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Abstract

:

Due to their lightweight potential and good eco-balance, thermoplastic hybrid composites with natural fiber reinforcement have long been used in the automotive industry. A good alternative to natural fibers is wood fibers, which have similar properties but are also a single-material solution using domestic raw materials. However, there has been hardly any research into wood fibers in thermoplastic back-injected hybrid composites. This article compares the bond strength of an injection molded rib from polypropylene (PP) and wood fibers to different non-wovens. The non-wovens consisted of wood fibers (spruce) or alternatively natural fibers (kenaf, hemp), both with a polypropylene matrix. Pull-off and instrumented puncture impact tests show that, given similar parameters, the natural and wood-fiber-hybrid composites exhibit very similar trends in bond strength. Further tests using viscosity measurements, microscopy, and computed tomography confirm the results. Wood-fiber-reinforced thermoplastic hybrid composites can thus compete with the natural fiber composites in terms of their mechanical behavior and therefore present a good alternative in technical semi-structural applications.
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1. Introduction


Biocomposites made of thermoplastic or thermoset matrices with wood (e.g., spruce) or other natural fibers (e.g., flax, hemp, kenaf) have long been applied in the automotive industry [1,2,3,4] because of their lightweight potential, shorter cycle times, and better eco-balance [5]. The main applications are in the automotive interior, e.g., door panels and instrument panels (see Figure 1a). Thermoplastic matrices are becoming more prevalent than the previously standard thermoset matrices because thermoplastic, unlike thermoset matrices, can be used in hybrid processes such as back-injection molding [5]. While natural fibers have long been used in thermoplastic matrices and hybrid processes, wood fibers have not yet been researched for hybrid processes such as back-injection molding. Recent review articles do not mention hybrid processing methods or back-injection of wood fiber composites [6,7,8,9,10,11].



An important property of hybrid composites is the bond strength (see Figure 1b) between flat semi-finished products (non-wovens) and back-injected structures (ribs, screw domes, edge areas, etc.). This article compares the bond strength of non-wovens with wood fibers (spruce) and alternatively non-wovens with natural fibers (kenaf, hemp) in thermoplastic hybrid composites. The comparison uses wood fiber non-wovens and natural fiber non-wovens with a polypropylene matrix. The non-wovens are back-injected with direct-compounded, wood-fiber-reinforced polypropylene using an injection-molding-compounder. The procedure of direct compounding of wood fibers for ribs or screw domes is relatively new [12,13,14,15]. The specimens made of the non-wovens and back-injected ribs are produced varying the following parameters: core temperature of the non-wovens, injection material, and rib geometry. Pull-off tests and instrumented puncture impact tests were used to determine the bond strength of the different specimens. The tests show that thermoplastic hybrid composites with wood fibers exhibit slightly lower bond strength compared to composites with natural fibers, but the trends in mechanical behavior of the two are very similar.



Various publications provide a good overview of previous applications of composites with wood or natural fibers. They primarily deal with applications in the automotive industry [17,18,19]. Compression molding has mainly used thermoset matrices and fiber materials such as wood or certain natural fibers (flax, hemp, kenaf, sisal, jute, and cotton). Wood fibers in the form of non-wovens and needle felts have been used in compression molding with both thermoset and thermoplastic matrices [20]. Fibrowood is a needled wood-fiber non-woven that uses acrylic resin and thermoplastic fibers as a matrix. The Wood-Stock process uses extruded polypropylene sheets containing wood flour and natural fibers [21]. Lignotock consists of wood fibers, acrylic resins, melamine resins, and thermoplastic fibers in various mixing ratios [22]. Englund et al. state that the use of wood fiber composites is widespread, but there is little scientific work on them. The literature predominantly deals with composites with wood chips and thermoset matrices [23]. Current research in semi-finished products aims to combine natural or regenerated cellulose fibers with glass, carbon, and basalt fibers to improve mechanical properties [24,25,26,27]. Another field of research is the use of biopolymers, biodegradable plastics [28,29,30,31,32,33,34], as well as recycled plastics [35,36,37,38]. Flame retardants for composites with wood fibers and polypropylene were investigated by Ayrilmis and his colleagues. They found that an optimum of physical and mechanical properties is achieved with 4 wt.-% coupling agent and 8 wt.-% flame retardant based on phosphate [39]. According to Renner et al., ammonium phosphate, graphite, metal hydroxide derivatives, and their combinations are very effective flame retardants for composites containing wood fibers [40]. Saba et al. review flame retardants for composites with kenaf fibers. In addition to Renner et al., they recommend montmorillonite, nanoclays, and nanotubes as flame retardants [41]. Hu et al. synthesized a new lignin-based flame retardant with phosphorus for biodegradable composites with wood powder and polylactic acid. In addition to improved flame retardancy, they were also able to demonstrate promising mechanical properties [42].



Hybrid processing methods, such as back-injection, are used for thermoplastic semi-finished products made from natural fibers (e.g., kenaf, hemp). In hybrid processes, the semi-finished product is first heated in an infrared oven or a hot press, then inserted into the injection mold, formed, and finally back-injected [43]. Hybrid processing methods profit from the synergy of the combination of both compression and injection molding. Back-injection molding combines the inherent stiffness of fiber-reinforced semi-finished products in compression molding with the design stiffness and high productivity of injection molding [44]. The development of hybrid processes for natural fiber-reinforced semi-finished products has been driven by suppliers and original equipment manufacturers (OEM) in the automotive industry. There are some conference papers and articles (none peer-reviewed) on the topic of hybrid processes in this context, but no scientific peer-reviewed publications [45,46,47,48,49,50]. In recent review articles, hybrid processing methods such as back-injection molding of natural fiber or wood fiber composites are not mentioned [6,7,8,9,10,11]. One industry-led project dealing with the topic of hybrid composites was the FENAFA project (completed in 2014). The project analyzed the bond strength of hybrid composites with natural fibers. A needled natural fiber non-woven with a polypropylene matrix as the semi-finished material and a natural fiber-polypropylene compound as the injection material were tested. The results showed that the bond strength decreases slightly with increasing width of the rib geometry, and that specimen failure occurs only within the natural fiber non-woven. However, the results are available only in the project report without further details on the materials or the test methods [49]. A rare scientific publication on back-injection of natural fibers is Ouali et al., who analyze the back-injection of prepregs with unidirectional flax fibers. They focus on the continuous production of prepregs with biopolymers and their mechanical behavior and only show images of back-injected structures, but do not mention their bond strength [51,52,53].



Instrumented puncture impact tests or drop weight tests are known methods to test composites and natural fiber-reinforced composites [54,55,56,57,58,59,60]. There are no articles that examine hybrid back-injected composite structures with natural or wood fibers. Pingulkar et al. review the drop weight impact characteristics of bio-composites with natural bast fibers and a thermoplastic matrix. Composites with kenaf, jute, and hemp have the potential to find application in semi-structural components [60].




2. Materials and Methods


2.1. Materials


The following table shows the two materials that were used for injection molding in test series 1 (test specimens for pull-off tests), which was carried out at the TH Rosenheim. The pull-off test is explained in more detail in Section 2.2.1. For the direct-compound in test series 1, a polypropylene (PP) homopolymer HJ120UB from Borealis was used. A polypropylene copolymer SCONA TPPP 8112 GA grafted with maleic anhydride from BYK Additives was used as a coupling agent. The direct-compound was compared with a WPC (Wood-Plastic-Composite) from the company JELU-Werk as a benchmark. The material WPC PP H50-500-14 was mixed with 60 wt.-% HJ120UB from Borealis to achieve a wood content of 20 wt.-%. Test series 2 was carried out in the technical center of FRIMO Sontra on a standard injection molding machine. Consequently, only the WPC was used in test series 2.



The spruce fibers for the direct-compound (see Table 1) and for the non-wovens (see Table 2) were produced in the technical center of the TH Rosenheim (see see Section 2.2). A needled natural fiber non-woven Hacoloft N from the company J.H. Ziegler was used as a benchmark. The benchmark was compared with a wood fiber non-woven based on air-lay technology. The wood fiber non-wovens were produced in the technical center of AUTEFA Solutions in Linz. A PP fiber of type E 4219 from IFG Asota with a length of 18 mm and a titer of 2.2 dtex was used for the wood fiber non-wovens.




2.2. Methods


2.2.1. Test Series 1 (Test Specimen for Pull-Off Test)


Spruce logs from the Rosenheim area were manually debarked and reduced to chips using a Bruks drum chipper (type CV 400N-2M, Siwertell AB, Bjuv, Sweden). The defibering of the fresh wood chips was carried out on a 12″ laboratory refiner (type 12 1CP, Andritz AG, Graz, Austria). Thermo-mechanical pulping took place at 160 °C and 5.2 bar saturated steam pressure for 3 min. The 12XASR01 grinding disc was used for defibering. For direct compounding, the moist spruce fibers were further processed into pellets by a pelleting press (type RMP 250, MÜNCH-Edelstahl GmbH, Hilden, Germany). During pelleting, the feed rate of the metering screw and the compression are controlled manually. The wood fiber pellets were compounded with polypropylene and the coupling agent at a temperature of 170 °C on a Krauss Maffei injection-molding-compounder (type KM 300 CX IMC, KraussMaffei Group GmbH, München, Germany). Before processing the WPC, the wood fiber pellets and the coupling agent were dried at 80 °C for 3 h in a circulating air oven. After drying, the moisture content of the materials was below 0.5 wt.-%. The processing of polypropylene with wood fibers by direct compounding has been published elsewhere [12]. For the non-woven production, the wood fibers were laid with PP fibers to form a non-woven via an air-lay system. Details of this process have already been presented [61]. The non-wovens were pre-consolidated via a heated (200 °C, isobaric, type LA 100, Robert Bürkle GmbH, Freudenstadt, Germany) and a cooled press (40 °C, isochoric, type LP 370, Dieffenbacher GmbH, Eppingen, Germany) to a thickness of 2 mm (see Figure 2). Before being placed in the injection mold, the inserts were heated to a core temperature of 170 °C using an infrared oven. The infrared oven was built by the TH Rosenheim with infrared heaters from KRELUS (heater type G14 -25 -2,5 MINI 7,5, Krelus AG, Sarnen, Switzerland).



Two different rib geometries were molded (see Figure 3a,b). The first rib geometry has a radius of 0.8 mm at the rib base (see Figure 3a), which means that the interface between the rib and non-woven is 229.5 mm². The second rib geometry has a foot of 10 mm width and 1.3 mm height at the rib base, so the interface is 450 mm² (see Figure 3b). The length of both ribs is 45 mm. Each sample has eight ribs with a foot, and eight ribs with a radius.



The bond strength of the molded ribs on the non-wovens (see Figure 4a) was determined via a pull-off device. Figure 4b shows a schematic picture of the pull-off device. A Zwick/Roell type Z020 universal testing machine was used (ZwickRoell GmbH & Co. KG, Ulm, Germany). The pull-off speed was 10 mm/min.




2.2.2. Test Series 2 (Test Specimen for Instrumented Puncture Impact Behavior)


Compared to test series 1, in test series 2 the unconsolidated non-wovens were heated to a core temperature of 170 °C and pressed in an isochoric process to a thickness of 2 mm via a heated press and inserted into the injection mold directly. The WPC was processed on a standard injection molding machine with a three-zone screw at 170 °C. For material testing, the central part was removed from the specimens (see Figure 5b) and tested using a puncture test according to ISO 6603-2/40/20/C/4.4 (see Figure 5c). An Amsler HIT1100F drop impact tester from ZwickRoell GmbH & Co. KG (Ulm, Germany) was used for this purpose.




2.2.3. General Material Testing


Air jet sieve analyses of wood fibers were performed using an air jet sieve (type e200 LS, Hosokawa Alpine AG, Augsburg, Germany). The sieve mesh sizes used were 125, 315, 630, 1000, 1600, and 2500 μm. The sample weight was 5 g. The air jet sieve was used in combination with a scale (type PB602-S, Mettler-Toledo International Inc., Columbus, OH, USA). The melt flow rate was measured with a melt index tester (type MI-3, GÖTTFERT Werkstoff-Prüfmaschinen GmbH, Buchen, Germany) according to ISO 1133-2. The melt viscosity measurements were carried out on a high-pressure capillary viscometer (type RHEOGRAPH 25, GÖTTFERT Werkstoff-Prüfmaschinen GmbH, Buchen, Germany) according to ISO 11443. For both materials, molded samples were cut up, dried for 3 h at 80 °C in a circulating air oven, and measured afterward. Tensile testing was performed on a Zwick/Roell type Z020 tensile testing machine with a load cell of 20 kN and tactile extensometer according to ISO 527. The pull-off tests were performed on the same machine. An Amsler HIT1100F drop impact tester from Zwick/Roell was used for the puncture test by ISO 6603-2. The drop impact test was performed at 4.4 m/s with a weight of 9.378 kg at a drop height of 1 m. The microscopic images were taken with a Zeiss Smartzoom 5 digital microscope (Carl Zeiss AG, Oberkochen, Germany). The illumination allows ring light and a coaxial bright field. A microtome (type Mikrotom L, microTec Laborgeräte GmbH, Walldorf, Germany) with a linear cutting method was used for microscopy with microtome sections. Computed tomography (CT) was performed using a TomoScope XS Plus from Werth Messtechnik GmbH (Gießen, Germany).






3. Results and Discussion


3.1. Fiber Geometry


The gravimetric size distribution was measured using an air jet sieve (see Figure 6). Optical measurement methods cannot be used to compare fibers and fiber pellets, as their geometries differ too greatly. However, the low standard deviation in the analysis of spruce fibers indicates a high reproducibility. The standard deviation for the pellets is significantly higher. This is because smaller pieces detach from the pellets during screening. The spruce fibers in Figure 6 were used on the one hand for the wood fiber non-wovens, and on the other hand as pellets for direct compounding. The spruce and fir used in the WPC benchmark is very small in comparison and can be described as wood flour. The length of the natural fibers kenaf and hemp from the benchmark material is in the range of 5 to 10 cm. Consequently, no air jet sieve analysis is possible for the natural fibers.



Imken and Plinke et al. showed that the comparability between different optical methods is not always guaranteed. Dispersibility and algorithms have a great influence on the results. For the same material, measurement deviations between the methods are therefore unavoidable. Currently, there is no standard method for sufficient characterization [62,63]. A more precise analysis of the fiber geometries, as well as the length–diameter ratio (L/D ratio) via optical fiber length measuring systems (FASEP Eco System, FiberShape Cross M) and computed tomography (TomoScope XS Plus), is currently being investigated at the TH Rosenheim.




3.2. Viscosity


The following diagram shows the melt viscosity measurement of the two injection materials used. The MFR value of the direct-compound is (12 ± 1) g/10 min and of the WPC is (20 ± 1) g/10 min (see Table 1). The viscosity measurement with a high-pressure capillary rheometer shows that the viscosities are almost identical over a higher shear rate range (see Figure 7). The effect of the injection material on the bond strength is shown and discussed in Section 3.4. Test series 2 was carried out in the technical center of FRIMO Sontra GmbH on a standard injection molding machine. Consequently, only the WPC was used in test series 2 (see Section 3.6).




3.3. Effect of Non-Woven Core Temperature on the Bond Strength (Pull-Off Test)


The non-wovens were placed in the injection mold either at room temperature (20 °C) or at a core temperature of 170 °C (see Section 2.2.1 Test series 1 (test specimen for pull-off test)). Figure 8 shows the effect of two heating temperatures on both semi-finished products. It shows that by increasing the core temperature of the non-wovens from 20 °C to 170 °C before back-injection, the maximum pull-off force can be significantly increased. This applies to both semi-finished products with natural fibers and those with wood fibers. The maximum pull-off force for wood fiber non-wovens at 170 °C lags slightly behind the benchmark from the natural fiber but is in the same range. In the unheated state, there is no significant difference. The heating of the non-wovens was performed by using an infrared oven (see Section 2.2).



In the case of unheated semi-finished products, adhesive fracture failure occurs at the rib-to-non-woven interface. On the microscopic images in Figure 9, almost no fibers can be seen on the ribs after the pull-off at unheated non-wovens. In heated non-wovens, cohesive failure occurs within the non-woven, which significantly increases the maximum pull-off force. After the pull-off of the heated non-wovens in both cases, many fibers can be seen on the ribs (see Figure 9). In the case of semi-finished products with natural fibers, heating also results in a change of displacement (see Figure 8 and Figure 9). The fracture behavior in the heated state is determined by the semi-finished products and not by the interface. The much shorter wood fibers do not seem to affect this.




3.4. Effect of the Injection Material on the Bond Strength (Pull-Off Test)


The following diagram shows the effect of two injection materials on both semi-finished products. The injection materials have no significant effect on the maximum pull-off force within the same non-woven. This was to be expected, since the melt viscosity of both materials (see Figure 7) is very similar over the entire shear rate range. Nevertheless, the comparison is relevant, because in Section 3.4 only the WPC can be used for technical reasons. In each case in Figure 10, cohesive failure is evident within the non-wovens. In both cases, the mechanical values of wood fiber non-wovens are slightly behind the natural fiber benchmark.




3.5. Effect of the Rib Geometry on the Bond Strength (Pull-Off Test)


To compare both rib geometries (see Section 2.2.1) the maximum stress, instead of the maximum force, is shown in Figure 11. The maximum stress is calculated from the maximum pull-off force divided by the respective reference surface. The reference surfaces are shown in Figure 11. As a further comparison, a rectangular aluminum rib was glued to the non-wovens with cyanoacrylate. It can be seen that the ribs with radius transmit significantly higher stresses than the ribs with foot. Both rib geometries show higher values than the glued specimens. In each case, failure occurred within the non-woven. Consequently, rib-to-non-woven bond strength improves with the back-injection process. The bond strength of the ribs is higher than the pure transverse tensile strength of the non-woven (glued specimens). The improvement of the bond strength by injection depends on the rib geometry.



In any case, a cohesive fracture pattern within the non-wovens occurs. This means that the non-wovens are the weakest part of the composite. The tensile strength of the direct-compound as injection material of (42 ± 3) MPa (see Table 1) exceeds the stresses transferred to the non-woven (see Figure 11). Figure 12 shows exemplary ribs after the pull-off test.



Figure 13 shows the change in the transition area from rib to non-woven. Microtome sections of both rib geometries are shown (a,b) and the respective computed tomography images (c,d). It can be seen that, with the narrower ribs with radius (a,c), the injection pressure can act differently on the non-woven. Directly below the rib, a higher density due to the compaction is found (c), which is highlighted in blue. In both computed tomography images, the color black shows the lowest density (the background), grey and white show slightly increasing density, and blue the highest density. Below the rib with foot, only a slight increase in the density of the non-woven can be seen in the computed tomography image (d). The increase in density below the ribs leads to better bonding. Thus, higher stresses can be transmitted. Consequently, both molded-on ribs transmit higher stresses than the glued-on aluminum rib. Furthermore, the rib with radius transmits higher stresses than the rib with foot because the injection pressure can act on a smaller surface (see Figure 11). In the project FENAFA, a similar trend is found with different materials. Wider ribs led to a decrease in bond strength [49].




3.6. Effect of Hybridization of Non-Wovens on the Impact Behavior


The hybrid back-injection molding process can be used for functionalizing flat, semi-finished products such as non-wovens. For example, stiffening ribs and screw domes can be injected and edge areas can be molded. The following diagram shows that back-injection with WPC can also improve the impact behavior.



In test series 2, unconsolidated non-wovens were heated to a core temperature of 170 °C via a calibration press and inserted into the injection mold directly. For material testing, the central part of the specimen was removed, and tested using a puncture test (see Figure 5b). Figure 14 shows the maximum impact force and the penetration energy of the pure non-woven and the hybrid of the respective inserts. It can be seen that the non-wovens with ribs (hybrid) can absorb significantly higher maximum impact forces and energies compared to the non-wovens without ribs.



The improving maximum force and energy during multiaxial impact testing are good indicators of bond strength under impact stress. Figure 15 shows an exemplary curve of each sample. The curve progression of force and displacement of the pure non-woven is superimposed by the ribs in the hybrid. The ribs lead to a higher maximum impact force and higher energy absorption with similar deformation. The benchmark with natural fibers shows slightly higher values (see Figure 15a) compared to the specimens with wood fibers (see Figure 15b).



The following figure shows the respective test specimens after the impact test. In the case of the non-wovens a clean puncture can be seen (see Figure 16a,b). In the case of the hybrids, the fracture behavior is very brittle (see Figure 16c,d). Nevertheless, the maximum forces absorbed and the energy absorbed is significantly higher with the hybrids (see Figure 14 and Figure 15).





4. Conclusions


This article compares the bond strength of non-wovens with wood fibers (spruce) and alternatively non-wovens with natural fibers (kenaf, hemp) in thermoplastic hybrid composites. The comparison uses wood fiber non-wovens and natural fiber non-wovens with a polypropylene matrix. The non-wovens are back-injected with direct-compounded wood-fiber-reinforced polypropylene using an injection-molding-compounder.



Thermoplastic hybrid composites with wood fiber non-wovens can compete with the benchmark made of natural fibers. Hybrid composites with wood fibers benefit from the synergy of the combination of both compression and injection molding. Back-injection molding combines the inherent stiffness of fiber-reinforced semi-finished products in compression molding with the design stiffness and high productivity of injection molding [44]. Hybrid composites with wood fibers show slightly lower, but quite comparable, values. It is shown that the core temperature and rib geometry greatly affect the bond strength of back-injected ribs. At a core temperature of 170 °C, the pull-off force can be increased from around 800 N to almost 1400 N for hybrid composites with wood fiber non-wovens. Both injection materials showed no significant difference regarding the bond strength. Back-injection with WPC can also improve the impact behavior of the composite. With a direct-compound or WPC, it is possible to manufacture hybrid composites as a single-material solution with domestic raw materials, because for non-wovens and the injection material the same wood fiber can be used. Thermoplastic hybrid composites with wood fiber non-wovens present, therefore, an interesting alternative to natural fibers in technical semi-structural applications. Potential growing markets for biocomposites are primarily the construction sector, the automotive sector as well as small new electric car manufacturers [5].







Author Contributions


Conceptualization, methodology and validation, F.O., P.K. and M.S.; investigation, resources, data curation, F.O., P.K.,and M.S.; writing, original draft preparation, F.O., P.K., M.S. and V.A.; writing—review and editing, F.O., P.K., M.S. and V.A.; visualization, F.O.; supervision, M.S. and V.A.; funding acquisition, F.O., P.K. and M.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Bundesministerium für Bildung und Forschung, grant number 13FH069PX6.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We would like to thank all the industrial cooperation partners supporting this project (in alphabetical order): Brose Fahrzeugteile from Bamberg, Faurecia Autositze from Stadthagen, Frimo from Sontra, Krauss Maffei Technologies from Munich, Krelus from Oberentfelden (Switzerland), Pfleiderer Deutschland from Neumarkt and Pöppelmann from Lohne. In addition, we would like to thank Borealis Polyolefine, Linz, Austria who provided us with test materials. We would like to thank the company AUTEFA Solutions Austria GmbH for the joint non-woven air-laying experiments in their technical center in Linz. Furthermore, we would like to thank the colleagues at the TH Rosenheim who have supported this project. Following in alphabetical order: Christian Bielenberg, Sabine Hummel, Roberto Lackner, Katharina Obermeier, Stephan Puntigam, Niclas Schillinger, Thomas Schmid, Mara Schumacher, Anita Vržina, Sebastian Wiedl and Markus Zillmer. Finally, we would like to thank the Werth company for the computed tomography as part of our joint development cooperation.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bledzki, A.K.; Faruk, O.; Sperber, V.E. Cars from Bio-Fibres. Macromol. Mater. Eng. 2006, 291, 449–457. [Google Scholar] [CrossRef]

	



Müssig, J. Industrial Applications of Natural Fibres: Structure, Properties and Technical Applications; John Wiley & Sons: Chichester, UK, 2010. [Google Scholar]

	



Salit, M.; Jawaid, M.; Yusoff, N.; Hoque, M. Manufacturing of Natural Fibre Reinforced Polymer Composites; Springer International Publishing: Basel, Switzerland, 2015. [Google Scholar]

	



Pickering, K.L.; Aruan Efendy, M.G.; Le, T.M. A review of recent developments in natural fibre composites and their mechanical performance. Compos. Part A Appl. Sci. Manuf. 2016, 83, 98–112. [Google Scholar] [CrossRef]

	



Partanen, A.; Carus, M. Biocomposites, find the real alternative to plastic—An examination of biocomposites in the market. Reinf. Plast. 2019, 63, 317–321. [Google Scholar] [CrossRef]

	



Witayakran, S.; Smitthipong, W.; Wangpradid, R.; Chollakup, R.; Clouston, P. Natural fiber composites: Review of recent automotive trends. Encycl. Renew. Sustain. Mater. 2017, 2, 166–174. [Google Scholar] [CrossRef]

	



Peças, P.; Carvalho, H.; Salman, H.; Leite, M. Natural fibre composites and their applications: A review. J. Compos. Sci. 2018, 2, 66. [Google Scholar] [CrossRef]

	



Karimah, A.; Ridho, M.R.; Munawar, S.S.; Adi, D.S.; Ismadi; Damayanti, R.; Subiyanto, B.; Fatriasari, W.; Fudholi, A. A review on natural fibers for development of eco-friendly bio-composite: Characteristics, and utilizations. J. Mater. Res. Technol. 2021, 13, 2442–2458. [Google Scholar] [CrossRef]

	



Mohd, A.; Baba, N.B.; Umor, M.Z.; Mohamed, R.M. Composites of polymer blends and their applications using natural fibres: A review. In Proceedings of the International Conference on Automotive Innovation & Green Energy Vehicle (AIGEV 2020), Pekan, Malaysia, 10–11 November 2020. [Google Scholar] [CrossRef]

	



Aisyah, H.A.; Paridah, M.T.; Sapuan, S.M.; Ilyas, R.A.; Khalina, A.; Nurazzi, N.M.; Lee, S.H.; Lee, C.H. A Comprehensive review on advanced sustainable woven natural fibre polymer composites. Polymers 2021, 13, 471. [Google Scholar] [CrossRef]

	



Suriani, M.J.; Ilyas, R.A.; Zuhri, M.Y.M.; Khalina, A.; Sultan, M.T.H.; Sapuan, S.M.; Ruzaidi, C.M.; Wan, F.N.; Zulkifli, F.; Harussani, M.M.; et al. Critical review of natural fiber reinforced hybrid composites: Processing, properties, applications and cost. Polymers 2021, 13, 3514. [Google Scholar] [CrossRef]

	



Obermeier, F.; Schumacher, M.; Barth, S.; Karlinger, P.; Michanickl, A.; Schemme, M.; Altstädt, A. Verstärkung von poly-propylen mit holzfasern durch direkt-compoundierung. Z. Kunstst. 2021, 17, 87–111. Available online: https://www.kunststoffe.de/a/fachartikel/verstaerkung-von-polypropylen-mit-holzfa-314376 (accessed on 5 January 2022). [CrossRef]

	



Bürkle, E.; Scheel, G.; Darnedde, L. Energieeffiziente verarbeitung naturfaserverstärkter kunststoffe. In Kunststoffe; Carl Hanser Verlag: München, Germany, 2009; Volume 2. [Google Scholar]

	



KraussMaffei Technologies GmbH. FENAFA-netzwerkverbund-teilvorhaben 9: IMC basierte technologien für den einsatz von naturfasern in innovativen Spritzgießbauteilen am beispiel von transportsystemen-schlussbericht zum vorhaben-laufzeit: 01.06.09 bis 31.05.14. In Schlussbericht; Krauss Maffei Technologies GmbH.: München, Germany, 2014. [Google Scholar] [CrossRef]

	



Gusovius, H.-J.; Wallot, G.; Schierl, S.; Rinberg, R.; Hartmann, T.; Kroll, L.; Jahn, I. Processing of wet preserved natural fibers with Injection Molding Compounding (IMC). In Natural Fibres: Advances in Science and Technology Towards Indus-trial Applications; From Science to Market; Fangueiro, R., Rana, S., Eds.; Springer: Dordrecht, The Netherlands, 2016; pp. 197–210. [Google Scholar] [CrossRef]

	



Yanfeng Automotive Interiors. Press images. Available online: https://www.yfai.com/en/press-images (accessed on 5 January 2022).

	



Faruk, O.; Bledzki, A.K.; Fink, H.-P.; Sain, M. Biocomposites reinforced with natural fibers: 2000–2010. Prog. Polym. Sci. 2012, 37, 1552–1596. [Google Scholar] [CrossRef]

	



Bledzki, A.; Franciszczak, P.; Osman, Z.; Elbadawi, M. Polypropylene biocomposites reinforced with softwood, abaca, jute, and kenaf fibers. Ind. Crop. Prod. 2015, 70, 91–99. [Google Scholar] [CrossRef]

	



Medina, L.; Dzalto, J. Natural Fibers. Compr. Compos. Mater. II 2018, 1, 269–294. [Google Scholar] [CrossRef]

	



Huber, T.; Graupner, N.; Müssig, J. Chapter 19.3 Natural fibre composite processing: A technical overview. In Industrial Applications of Natural Fibres: Structure, Properties and Technical Applications; Müssig, J., Ed.; John Wiley & Sons: Chichester, UK, 2010; pp. 407–421. [Google Scholar]

	



Prömper, E. Chapter 19.4 Natural fibre-reinforced polymers in automotive interior applications. In Industrial Applications of Natural Fibres: Structure, Properties and Technical Applications; Müssig, J., Ed.; John Wiley & Sons: Chichester, UK, 2010; pp. 423–436. [Google Scholar]

	



Huda, M.S.; Drzal, L.T.; Ray, D.; Mohanty, A.K.; Mishra, M. Natural-fiber composites in the automotive sector. In Properties and Performance of Natural-Fibre Composites; Pickering, K., Ed.; Woodhead Publishing: Cambridge, UK, 2008; pp. 221–268. [Google Scholar] [CrossRef]

	



Englund, K.R.; Wolcott, M.P.; Hermanson, J.C. The compression of wood/thermoplastic fiber mats during consolidation. Compos. Part A Appl. Sci. Manuf. 2004, 35, 273–279. [Google Scholar] [CrossRef]

	



Franciszczak, P.; Kalniņš, K.; Błędzki, A. Hybridisation of man-made cellulose and glass reinforcement in short-fibre composites for injection moulding—Effects on mechanical performance. Compos. Part B Eng. 2018, 145, 14–27. [Google Scholar] [CrossRef]

	



Buschbeck, S.; Tautenhain, F.; Reichelt, C.; Rinberg, R.; Kroll, L. Composite materials made of basalt fibres and biobased matrix material for technical applications. Key Eng. Mater. 2019, 809, 639–644. [Google Scholar] [CrossRef]

	



Saleem, A.; Medina, L.; Skrifvars, M.; Berglin, L. Hybrid polymer composites of bio-based bast fibers with glass, carbon and basalt fibers for automotive applications—A review. Molecules 2020, 25, 4933. [Google Scholar] [CrossRef] [PubMed]

	



Graupner, N.; Sarasini, F.; Müssig, J. Ductile viscose fibres and stiff basalt fibres for composite applications—An overview and the potential of hybridisation. Compos. Part B Eng. 2020, 194, 108041. [Google Scholar] [CrossRef]

	



Mohanty, A.K.; Misra, M.; Hinrichsen, G. Biofibres, biodegradable polymers and biocomposites: An overview. Macromol. Mater. Eng. 2000, 276–277, 1–24. [Google Scholar] [CrossRef]

	



Robledo-Ortíz, J.R.; del Campo, A.S.M.; Blackaller, J.A.; González-López, M.E.; Fonseca, A.A.P. Valorization of sugarcane straw for the development of sustainable biopolymer-based composites. Polymers 2021, 13, 3335. [Google Scholar] [CrossRef]

	



Jamadi, A.H.; Razali, N.; Petrů, M.; Taha, M.M.; Muhammad, N.; Ilyas, R.A. Effect of chemically treated kenaf fibre on mechanical and thermal properties of PLA composites prepared through Fused Deposition Modeling (FDM). Polymers 2021, 13, 3299. [Google Scholar] [CrossRef]

	



Temesgen, S.; Rennert, M.; Tesfaye, T.; Nase, M. Review on spinning of biopolymer fibers from starch. Polymers 2021, 13, 1121. [Google Scholar] [CrossRef] [PubMed]

	



Olkhov, A.A.; Mastalygina, E.E.; Ovchinnikov, V.A.; Monakhova, T.V.; Vetcher, A.A.; Iordanskii, A.L. Thermo-Oxidative destruction and biodegradation of nanomaterials from composites of Poly(3-hydroxybutyrate) and Chitosan. Polymers 2021, 13, 3528. [Google Scholar] [CrossRef] [PubMed]

	



Glaskova-Kuzmina, T.; Starkova, O.; Gaidukovs, S.; Platnieks, O.; Gaidukova, G. Durability of biodegradable polymer nanocomposites. Polymer 2021, 13, 3375. [Google Scholar] [CrossRef]

	



Khoshnava, S.M.; Rostami, R.; Ismail, M.; Rahmat, A.R.; Ogunbode, E. Woven hybrid Biocomposite: Mechanical properties of woven kenaf bast fibre/oil palm empty fruit bunches hybrid reinforced poly hydroxybutyrate biocomposite as non-structural building materials. Constr. Build. Mater. 2017, 154, 155–166. [Google Scholar] [CrossRef]

	



Ailenei, E.C.; Ionesi, S.D.; Dulgheriu, I.; Loghin, M.C.; Isopescu, D.N.; Maxineasa, S.G.; Baciu, I.-R. New waste-based composite material for construction applications. Materials 2021, 14, 6079. [Google Scholar] [CrossRef] [PubMed]

	



Harussani, M.; Sapuan, S.; Rashid, U.; Khalina, A. Development and characterization of polypropylene waste from personal protective equipment (PPE)-derived char-filled sugar palm starch biocomposite briquettes. Polymers 2021, 13, 1707. [Google Scholar] [CrossRef] [PubMed]

	



Syuhada, D.N.; Azura, A.R. Waste natural polymers as potential fillers for biodegradable latex-based composites: A review. Polymers 2021, 13, 3600. [Google Scholar] [CrossRef]

	



Basri, M.S.M.; Shah, N.N.A.K.; Sulaiman, A.; Tawakkal, I.S.M.A.; Nor, M.Z.M.; Ariffin, S.H.; Ghani, N.H.A.; Salleh, F.S.M. Progress in the valorization of fruit and vegetable wastes: Active packaging, biocomposites, by-products, and innovative technologies used for bioactive compound extraction. Polymers 2021, 13, 3503. [Google Scholar] [CrossRef]

	



Ayrilmis, N.; Akbulut, T.; Dundar, T.; White, R.H.; Mengeloglu, F.; Buyuksari, U.; Candan, Z.; Avci, E. Effect of boron and phosphate compounds on physical, mechanical, and fire properties of wood-polypropylene composites. Constr. Build. Mater. 2012, 33, 63–69. [Google Scholar] [CrossRef]

	



Renner, J.S.; Mensah, R.A.; Jiang, L.; Xu, Q.; Das, O.; Berto, F. Fire behavior of wood-based composite materials. Polymers 2021, 13, 4352. [Google Scholar] [CrossRef]

	



Saba, N.; Jawaid, M.; Alothman, O.Y.; Inuwa, I.; Hassan, A. A review on potential development of flame retardant kenaf fibers reinforced polymer composites. Polym. Adv. Technol. 2016, 28, 424–434. [Google Scholar] [CrossRef]

	



Hu, W.; Zhang, Y.; Qi, Y.; Wang, H.; Liu, B.; Zhao, Q.; Zhang, J.; Duan, J.; Zhang, L.; Sun, Z.; et al. Improved mechanical properties and flame retardancy of wood/PLA all-degradable biocomposites with novel lignin-based flame retardant and TGIC. Macromol. Mater. Eng. 2020, 305, 1900840. [Google Scholar] [CrossRef]

	



Dzalto, J. Entwicklung eines großserientauglichen Aufheizprozesses für naturfaserverstärkte Kunststoffe. Ph.D. Thesis, Technische Universität Kaiserslautern, Kaiserslautern, Germany, 4 July 2018. Available online: https://nbn-resolving.org/urn:nbn:de:hbz:386-kluedo-53183 (accessed on 5 January 2022).

	



Schemme, M. LFT-development status and perspectives. Reinf. Plast. 2008, 52, 32–39. [Google Scholar] [CrossRef]

	



Ryntz, R.A. Challenges in interior automotive component manufacturing. In Plastics in Automotive Engineering 2017; Mannheim, Germany; VDI Wissensforum GmbH Ed.; VDI Verlag: Düsseldorf, Germany, 2017. [Google Scholar] [CrossRef]

	



Hybride Spritzguss-Technologien. Available online: https://www.plastverarbeiter.de/verarbeitungsverfahren/spritzgiessen/fertigungsverfahren-fuer-leichte-tuerinnenverkleidungen.html (accessed on 8 July 2021).

	



Bravo, S.F. Innovation close to the market in automotive composites. In EuPC Annual Meeting; Automotive & Transportation Forum: Brussels, Belgium, 2014. [Google Scholar]

	



Jost, C.C. NFPP-Hybrid: Trends for Automotive Interior Applications with Natural Composites. Available online: https://jecworld2019.sched.com/event/KO8K/nfpp-hybrid-trends-for-automotive-interior-applications-with-natural-composites (accessed on 5 January 2022).

	



Hugo Stiehl GmbH Kunststoffverarbeitung. FENAFA-Netzwerkverbund-Teilvorhaben 7: Oberflächenendbearbeitete Naturfaserverstärkte Bauteile Für Kfz-Innenverkleidungen unter Verwendung Komplexer Spritzgießtechnologien. Available online: https://www.tib.eu/en/suchen/id/TIBKAT:862406323/ (accessed on 5 January 2022). [CrossRef]

	



Heßner, S.; Lehmann, K.; Jahn, I.; Zscheyge, M.; Rinberg, R.; Buschbeck, S.; Bergert, M.; Ohlzen-Wendy, A.; Bondarik, S.; Brückner, T.; et al. Naturfaserverstärkte biokunststoffverbunde und innovative herstellungsverfahren für leichtbau-hybridformteile mit hohen struktur- und sicherheitsanforderungen. In Technomer; Technische Universität Chemnitz: Chemnitz, Germany, 2021; ISBN 978-3-939382-15-7. [Google Scholar]

	



Ouali, A.A.; Rinberg, R.; Nendel, W.; Kroll, L.; Richter, A.; Spange, S.; Siegel, C.; Buchelt, B.; Wagenführ, A. New biocomposites for lightweight structures and their processes. Mater. Sci. Forum 2015, 825–826, 1055–1062. [Google Scholar] [CrossRef]

	



Ouali, A.A.; Rinberg, R.; Kroll, L.; Nendel, W.; Todorov, A.; Cebulla, H. Natural fibre reinforced bioplastics-innovative semi-finished products for series production. Key Eng. Mater. 2017, 742, 255–262. [Google Scholar] [CrossRef]

	



Ouali, A.A.; Rinberg, R.; Nendel, W.; Kroll, L.; Siegel, C.; Buchelt, B.; Wagenführ, A.; Trommler, K.; Schreiter, K.; John, R.; et al. Natural unidirectional sheet processes for fibre reinforced bioplastics. AIP Conf. Proc. 2017, 1914, 060005. [Google Scholar] [CrossRef]

	



Pingulkar, H.; Mache, A.; Munde, Y.; Siva, I. A comprehensive review on drop weight impact characteristics of bast natural fiber reinforced polymer composites. Mater. Today Proc. 2021, 44 Pt 5, 3872–3880. [Google Scholar] [CrossRef]

	



Koffi, A.; Koffi, D.; Toubal, L. Mechanical properties and drop-weight impact performance of injection-molded HDPE/birch fiber composites. Polym. Test. 2021, 93, 106956. [Google Scholar] [CrossRef]

	



Shah, A.U.M.; Sultan, M.T.H.; Safri, S.N.A. Experimental evaluation of low velocity impact properties and damage progression on bamboo/glass hybrid composites subjected to different impact energy levels. Polymers 2020, 12, 1288. [Google Scholar] [CrossRef]

	



Puech, L.; Ramakrishnan, K.R.; Le Moigne, N.; Corn, S.; Slangen, P.R.; Le Duc, A.; Boudhani, H.; Bergeret, A. Investigating the impact behaviour of short hemp fibres reinforced polypropylene biocomposites through high speed imaging and finite element modelling. Compos. Part A Appl. Sci. Manuf. 2018, 109, 428–439. [Google Scholar] [CrossRef]

	



Clemons, C. Elastomer modified polypropylene–polyethylene blends as matrices for wood flour-plastic composites. Compos. Part A Appl. Sci. Manuf. 2010, 41, 1559–1569. [Google Scholar] [CrossRef]

	



Huber, T.; Bickerton, S.; Müssig, J.; Pang, S.; Staiger, M.P. Flexural and impact properties of all-cellulose composite laminates. Compos. Sci. Technol. 2013, 88, 92–98. [Google Scholar] [CrossRef]

	



Zhang, X.; Li, T.-T.; Peng, H.-K.; Wang, Z.; Huo, J.; Lou, C.-W.; Lin, J.-H. Synergistic effects of needle punching and shear-thickening fluid on sandwich-structured composites made of nonwoven and woven fabrics. Fibers Polym. 2020, 21, 1515–1522. [Google Scholar] [CrossRef]

	



Obermeier, F.; Schumacher, M.; Barth, S.; Karlinger, P.; Schemme, M.; Michanickl, A. Thermoplastische hybridverbunde mit holzfaserverstärkung. In Technomer; Technische Universität Chemnitz: Chemnitz, Germany, 2019; ISBN 978-3-939382-14-0. [Google Scholar]

	



Plinke, B.; Benthien, J.T.; Krause, A.; Krause, K.C.; Schirp, A.; Teuber, L. Optische Größenvermessung von holzpartikeln für die WPC-herstellung. Holztechnologie 2016, 57, 43–50. Available online: https://publica.fraunhofer.de/eprints/urn_nbn_de_0011-n-4176071.pdf (accessed on 5 January 2022).

	



Imken, A.A.P.; Plinke, B.; Mai, C. Characterisation of hardwood fibres used for wood fibre insulation boards (WFIB). Eur. J. Wood Wood Prod. 2021, 79, 915–924. [Google Scholar] [CrossRef]








[image: Materials 15 02473 g001 550] 





Figure 1. (a) State-of-the-art technology door panel from automotive interior made of a natural fiber non-woven with back-injected structures (ribs, screw domes, edge areas, etc.), image from Yanfeng Automotive Interiors with added labeling [16]; (b) test specimen for analyzing the bond strength via pull-off test, for a non-woven made of wood fibers (spruce) and PP, with the ribs back-injected onto the non-woven. 
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Figure 2. Process flow from pre-consolidated non-wovens to test specimen for pull-off tests. 
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Figure 3. Two different rib geometries were molded for investigating the bond strength. (a) rib with radius; (b) rib with foot. 
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Figure 4. Test setup for investigating the bond strength. (a) Test specimen for pull-off test, wood fiber non-woven with both molded rib geometries; (b) schematic picture of the pull-off device. 
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Figure 5. Test setup for investigating the puncture impact behavior according to ISO 6603-2/40/20/C/4.4. (a) Test specimen with natural fiber non-woven (front) and specimen with wood fiber non-woven (back); (b) central part (highlighted in color) was removed for puncture test; (c) schematic picture of the puncture impact behavior test. 
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Figure 6. Air jet sieve analysis of wood fibers from spruce, their pellets, and the wood flour used in the benchmark WPC; n = 3 ± SD (standard deviation). 
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Figure 7. Melt viscosity of both injection materials according to ISO 11443 at 200 °C. For both materials, molded samples were cut up, dried for 3 h at 80 °C in a circulating air oven, and then measured. 
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Figure 8. Pull-off test of ribs with foot at two different non-woven core temperatures; injection material direct-compound with 20 wt.-% spruce; n = 7 ± SD; p-value with single-factor ANOVA at α = 0.05. 
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Figure 9. Pull-off test of ribs with foot at two different non-woven core temperatures; exemplary curve progression of the force-displacement diagram and microscopic images after pull-off. 
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Figure 10. Pull-off test of ribs with foot and two injection materials; non-woven core temperature at 170 °C before inserting into the mold; n = 7 ± SD; p-value with single-factor ANOVA at α = 0.05. 
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Figure 11. Pull-off test with two rib geometries and both non-wovens; non-woven core temperature at 170 °C before inserting into the mold; n = 5 ± SD; injection material direct-compound 20 wt.-% spruce. 
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Figure 12. Exemplary ribs after pull-off from Figure 11, reflected light microscopy; (a–c) ribs with natural fiber non-wovens; (d–f) ribs with wood fiber non-wovens. (a,d) ribs with foot; (b,e) ribs with radius; (c,f) glued-on aluminum ribs. 






Figure 12. Exemplary ribs after pull-off from Figure 11, reflected light microscopy; (a–c) ribs with natural fiber non-wovens; (d–f) ribs with wood fiber non-wovens. (a,d) ribs with foot; (b,e) ribs with radius; (c,f) glued-on aluminum ribs.
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Figure 13. Wood fiber non-woven injected with direct-compound: (a) rib with radius microtome section, reflected light microscopy; (b) rib with foot microtome section, reflected light microscopy; (c) rib with radius, computed tomography; (d) rib with foot, computed tomography. In both computed tomography images, black shows the lowest density (background), grey and white slightly increasing density, and blue the density. 
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Figure 14. Instrumented puncture impact behavior according to ISO 6603-2/40/20/C/4.4; v = 4.4 m/s; m = 9.378 kg; h = 1 m; with lubrication; n = 3 ± SD. Both materials were tested as non-wovens and as hybrid with ribs; p-value with single-factor ANOVA at α = 0.05. 
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Figure 15. Instrumented puncture impact behavior according to ISO 6603-2/40/20/C/4.4; v = 4.4 m/s; m = 9.378 kg; h = 1 m; with lubrication; exemplary curves. Both materials were tested as non-wovens and as hybrid with rib; (a) natural fiber non-woven and hybrid; (b) wood fiber non-woven and hybrid. 
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Figure 16. Exemplary specimen after impact test. (a) natural fiber non-woven; (b) wood fiber non-woven; (c) natural fiber non-woven with reinforcement rib (hybrid); (d) wood fiber non-woven with reinforcement rib (hybrid). 
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Table 1. Injection material for test series 1 and 2. In test series 2, only the WPC was used. The tensile modulus and tensile strength were measured according to ISO 527-2/1A, the MFR (melt flow rate) was measured according to ISO 1133-2 with 10 kg at 170 °C.
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	WPC (Benchmark)
	Direct-Compound





	Wood fibers
	Spruce mixed with fir (20 wt.-%)
	Spruce (20 wt.-%)



	Polymer
	PP homopolymer (78.8 wt.-%)
	PP homopolymer (77 wt.-%)



	Additive
	Coupling agent (1.2 wt.-%)
	Coupling agent (3 wt.-%)



	Tensile modulus
	(3010 ± 50) MPa
	(2940 ± 210) MPa



	Tensile strength
	(39 ± 1) MPa
	(42 ± 3) MPa



	MFR
	(20 ± 1) g/10 min
	(12 ± 1) g/10 min
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Table 2. Non-wovens for test series 1 and 2. The tensile modulus and strength were measured according to ISO 527-4/2.
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	Natural Fiber Non-Woven (Benchmark)
	Wood Fiber Non-Woven





	Fiber
	Kenaf, hemp (50 wt.-%)
	Spruce (50 wt.-%)



	Polymer
	PP-fiber
	PP-fiber



	Tensile modulus [MPa]
	2900 ± 200
	2950 ± 60



	Tensile strength [MPa]
	28 ± 2
	28 ± 2



	Surface weight [g/m²]
	1800 ± 50
	1920 ± 40
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