two-dimensional measurement software (AR-U120P3MF, ARTRAY Co., Ltd., Japan). The force was then recorded during a unidirectional pulling process at a displacement rate of 0.12 mm/min until interface debonding. We measured 40 valid data points at 25 °C with embedded lengths ranged from 60 to 110 micro-meters.
The interfacial shear strength (τi) (IFSS) can be calculated by the following Eq. (1):

	τi = Fmax / π Df Le
	(1)


where Fmax is the force at the moment of interface debonding, Df is the fiber diameter, and Le is corresponding to the embedded length of individual droplet. This method assumes a uniform shear lag model where shear stresses are uniformly distributed along the interface. Considering the fact that shear stress distributions vary along the interface, the IFSS can be derived from the following Eq. (2):

	τd = dFmax / π Df  dLe
	(2)


There are two methods to evaluate the IFSS value from the experimental results. One is the mean of the values calculated from the Eq. (1); the other is the method of utilizing the slope of linear regression of Fmax as a function of Le, as shown in Eq. (2).

The surface chemical states of the carbon fibers used in this study were analyzed by X-ray photoelectron spectroscopy (XPS; ESCA 180MC, Ulvac-Phi., Chigasaki, Japan). The high resolution spectras of C1s, O1s, and N1s were studied.
3.  Results and discussion
3.1.  Morphology of carbon fiber surface

The morphology of SHS650 surfaces were observed by SEM. The micrographs of the sized and desized virgin fibers are shown for comparison. As shown in Figure 2 (a), sizing agent was present on the as-received virgin fibers. It can be noticed that the cleaning process has removed sizing on the fiber surfaces (Figure 2 (b)). Figure 2 (c) indicates the carbon fibers could be recovered with complete decomposition of resin after treatment at 650 °C for 1 hour. Additionally, it can be observed that the SHS treatment will not induce the specific degradation of the carbon fibers during the recycling of CFRP.
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Figure 2. Carbon fiber surface morphology: (a) sized, (b) desized and (c) SHS650.
3.2.  Interfacial shear strength
Figure 3 shows mean IFSS calculated from Eq. (1); the error bar indicates standard deviation of 40 valid data points. The mean IFSS of SHS650/MAPP is 27.29 MPa, which value was approximately 30% higher than that of desized/MAPP. It can be seen that the IFSS of SHS650/MAPP is slightly lower than that of sized/MAPP (29.87 MPa), although the mean of former is within the error range of latter. IFSS of sized/MAPP is higher than that of desized/MAPP, which is considered to be the contribution of sizing agent. On the other hand, IFSS values of sized, desized, SHS650 to PP are close to each other. These can be explained in terms of chemical structure of PP molecular, since the PP resin cannot involve chemical bonding to the functional groups on the fiber surface. Thus, it can be surmised that the interface debonding of PP could be primarily determined by the thermal residual stress.
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Figure 3. IFSS of sized, desized and SHS650 to PP and MAPP.
A least-square linear regression was established in order to identify the correlation between the force for interface debonding and embedded length, as shown in Figure 4. The results show clearly that maximum force for debonding MAPP is higher than that for PP. However, the scatter in the force data for MAPP is relatively higher than that in the data for the PP. The parameters of linear regression are shown in Table 1, and the mean IFSS are shown for comparison. It is obvious that the SHS promotes desirable interfacial adhesion between the fiber and MAPP resin. Furthermore, the IFSS derived by the Eq. (2) are higher than the mean IFSS calculated on the basis of Eq. (1).
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Figure 4. Experimental results obtained by micro-droplet test: (a) sized/PP, (b) desized/PP, (c) SHS650/PP, (d) sized/MAPP, (e) desized/MAPP, and (f) SHS650/MAPP.

Table 1. Parameters of least-square linear regression in Figure 4.
	Carbon fiber
	Sized
	Desized
	SHS650

	Polymer
	PP
	MAPP
	PP
	MAPP
	PP
	MAPP

	Slope (mN/μm)
	0.22
	0.67
	0.21
	0.65
	0.22
	0.75

	Intercept (mN)
	-2.55
	-1.27
	-2.25
	-13.41
	-2.46
	-10.87

	τd (MPa)
	10.00
	30.61
	9.55
	29.40
	9.79
	33.90

	τi (MPa)
	8.42
	29.87
	8.27
	21.20
	8.27
	27.29


It can also be noticed that the linear regressions are not meet the origin, which results can be explained by the presence of residual stress in fiber axial direction [10]. The intercepts of linear regression for fiber and PP are almost close to each other, however these are vary from one to another for MAPP. This could be explained by the surface chemical states of fibers due to all of the specimens were fabricated in the identical conditions. Thus, the debonding should be influenced by the similar degree of residual stress. However, the droplets with higher embedded length could result in a higher probability of chemical interaction between fiber and matrix. In that case, the slope of linear regression will be steeper when the probability of surface functional group is low or the surface chemical states are not uniform. It is worth to note that the sized fibers had been used for this study as treated with a sizing agent during the manufacturing process; the surface chemical states of desized and SHS650 could be influenced by the desizing and SHS treatment, respectively. Thus, it would not be reasonable to compare the negative intercept from one to another or define the value as the axial residual force.
3.3.  Thermal residual stress

	The thermal induced residual stress arises during the polymer solidification. Considering the thermal shrinkage mismatch between fiber and matrix, the presence of residual stress could influence the characterization of interfacial adhesion properties [11]. The residual stress in fiber axial direction can be calculated from the following equations by assuming the isotropic matrix deformation [10,12],
σA = (Ef ∆T (αm - αf)) / (1 - 2kvf) 
	(3)

	k = θvf / (θ (1+vf) +1+ vm)
	(4)

	θ = Em / Ef
	(5)


where Ef is the elastic modulus of carbon fiber, ∆T is temperature change, αm and αf is the coefficient of thermal expansion of fiber and matrix, respectively. At the same time, thermal residual stress in fiber radial direction can be calculated from the following Eq. (6), 

	σR = (Em ∆T (αm - αf)) / (θ (1 - vf) +1+ vm + 2γ)
	(6)


where Em is the elastic modulus of polymer matrix, γ is defined as the ratio between fiber and matrix cylinder cross sections. vf and vm are the Poisson’s ratio of carbon fiber and matrix, respectively.

Table 2. Material constants for calculating thermal residual stress.
	Material
	E
(GPa)
	v 


	α
(µm/m∙°C)

	Carbon fiber
	206
	0.28
	5.6

	PP
	2.43
	0.42
	60

	MAPP
	1.61
	0.42
	63
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Figure 5. Thermal residual stress in the fiber radial direction.
Figure 5 shows the radial residual stress which values are calculated on the basis of the material constants in Table 2. The results show that radial stress increases with the growth of embedded length, primarily owing to the variance of droplet cylinder diameter along the increase of embedded length. The residual stress in PP solidification (Eq. (6)) is within the range of IFSS calculated from Eq. (1) and (2). Furthermore, the IFSS (PP) value obtained from the experimental results will not be influenced by the surface chemical states. On the other hand, the gradual cooling may contributes to the release of residual stress [10]. Thus, it can be speculated that the interfacial adhesion to PP could be primarily determined by the thermal residual stress. Although the interfacial shear strength of carbon fiber to PP is lower than that to MAPP, the residual stress induced by PP is higher than that by MAPP in the fiber radial direction, as shown in Figure 5. This is considered to be related to effect of the surface chemical states on the interface adhesion due to the fact that MAPP can involve chemical interaction to the functional groups on the fibers. Hence, it is necessary to assess the effect of surface chemical states of fibers on the adhesion properties.
3.4.  Surface chemical states of carbon fiber
The high resolution spectra of C1s region indicates the intensity of phenol or ether groups (C-OH, C-O-C; 285.5 eV) in desized fibers is slightly lower than that in sized virgin fibers. This may be responsible for the decrease of interfacial adhesion between desized fibers and MAPP, since these oxygen-containing groups can involve chemical bonding to the MAPP [13]. The O1s/C1s ratio for RCF is even lower than that for desized fiber, though IFSS values indicated that SHS650 show desirable adhesion properties to MAPP resin. Furthermore, the N1s spectra of SHS650 varies from those of sized and desized fibers. A new peak over 398.5 eV in the N1s spectra of SHS650 is noticed. Thus, it could be the appearance of nitrogen-containing extrinsic functional groups on the RCFs that contributed to the observed increase in the IFSS, as it is likely that these functionalities were produced during the SHS treatment, given the atmosphere condition of the treatment and the high processing temperatreus for resin decomposition.
4.  Conclusion

CFRP recycling and RCF re-use are known as the pressing issues for both environmental and economic aspects. The SHS treatment is regarded as a potential approach for recycling CFRP. Thus, the influence of SHS on the carbon fiber was assessed by exposing UD sheets to such a treatment at 650 °C for 1 hour. It has been observed that carbon fibers were recovered with complete decomposition of polymer matrix. SEM micrographs indicated that the SHS will not induce any specific degradation on the fiber surface during recycling. The interfacial adhesion properties of RCF subjected to SHS treatment have been evaluated by performing single fiber micro-droplet test. The IFSS of fibers treated with SHS at 650 °C was comparable to that of sized virgin fibers when MAPP and PP were used as the polymer matrix. The XPS results showed that the appearance of extrinsic functional groups, which may contributes to the desirable adhesion properties of the fibers subjected to SHS treatment. Conclusively, SHS treatment shows great potential for the CFRP recycling and simultaneous surface modification of the recovered fibers.
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