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Abstract

:

Wood fiber reinforcement of plastics is almost limited to polypropylene, polyethylene, polyvinyl chloride and polystyrene. Wood fiber reinforcement of thermoplastic polyurethanes (TPU) is a new research field and paltry studied scientifically. Wood fiber reinforcement can carry out synergistic effects between sustainability, material or product price reduction, improved mechanical properties at high elongation, and brilliant appearance and haptics. In order to evaluate to what extent the improvement of mechanical properties depend on material-specific parameters (fiber type, fiber content) and on process-specific parameters (holding pressure, temperature control and injection speed), differently filled compounds were injection molded according to a partial factorial test plan and subjected to characterizing test procedures (tensile test, Shore hardness and notched impact test). Tensile strength showed significant dependence on barrel temperature, fiber type and interaction between holding pressure and barrel temperature in the region of interest. Young’s modulus can be influenced by fiber content but not by fiber type. Notched impact strength showed a significant influence of cylinder temperature, fiber content, fiber type and the interaction between cylinder temperature and fiber content in the region of interest. Shore hardness is related to fiber content and the interaction between mold temperature and injection flow rate. Our results show not only that wood-filled TPU can be processed very well by injection molding, but also that the mechanical properties depend significantly on temperature control in the injection-molding process. Moreover, considering the significant reinforcing effect of the wood fibers, a good fiber-matrix adhesion can be assumed.
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1. Introduction


In the context of sustainability, natural fiber-reinforced plastics [1,2] such as wood-plastic composites (WPC) [3] are gaining an important role in plastics processing due to their low dependence on fossil resources and their lower CO2 footprint compared to inorganically reinforced plastics or pure plastics [4]. Currently, the most established manufacturing process is the extrusion of continuous WPC products. Continuous products such as decking boards or palisades are extremely popular due to their durability and weather resistance. Consumer goods such as toothbrushes, furniture or technical parts for the automotive industry represent a large market potential for WPC injection-molded parts, which stand out due to their brilliant look and feel [5]. Common matrix materials for processing are polyolefins such as polyethylene (PE) and polypropylene (PP) because of the low price and low penetrability for water [3,6,7]. The decisive factor for selecting matrix materials is their specific melting point. Ideally, the melting point should be below 200 °C since wood fibers or their molecular components start to decompose at higher temperatures [8,9,10,11,12,13,14]. These decomposition processes can significantly reduce the mechanical properties of WPCs. Another challenge in WPC processing is poor fiber/matrix adhesion. During compounding, polar fibers encounter a nonpolar matrix material. Polar means a charge shift is existing in the molecular chain and a dipole is formed, whereas nonpolar materials do not form a dipole in the molecular chain. This physicochemical discrepancy results in poor fiber/matrix adhesion and low mechanical properties. This can be remedied by acetylation or salinization of the fibers or by adding coupling agents, such as maleic acid-grafted polypropylene [15,16,17,18]. Furthermore, the particle size has a critical effect on tensile strength. Sälzer et al. found an optimum in tensile strength for particle sizes of 500 µm, and for particle sizes smaller and larger than 500 μm, they observed a decrease in tensile strength across all fibers or wood type [19]. Siwek et al. provided similar results through investigations on compounds produced by a heating-cooling mixer [20].



Radovanovic demonstrated that the behavior of WPC in the injection-molding process is not trivial. The increase of the wood content from 50-wt-% to 70-wt-% leads to an increase of the injection pressure by 50%. Furthermore, by varying the matrix material, it was found that the fibers are responsible for the increase in strength and elastic modulus, while the matrix material has a minor influence. In addition, a significant negative influence of water absorption on tensile strength was found with increasing fiber content [21]. Schröder also found that the processing behavior of WPCs is complex. WPC with a wood content of more than 30-wt-% exhibited different flow and filling properties compared to standard plastics. In the case of cavities with low geometric freedom, stagnation of the melt occurred. The melt solidified in the first third of the flow path and the cavity was completely filled up to this point. Subsequently, the injection pressure is strong enough and the melt front continues. For cavities with large geometric freedom, flow front breaks up so that the cavity is filled irregularly and not under headstream. In addition, it has been shown by Soxhlet extraction that segregation between the fibers and the matrix occurs at long flow paths [22,23]. Based on the molecular structure, it can be assumed that the polarity of thermoplastic polyurethane (TPU) leads to increased fiber-matrix adhesion. Hydrogen bonds are formed between the cyano-group of the TPU and the hydroxy group of the wood fibers [24,25,26].



In the field of wood filling of thermoplastic elastomers or thermoplastic polyurethanes, only a few publications have surfaced so far. Diestel & Krause conducted studies on the water absorption of wood-filled TPU compounded in a compression molding process utilizing a heating-cooling mixer [27]. Kilinc et al. conducted similar studies on injection-molded test specimens with respect to the functionalization of wood fibers [28]. Mengeloglu & Cavus performed studies on the filling of ester-based TPU with teak, rice husks and microcrystalline cellulose. Using injection-molded specimens, the authors found that the increase in density was significantly dependent on filler content and filler material. Moreover, an increase in tensile strength was observed for TPU filled with microcrystalline cellulose, whereas, for other compounds, a decrease in tensile strength was observed above a fiber content of 30-wt-%. An increase of the Young’s modulus was observed as a function of the fiber content, but not with regard to the filler [29]. Here, we investigate the processability of wood-filled thermoplastic polyurethanes by injection molding, in order to define a suitable parameterization and to record the mechanical properties of wood-filled TPU.




2. Materials and Methods


2.1. Wood Fiber


Arbocel C320 and Lignocel BK 40-90 (J. Rettenmaier & Söhne GmbH + Co. KG, Rosenberg, Germany) fiber types were used as fillers for the production of the WPC compounds. Arbocel C320 (200–500 μm) is a raw cellulose and Lignocel BK 40-90 (1000–2000 μm) a softwood blend (Figure 1).




2.2. Thermoplastic Elastomers


The matrix material used was Desmopan® 6064A (Covestro Deutschland AG, Leverkusen, Germany) from the thermoplastic polyurethane (TPU) material class. In Desmopan® 6064A, the soft segment is based on an ether compound. With a Shore hardness of 67A (1 s), the suitable processing temperature is between 200 and 220 °C.




2.3. Drying


Due to their hygroscopic material behavior, the compounds were dried for 8–12 h depending on the fiber content (20–40-wt-%). To protect the wood fibers from thermal degradation, a temperature of 80 °C and a drying volume flow of 14 m3/h were not exceeded.




2.4. Injection Molding


The test specimens (Figure 2) were manufactured on a 420C Golden Edition injection molding machine from ARBURG GmbH & Co. KG. The test specimen geometry (1A) was used according to DIN EN ISO 527-2.



An experimental design with the following parameters was created using Design Expert 12 from Stat-Ease Inc. (Table 1). The Response-Surface study type was selected. D-optimal was selected as the design type, resulting in a trial design with 40 test points. A quadratic model was preferred for the analysis of the experimental design in order to analyze the interaction between parameters. The significance level chosen was p < 0.05.




2.5. Tensile Test


The tensile tests were carried out in accordance with DIN EN ISO 527-2. The preload was 10 N and the test speed 50 mm/min. To measure the modulus of elasticity, the stress gradient was measured between 0.05% and 0.25% at a speed of 1 mm/min using an extensometer and the secant method. The number of samples measured was n = 5.




2.6. Shore Hardness


The Shore hardness tests were carried out according to DIN EN ISO 868 at room temperature and with a bearing weight of 5 kg. A Shore D durometer was used and the maximum value was displayed after 15 s measuring time. For the hardness test, the measuring points were set in the parallel part of the test specimens. The number of samples measured was n = 5.




2.7. Impact Strength


The impact tests were carried out on the HIT 5.5P from ZwickRoell using a 2 J impact pendulum on notched (A) specimens to DIN EN ISO 179-1. The number of specimens measured was n = 10.





3. Results and Discussion


3.1. Tensile Strength


Initially, we investigated to which extent a correlation between the injection-molding parameters (Table 1), the fiber type and the fiber content in terms of tensile strength occurs. As a result, we found that the fiber content has a significant influence on the model description for the tensile strength. A linear correlation between the tensile strength in the region of interest and the fiber content was observed (Figure 3). A significant increase in strength was observed compared to unreinforced material (5.31 N/mm2).



This is in contradiction to the results of Diestel & Krause. In their investigations, a decrease in tensile strength was initially found up to a fiber content of 35-wt-% and a subsequent increase in tensile strength between 35-wt-% and 70-wt-% [27]. In their investigations on kenaf-filled TPU, El-Sheikeil et al. found a local tensile strength maximum at 30-wt-%. Only the filling of TPU with cocoa shell showed similar effects compared to these studies [30,31,32]. Furthermore, our studies did not reveal any influence of fiber length for all fiber contents (p > 0.05; Table 2).



This is in discrepancy to the investigations of Sälzer et al., who were able to demonstrate that an optimum with regard to tensile strength of WPC with a polypropylene matrix exists for fiber lengths of 500 µm [19]. However, our results suggest that a good fiber-matrix adhesion exists irrespective of the fiber length. Next, we investigated to what extent the process parameters have an influence on the achievable tensile strength. In these investigations, the barrel temperature as well as the melt temperature had a significant influence on the maximal achievable tensile strength.



Temperature-sensitive wood fibers start to decompose at 200 °C [8,9,10,11,12,13,14]. This is directly reflected in the achievable tensile strengths. In this respect, the highest tensile strengths were achieved at a processing temperature of 190 °C for all fiber contents. For a fiber reinforcement of 40-wt-%, 13.26 N/mm2 and for a fiber reinforcement of 20-wt-% still 9.1 N/mm2 tensile strength was achieved. With increasing temperature, the achievable tensile strength decreases significantly. This can be explained by the incipient decomposition of the wood fibers and subsequently released volatile organic components (VOC) of the wood fibers, which interact with the matrix material, resulting in vacuoles and hydrolytic matrix degradation due to water reposition in the cells of the wood fiber. A comparative analysis of tensile strength between 190 °C and 210 °C processing temperature as a function of fiber content reveals that the tensile strength is reduced with increasing fiber content. In this temperature range, the strength decreases by 11% for 20-wt-% compounds and by about 15% for 40-wt-% reinforced material. This supports our hypothesis that the decomposition of the wood fiber and the released organic components hydrolytically attack the matrix since it can be assumed that an increased fiber content also increases the amount of VOC. Furthermore, this dependency can be verified on the basis of the detected specimen weight. For low temperatures (190 °C), the specimen weight is significantly lower but the tensile strength is higher compared to the specimen weight at 200 °C and 210 °C, respectively (Figure 4). At higher temperatures, more mass can be injected and compacted into the cavity due to the lower viscosity but the decomposition fraction and VOC fraction is significantly higher, so the tensile strength is minimized. This decomposition fraction leads to a further reduction in viscosity. Considering the correlation of mass difference ∆m and temperature levels at constant fiber content, this statement can be further substantiated, as the ∆m increases with increasing fiber content.



The correlation between holding pressure and tensile strength is well known and was not confirmed in these investigations. However, it is noteworthy that the interaction between cylinder temperature and holding pressure has a significant influence on tensile strength as well. For 190 °C, only a slight influence of holding pressure can be demonstrated. For 210 °C, it could be demonstrated that a high holding pressure leads to a reduction in strength. This is in discrepancy with the investigations of Schröder, who demonstrated a positive correlation between increased holding pressure and tensile strength [22]. The observed decrease in tensile strength in our studies can be explained by the higher proportion of emitted VOCs leading to increased vacuoles and a reduction in tensile strength. Furthermore, the decomposition of the matrix material proceeds more rapidly with increased pressure. These correlations were not found for materials with PP-based WPC, as investigated in Schröder’s investigations.




3.2. E-Modulus


We also determined the stiffness of our WPCs in the tensile test. The test results showed an increase of the Young’s modulus for both fiber types as a function of the fiber content with respect to unreinforced TPU (6.38 N/mm2). The cylinder and mold temperature, which had a significant influence on the tensile strength, showed no unifiable effect on the Young’s modulus (Table 3, p > 0.05).



For 20-wt-%, 30-wt-% and 40-wt-%, the Young’s modulus was independent of the respective cylinder temperature (Figure 5). These findings are congruent with the results of Burgstaller et al., who showed that the Young’s modulus is independent of melt or cylinder temperature [33].




3.3. Notched Impact Strength


Here, we focused on the extent to which the notched impact strength is influenced by the fiber reinforcement. Generally, plastics with fiber reinforcement tend to behave divergently in terms of notched impact strength. Burgstaller et al. showed that fiber reinforcement does not necessarily lead to a reduction in notched impact strength. However, matrix materials with inherently high impact strength (FC 0-wt-%) tended to show significant decreases in impact strength of the notched specimens, whereas the impact strength of materials with low impact strength (FC 0-wt-%) was only marginally affected by an increasing fiber content. The combination of stress concentration in the component and the increased stiffness due to fiber reinforcement was determined as the reason for the decrease in notched impact strength [33].



In the investigations of Diestel & Krause, this statement could be verified for wood fiber reinforced TPU [27]. However, our results show that the notched impact strength is a function of the fiber content with a local maximum at 30-wt-% (Figure 6, Table 4).



This may be the result of adequate fiber-matrix adhesion, which leads to the force being introduced directly into the fibers during impact loading. Therefore, a high force is required to break the composite.



The decrease in notched impact strength at 40-wt-% can be explained by the high induced stress in the fiber material. Local stress peaks lead to increased crack propagation and fracture. Figure 6 illustrates that notched impact strength is a function of fiber length. In their investigations on WPC with a PP matrix, Sälzer et al. demonstrated that small particles tend to have higher notched impact strengths compared to larger particles [19]. The authors contribute these findings to more homogeneous distribution of the particles in the plastic matrix and a notch effect of long fibers. For a fiber content of 20-wt-%, our results follow the findings of Sälzer et al. [19]. The shorter Arbocel fibers, however, exhibit an increased reinforcing effect compared to the Lignocel fibers. The higher specific surface area of the Arbocel fibers, which, in conjunction with good fiber-matrix adhesion, favors the introduction of the force into the matrix. For fiber contents above 20-wt-%, our results follow the studies of Burgstaller et al. [14]. Increased impact energy can be applied with increasing fiber length because more energy is required for breaking out the fibers due to the larger fiber cross section. In our investigations, the combination of the effects of elastic deformation behavior and high cross-sectional area can serve as a reason for the higher impact strength of compounds with Lignocel fibers. Regarding the process parameters, it could be detected that the melt temperature has a significant influence on the notched impact strength induced by the VOC and the emerging decomposition. The decomposition products deteriorate the fiber-matrix adhesion, which accelerates fiber breakout in the notch region and, therefore, decreasing the notched impact strength. Furthermore, we found that the interaction of mold temperature/holding pressure and mold temperature/fiber content significantly influences the maximum achievable notched impact strength.



The mold temperature significantly influences the toughness of the WPCs with 20-wt-% fiber content (Figure 7). With increasing temperature, the toughness decreased due to the fact that the sealing point is reached later and more material flows into the cavity, thus increasing compaction of the molecular chain, and fiber material leads to increased stiffness. This effect occurs for both types of fibers. If the holding pressure is increased in combination with the mold temperature, an opposite effect occurs. With increasing holding pressure, the notched impact strength increases for both fiber types. In this context, the matrix is pressed deeply into the porous fiber structure leading to increased fiber-matrix adhesion, which prevents fiber breakout and, therefore, the toughness increases. As with the other mechanical properties, a significant influence of the cylinder temperature was detectable. An increase in the cylinder temperature has a negative effect on the notched impact strength. The percentage of decomposed wood fibers and VOC have a negative effect on toughness. Furthermore, the fiber-matrix adhesion is deteriorated by evaporated organic components. As a result, force transmission under impact loading is reduced and breaking out of the fibers is more difficult.




3.4. Shore Hardness


Shore hardness tests were performed to detect the influence of fiber length, fiber content and process parameters on surface hardness. In the test area, it was found that an increasing fiber content leads to an increase in Shore hardness but the fiber type did not influence these parameters (Figure 8, Table 5). These results are in accordance with the studies of Diestel & Krause [27] and can be justified by the reinforcing effect and compression of the fibers, leading to increased resistance to penetration. With increasing processing temperature, Shore hardness decreases for 20-wt-% fiber content, which can be explained by decomposition processes of the fibers and the matrix material.




3.5. Elongation


For elastomeric materials, the consideration of strain behavior is a vital issue. Our investigations illustrated that fiber reinforcement leads to a reduction in elongation, which is trivial during material embrittlement (Figure 9, Table 6). Notably, the significance of fiber type diminishes with increasing fiber content. For low-filled compounds, the elongation of WPC with Lignocel BK40/90 fibers is significantly lower than the elongation of WPC with Arbocel C320 fibers. This correlates with the reduced tensile strength (Figure 3). Therefore, we suggest that the fiber morphology has a significant impact in low-filled compounds. Small fiber lengths lead to a more homogeneous fiber distribution, accompanied with the generation of high tensile strength. Due to the short fiber length, the force conducts over a short distance, so that the fiber has little effect on the elongation. At longer fiber lengths, the fiber acts as a defect since the force transfer is primarily directed into the fiber and is not directly transferred back into the matrix. At higher fiber contents, this effect becomes less significant since stress peaks are generated directly between the fibers. Hence, elongation and slippage of the matrix on the fiber are not feasible. In addition, we observed a significant influence of the processing temperature. With increasing decomposition, an interphase forms between matrix and fiber, as well as further shrinkage due to VOC, which implies a reduction in elongation. This effect solely occurs with low-filled compounds.




3.6. Process Parameters


After analyzing the relevant mechanical parameters, a process analysis was performed. A correlation between injection volume, fiber content and nozzle temperature were detected. With increasing fiber content and increasing injection speed, a higher injection pressure is required (Figure 10, Table 7). When higher temperatures were applied, the required injection pressure decreased, irrespective of the fiber content and fiber type as well as the injection volume flow. With increased injection volume flow, the required injection pressure increased for all fiber contents.





4. Conclusions


Here, we investigated a wood-filled ether-based TPU in the injection-molding process and analyzed its properties as a function of fiber content, fiber length and processing parameters. Based on these results, we propose the emergence of a new research field/market potential. It was found that a reinforcing effect can be achieved with increasing fiber content suggesting good fiber-matrix adhesion. In addition, there is a significant correlation between the achievable mechanical properties and the temperature control in the injection-molding process. This can be attributed to increased fiber or matrix decomposition and an increased proportion of vacuoles due to VOC. With the analysis of the mechanical properties and the process analysis, a new field of research has been created in the material development of sustainable TPU. Potential applications of the newly investigated compounds as handles include, but are not limited to, sports equipment and rollers. Further investigations are projected with regard to abrasion resistance, dynamic mechanical behavior and the use of additional matrix materials. Moreover, the fiber-matrix adhesion will be evaluated in subsequent investigations in comparison with standard WPC.
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Figure 1. (a) Microscope image of Arbocel C320. (b) Microscope image of Lignocel BK40/90. 
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Figure 2. Test specimens of wood-filled TPU. Top: TPU with 30-wt-% Lignocel BK40/90, bottom: 30-wt-% Arbocel C320. 
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Figure 3. (a) Tensile strength of wood-filled TPU as a function of fiber content and fiber type. (b) Tensile strength of wood-filled TPU in dependence of temperature control. 
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Figure 4. Correlation of tensile strength and specimen weight of wood-filled TPU. 
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Figure 5. (a) Young’s modulus of wood-filled TPU as a function of fiber content and fiber type. (b) Young´s modulus of wood-filled TPU in dependence of temperature control. 
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Figure 6. (a) Impact strength of wood-filled TPU as a function of fiber content and fiber type. (b) Impact strength of wood-filled TPU as a function of temperature control. 
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Figure 7. Detected notched impact strength of wood-filled TPU as a function of mold temperature. 
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Figure 8. (a) Shore Hardness D of wood-filled TPU in dependence of temperature control. (b) Shore Hardness D of wood-filled TPU as a function of fiber content and fiber type. 
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Figure 9. (a) Elongation of wood-filled TPU as a function of fiber content and temperature control. (b) Elongation of wood-filled TPU as a function of fiber content and fiber type. 
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Figure 10. (a) Injection pressure of wood-filled TPU as a function of injection volume flow and temperature control. (b) Injection pressure of wood-filled TPU as a function of fiber content and injection volume flow. 
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Table 1. Parameters for the experimental setup. The parameters were varied in factor levels I–III.
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Parameter

	
Unit

	
Factor I

	
Factor II

	
Factor III




	

	

	
−1

	
0

	
+1






	
Nozzle temperature 1   (  T  nozzle   )  

	
°C

	
190

	
200

	
210




	
Mold temperature   (  T  mold   )  

	
°C

	
50

	
60

	
70




	
Injection flow rate   (   V ˙   in   )  

	
cm3/s

	
30

	
40

	
50




	
Holding pressure   ( p )  

	
bar

	
500

	
600

	
700




	
Fiber content   ( F C )  

	
%

	
20

	
30

	
40




	
Fiber type   ( F T )  

	

	
Arbocel C320

	
Lignocel BK 40/90








1 For the injection-molding unit, a temperature profile was set in 10 °C increments between the feeder and the nozzle. The target value was the respective nozzle temperature.
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Table 2. p-values of various test parameters for tensile strength.
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	     T  n o z z l e      
	    F C    
	   p   
	     T  n o z z l e   ∗ p    
	    F T    





	p-Value (<0.05)
	0.0092
	0.0049
	0.0495
	0.0474
	0.4104
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Table 3. p-values of various test parameters for Young´s modulus.
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	    F C    
	      V ˙   i n        
	    F C ∗  T  m o l d        
	      V ˙   i n   ∗ F C      
	     T  n o z z l e        
	     T  m o l d        





	p-Value (<0.05)
	<0.0001
	0.0171
	0.0054
	0.0029
	0.5067
	0.4019
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Table 4. p-values of various test parameters for notched impact strength.
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	     T  n o z z l e      
	    F C    
	     T  n o z z l e   ∗ F C    
	    F C ∗ F T    
	     T  m o l d   ∗ p    
	     T  m o l d   ∗ F C    





	p-Value (<0.05)
	0.0022
	<0.0001
	0.0089
	0.0001
	0.0051
	0.0247
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Table 5. p-values of various test parameters for Shore hardness.
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	     T  n o z z l e      
	    F C      
	     T  n o z z l e   ∗ F C      
	     T  m o l d   ∗   V ˙   i n        





	p-Value (<0.05)
	0.048
	<0.0001
	0.0089
	0.0051
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Table 6. p-values of various test parameters for strain.
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	     T  n o z z l e        
	    F C      
	    F T      
	    F C ∗ C T      





	p-Value (<0.05)
	0.0085
	<0.0001
	0.0174
	0.0388
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Table 7. p-values of various test parameters for strain.
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	     T  n o z z l e      
	    F C    
	      V ˙   i n      





	p-Value (<0.05)
	0.0001
	<0.0001
	0.001
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