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Abstract
In order to utilize recycled carbon such a technique for using discontinuous fibers as reinforcement of high performance composite is inevitable. Extrusion-compression process, e.g. LFT-D process is a candidate from the viewpoint of maintaining long fiber length and production efficiency. In this study a quasi-continuous covered sliver was fabricated, which enabled discontinuous carbon fibers to be fed into an extruder instead of continuous fiber rovings. The quasi-continuous covered sliver was fabricated using our developed method for making aligned sliver by comingling discontinuous fibers with fluffy resin fiber. It was fed directly and continuously into a single screw extruder through a vent opening by wrapping around the screw. And tensile properties of press molded extrusions were evaluated. Tensile properties of the molded specimen of quasi-continuous covered sliver were somewhat superior to those of specimens using continuous rovings in usual LFT-D process. Observation of fiber condition in the specimens from quasi-continuous covered sliver, shows almost the same fiber length and better fiber dispersion compared to those in the specimens of continuous rovings. As a result the developed quasi-continuous covered sliver proved to be available in direct feed extrusion process instead of continuous rovings.
1.
Introduction
With the increasing use of carbon fiber in automotive industries, a need to reuse　reclaimed carbon fiber from production scrap and end-of-life parts is on the rise. On the other hand, mechanical properties of composites reinforced by recycled fiber deteriorate because of fiber length reduction and fiber random orientation. So recycled carbon fiber reinforced composites cannot be used as highly stressed structural parts unless their performance is improved.
In order to improve performance of discontinuous fiber reinforced composites, longer fiber length and alignment of fiber are inevitable. As a way to maintain fiber length during compounding direct process (LFT-D; Long Fiber Thermoplastics-Direct) is successful[1,2] but in usual LFT-D process continuous rovings are fed as reinforcement because continuous fiber roving is easily fed into an extruder by wrapping around a screw. In the case that fiber is discontinuous like recycled fiber continuously stable feed becomes hard in usual LFT-D process. In addition nature of carbon fiber roving hard to be opened results in non-uniform fiber dispersion in the short kneading distance in LFT-D process. Mechanical properties of extruded mixture are defined by not only the materials used but also the process-induced effect on fibers[3]. So, less uniform fiber dispersion decreases mechanical properties of extruded mixture. From the above viewpoint, it is difficult that usual LFT-D process is not applicable for making high performance composite from recycled discontinuous fibers as it is.
We have already developed a method of making a quasi-continuously aligned staple from recycled discontinuous carbon fibers[4,5]. Although its main uses are in form of organic sheets which maintain fiber lengths and orientations, quasi-continuous staple is expected to be applicable to feed discontinuous fibers to an extruder like continuous rovings.
Therefore, the aim of this study is to apply our developed quasi-continuous sliver or staple to extrusion-compression molding process in order to maintain fiber length and alignment in final parts. The sliver fabricated from PP (polypropylene) and cut carbon fiber simulating recycled fiber was fed to a single screw extruder through a vent. Extruded mixture from strand die was pressed into plates using a narrow mold to maintain the fiber alignment during pressing. Tensile properties were examined with compared to those from usual LFT-D process using continuous rovings. Observation of fiber state in extrusions and tensile properties were also discussed how they are related to fibers state, i.e., fiber length, fiber orientation, fiber dispersion.
2.
Fabrication of quasi-continuous covered sliver
As reported in the previous study[5] sliver was made from discontinuous carbon fiber.by drawing its mixture with fluffy resin fiber. Discontinuous carbon fibers suspended on fluffy resin fibers were aligned in one direction and mixed uniformly with stretching of resin fibers during drafting. After drafting discontinuous carbon fiber became quasi-continuous sliver with help of crimpability of resin fibers, as shown in Fig. 1. It was in a bulky state and resulted in small feed amount per time. It is also easy to break by the tensile force acting during feed. Then the sliver was slightly twisted and covered by thin resin film as to reduce the volume and withstand the tension, as shown in Fig.1. Then the covered sliver can be treated like a continuous roving. The diameter of the covered sliver was about 6 mm and the weight was about 8 g/m. At the starting fiber volume fraction of the mixture was about 40 % but its resulting value in the covered sliver became 25-27 % by adding PP film.
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Figure 1. Schematic of manufacturing process for quasi-continuous covered sliver.
Materials used for the sliver were carbon fiber (T700SC-12k-60E Toray Co., Ltd.) and PP fiber (PZ 5.6dtex, 76mm Daiwabo Polytec Co., Ltd.). Cut fibers of about 200 mm long were used to simulate the recycled discontinuous fibers and the pieces of carbon fibers bundle were opened in advance by using a modified carding machine. Surface sizing of carbon fiber was as received. Fiber length in covered sliver became about 60 mm on average because of breakup during drawing process. In usual LFT-D process roving of the above-described carbon fiber and PP pellet (NOVATEC PP-MA3 Japan Polypropylene Co.,) was used. 
3.
Covered sliver continuously feed extrusion compression molding
Kneading of the covered sliver was performed by using a single screw extruder (LABO PLASTOMILL D2025 Toyo Seiki Seisaku-sho, Ltd.). The screw diameter is 20 mm and kneading distance L is L/D = 10 in the case of feed through the vent and 25 in the case of feed through the hopper. The covered sliver introduced directly through the vent opening as shown in Fig. 2. It was also fed from the hopper to see the difference in mechanical properties due to kneading distance. The screw rotation speed was 50 rpm and the temperature of cylinder was 183 °C. In order to control fiber orientation materials were extruded through different diameter strand dies of 20 mm and 5 mm. The view of kneaded extrusions was shown in Fig.3. 
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Figure 2. Direct feed extrusion compression molding process using quasi-continuous covered sliver.
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Figure 3. View of extudates from strand dies of 5 and 20 mm diameter.
In this study the extrudates were hot pressed because press forming could not be performed immediately after the extrusion. The extrudates were placed in closed molds with keeping the same direction and hot-pressed in plates of 115 × 115 × 1.5 mm and 20 × 115 × 1.5 mm, respectively. The extruded mixture through the die of 5mm diameter was pressed into narrow shape of 20 mm wide in order to prevent the fibers from disrupting their orientation during press forming. The hot-press molding was carried out with 2 MPa at 200 °C for 10 min.
4.
Tensile tests and results
Tensile test specimens were cut from the hot-pressed plates in strip of 10 mm wide and 100 mm long, with making the extruded direction and the tensile direction coincide. Tensile tests were carried out using a universal test machine (Type 3376 Instron) at a cross head speed of 1 mm/min. Tensile moduli were determined using the strain measured by a contact-type extensometer (Type 2639-111 Instron) whose gage length was 50 mm. Types of the test piece subjected to the tensile test are listed in Table 1. 
Resulting tensile moduli and tensile strengths are shown in Fig. 4. First of all, compare the results of case (i) and (v) to see the effect of using covered sliver. Although the fiber feed location and strand dies diameter were the same in the both case, tensile properties in type (i) where covered sliver was employed are better than those in type (v) where continuous roving was fed. Even though covered sliver was made of discontinuous fiber, slightly superior results to those by conventional LFT-D were achieved.
When covered strand is used, tensile properties vary depending on the feed position and the die diameter. Whether the covered sliver was fed via the vent or the hopper, tensile properties varied between type (i) and (ii). In type (ii) of longer kneading distance, where the sliver was fed via the hopper, tensile properties deteriorate. As for strand die diameter, results in type (iii) with smaller diameter shows higher tensile modulus.
Table 1. Specimen fabricated and employed in tensile test.

	Specimen Type
	Fiber/matrix
	Feed position
	Die dia. (mm)
	Vf (%)

	i
	covered sliver
	vent
	20
	25

	ii
	covered sliver
	hopper
	20
	25

	iii
	covered sliver
	vent
	5
	27

	iv
	covered sliver
	vent
	5
	40

	v (LFT-D)
	roving / pellet
	vent
	20
	23

	vi (Quasi-UD)
	sliver → yarn
	-
	-
	13
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Figure 4. Tensile modulus and strength of specimens fabricated under various conditions.
Tensile properties of quasi-UD composites fabricated from the yarn made of the same sliver are also shown as type (vi) in Fig. 4. As shown in the previous study[5] in this specimen about 70 % fibers were aligned within ±14° and its tensile modulus was about 12 GPa. Tensile moduli of the specimens fabricated using the covered sliver are reasonable compared to that of quasi-UD specimens. Regarding the tensile strength, that in type (vi) is 78 MPa, whilst those obtained in this study by the extrusion-compression molding are pretty small. Considering also that the tensile strength of the matrix resin PP is about 30 MPa, something that degraded the tensile strength would be caused during the process.
5.
Effect by using covered sliver  - fiber sate in formed plates

5.1. 
Fiber length

The fiber length was measured as the following. Fibers were extracted by pyrolysis of the matrix resin in a furnace at 600 °C, and then the extracted fibers were dispersed in ethanol and dried. Because the maximum length was over 30 mm and such fibers cannot fit overall in one view of a microscope, their lengths were fixed by scanning from end to end using an x-y stage coupled with an optical microscope. 30 randomly selected fibers were used to obtain fiber length distribution.
Figure 5 shows the fiber length distribution of the specimens of type (i), (ii) and (v). Firstly from the comparison between distribution from type (i) and (ii), longer kneading distance caused more fiber breakup and resulted in shorter fiber length. Next from the results of type (i) and (v), the fibers in the plate molded using the covered sliver were almost the same length or slightly longer compared with that of the plate molded using continuous roving. Regarding fiber length in extrudates the covered sliver feed proved to have no disadvantage compared to roving feed.
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Figure 5. Fiber length distribution of extudates using quasi-continuous covered sliver and roving.
5.2. 
Fiber dispersion and waviness
Fiber dispersion was investigated by optical observation of cross sections of the molded plates, which is perpendicular to the extrusion direction. In addition observation by X-ray CT (SKYSCAN 1172 Bruker Co.) was carried out to check fiber aggregation and waviness inside. 

Figure 6 shows photos of cross section perpendicular to the extrusion direction of type (i) and (v), feeding covered sliver and roving respectively. Both specimens were fed via vent and extruded in short kneading distance. From the photos fibers dispersed uniformly in the type (i) specimen in Fig. 6(a). On the other hand fiber bundle remained in the type (v) specimen in Fig. 6(b). Sliver was well dispersed since it was comingled in advance, whilst roving was not well unbundled in such kneading distance of L/D = 10. The tensile test results in Fig. 4 show that type (v) is a little inferior to type (i). So fiber aggregation is considered to cause decrease in tensile properties of type (v) with taking it into account that fiber length are almost the same in the type (i) and the type (v) specimen. Though fiber dispersibility is said to have dominant effect to mechanical properties over fiber length, in this study type (v) of longer fiber length and worse dispersibility is superior to type (ii) of shorter fiber length and better dispersibility.

X-ray photos of inside plane of the molded plate parallel to the extrusion direction are shown in Fig. 7. They are images of type (i) and (v), corresponding to the optical images in Fig. 6. X-ray photos show the same aspect of fiber dispersion that dispersibility is better in type (i) as in the optical photos in Fig. 6. But in X-ray phots lumps of long waved fibers are observed in both type specimens. Longer fibers are more likely to bundle and wave. Fiber bundling leads to a heterogeneous distribution of fibers. Waviness results in reduced load sharing capacity of fibers. If fiber length gets longer and fiber volume fraction increases, bundling and waviness of long fibers are supposed to become serious. This is presumed to be the cause of the decrease in tensile properties of type (iv) in Fig. 4 despite an increase in fiber fraction in comparison to type (iii).
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Figure 6. Optical images of cross section perpendicular to extrusion direction in extrusion compression molded plate specimens; (a) quasi-continuous covered sliver, (b)roving.
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Figure 7. X-ray images of inner plane parallel to extrusion direction in extrusion compression molded plate specimens; (a) quasi-continuous covered sliver, (b)roving.
5.3. 
Fiber orientation
Fiber orientation was evaluated by optical microscope observation of cross section of the extrudates. Cross sections perpendicular to the extrusion direction was observed by an optical microscope. Figure 8 shows optical photos of cross section of type (i) and (iii) specimens, that were extruded form a 5 mm 
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Figure 8. Optical images of cross section perpendicular to extrusion direction in extrudates of covered sliver feed from different strand die diameter; (a) 5 mm, (b) 20 mm.
diameter strand die and a 20 mm diameter strand die, respectively. From the image of the extrusion from a 5 mm dia. die it was observed that almost all the fibers oriented perpendicular to the cross section. On the contrary fibers on the cross section of the extrudate from a 20 mm dia. die laterally oriented fibers were observed. Tensile modulus of molded specimens of type (iii) where fibers were well aligned by using a die of smaller diameter, is more than twice that of obtained from the specimens of type (i) extruded using a lager diameter die . The tensile modulus is larger than that of type (iv), which is quasi-UD specimen fabricated using spun yarn of the same sliver. Tensile modulus could be greatly improved by controlling fiber orientation and reducing fiber waviness by extruding via a small diameter strand die.
6.
Conclusions
In order to apply discontinuous carbon fiber like recycled fiber to extrusion-compression process, e.g. LFT-D process, this study proposed a quasi-continuous covered sliver made from discontinuous carbon fiber by utilizing our previously developed comingled sliver. The quasi-continuous covered sliver was fed directly into a vent of an extruder. The extrudate was hot-pressed into plates and their tensile properties were examined. Observation of fiber state in the extrudates and press molded plates was carried out and relation with the tensile properties was discussed. The obtained findings are as follows.

· The developed quasi-continuous covered sliver can be continuously and stably fed into an extruder through the vent like continuous rovings.
· The tensile properties of extrusion hot-pressed specimens using the quasi-continuous covered sliver were slightly superior to those of specimens by a usual LFT-D process using continuous rovings. Cross sectional observation showed that specimens using the quasi-continuous covered sliver had almost the same fiber length and better fiber dispersion compared to those from continuous rovings.
· Tensile modulus of the extrudates is much improved by controlling fiber orientation using a small diameter strand die. On the other hand, tensile strength after extrusion did not reach the strength that the materials system originally had.
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