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Abstract

:

The current work deals with three dimensionally molded plywood formed parts. These are prepared in two different geometries using cut-outs and relief cuts in the areas of the highest deformation. Moreover, the effect of flax fiber reinforcement on the occurrence and position of cracks, delamination, maximum load capacity, and on the modulus of elasticity is studied. The results show that designs with cut-outs are to be preferred when molding complex geometries and that flax fiber reinforcement is a promising way of increasing load capacity and stiffness of plywood formed parts by respectively 76 and 38% on average.
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1. Introduction


The world is not flat-driven by the rising consumer awareness for the ecological product footprint, designers are set to bid and overcome the limits for material applications. Composite materials are developed to surpass single inferior material properties in order to combine quality characteristics for specific maximum performance. A broadly available, natural composite material resource is wood-defined as a natural polymeric, cellular fiber composite with superior advantages compared to other engineering materials [1]. Various wood-based products, such as cross laminated timber (CLT), particleboard, oriented strand boards (OSB) or fiberboards, resolve solid wood disadvantages, respectively anisotropy, biodegradability, and dimensional limitations [2].



Plywood, with its multilayered veneer-based laminar structure, is considered to be the oldest and the most important wood-based composite material with two distinct fields of application—construction purposes and multidimensional forming for interior and exterior products. Plywood can be bent by steaming a panel before forming, thin panels can be threaded and glued together or veneer layers are mechanically modified when producing 3D-molded parts [3]. To enhance veneer-based products (plywood and laminated veneer lumber) mechanical load bearing capacity, several experimental studies were conducted addressing synthetic glass, carbon, or other artificial fiber reinforcement [4,5,6,7,8]. Results revealed significantly improved mechanical properties for modulus of elasticity (MOE) and modulus of rupture (MOR), dimensional stability, and especially splitting strength [9,10,11]. Currently, the focus on fiber reinforcement shifted to more ecofriendly, fiber sources based on renewable resources. Flax (Linum usitatissium), ramie (Boehmeria nivea), hemp (Cannabis sativa), sisal (Agave sisalana), kenaf (Hisbiscus cannabinus), jute (Corhorus capsularis) or bamboo are characterized by biodegradability, cost effectiveness, natural availability [12,13]. Natural fibers are emerging at low cost, lightweight and apparently environmentally superior alternatives to glass fibers in composites. The current mass-based price of raw processed glass fibers with a density of 2.6 g/cm3 is approximately 2 to 4 times greater than that of e.g., flax fibers with a density of 1.5 g/cm3 [14,15]. The elevated mechanical properties of lightness, stiffness to weight ratio, and high tensile strength of natural fibers are advantageous for high performance composites [16,17]. For instance, flax with a density of 1.50 g/cm3, tensile strength between 345 to 1100 N/mm2, and an MOE of 27,600 to 64,500 N/mm2 [18] is characterized by a relatively high stiffness, load capacity, and damping performance and shows comparable mechanical performance as e-glass and s-glass fibers. Moreover, flax is flexible and preferred for complicated geometries [19]. Bőhm et al. [20] evaluated the bending characteristics of sandwich composite materials based on balsa plywood reinforced with flax (2 × 2 twill, 400 g/m2) and glass fibers (roving fabric, 390 g/m2) with epoxy resin. Reinforcement of the balsa plywood with both types of fibers significantly increased the modulus of elasticity and bending strength. Whilst for flax fibers, the flexural modulus was 7.5% higher than for glass fibers, the bending strength values of glass fibers were 26.5% lower compared to flax fibers. Research confirmed that flax fibers with less environmental impact may be a material that is used as an adequate replacement of glass fibers. Papadopoulos and Hague [21] prepared single-layer particleboards made from various wood chip/flax mixtures bonded with urea formaldehyde resin. The strength properties of boards containing up to 30% (mass-based) flax particles meet the minimum European standard (EN 310, 317, 319) requirements for interior particleboards. In the research of Susainathan et al. [22,23], glass fiber, carbon fiber, and flax fiber were used as the surface layer, poplar and okoume as the core layer to make wood-based sandwich structures. The impact and bending properties of the boards with flax fiber reinforcement showed comparable bending strength and stiffness as glass fiber reinforced samples. Research on fiber reinforcement primarily focuses on two-dimensional panel applications [24,25,26].



Bendability (formability) of two-dimensional curvature for wood is well investigated [27]. Three-dimensional (3D) molding of wood is considered as one of the most complicated chipless methods of shaping wood [28,29]. In general, limitations for veneer formability are set by the anisotropic character of wood and influenced by the MOE and tensile strength for the two directions parallel and perpendicular to grain. Wagenführ et al. [30] revealed a correlation between bending radius and veneer thickness for two-dimensional bending with a significant increase for the minimal possible radius with increasing veneer thickness and dependence on grain direction for non-modified veneers. Additional research on non-modified two-dimensional veneer bending suggested a higher suitability of tangential veneers for molding [31]. 3D veneer moldability is furthermore limited by the anisotropic nature, varying tensile strength, and plastic deformation of veneers [30]. Other relevant parameters are wood species, moisture content, sample and molding geometry in this respect. Deciduous wood species like beech (Fagus sylvatica L.) are considered more suitable for 3D-molding due to wood anatomy and plasticizing ability. Wood moisture content, heat pressing, moistening of wood are process variables which are relevant for surface quality in 3D wood molding [32]. It was shown that the 3D formability of veneer can be improved by 12 to 50% by increasing veneer moisture content and steaming. Birch (Betula pendula Roth) veneer showed better forming properties than beech (Fagus sylvatica L.) and ash (Fraxinus excelsior) [33]. Warping and cracking in the forming process depends strongly on veneer thickness [29]. According to Fekiač and Gáborík [27], there is no clear preference between radial and tangential veneers for 3D molding. Another way to increase the moldability of the wood is surface densification, hydrothermal plasticizing, thermal modification, reinforcement by natural fibers, and the optimization of the pressing process [34]. Zerbst et al. [35] successfully applied the Nakjima test to evaluate the deep drawing capacity of veneer laminate, which can be used for forming simulations. The authors found that cracks in veneer laminate sheets occur in the early wood zone and propagate in grain direction.



The aim of the study is to determine the influence of woven natural flax fiber reinforcement on 3D molded beech veneer-based plywood with a specific molding geometry. The occurrence of surface cracks and delamination as well as 3D-bending behavior for maximum load and MOE with the factors mold geometry and fiber-reinforcement are investigated.




2. Materials and Methods


2.1. Sample Preparation


Pre-conditioned (20 °C, 65% relative humidity) radial sliced zero defect beech (Fagus sylvatica L.) veneers with a thickness of 0.6 mm, an average density of 0.67 g/cm3, and an average moisture content of 10.2 (SD = 0.3) % were used as wooden raw material in this study due to its superior bending strength and MOE performance compared to birch (Betula pendula Roth). Twill flax fabric LINEO FlaxPly Balanced Fabric 200 (Ecotechnilin, Valliquerville, France) with a thickness of 0.4 mm, a density of 1.27 g/cm3, and a grammage of 200 g/m2 acted as fiber reinforcement. The flax moisture content accounted for 11 (SD = 0.3) %. West Systems International (Romsey, England) 105 Epoxy Resin and 207 Special Coating Hardener were used as adhesive. Two kinds of lay-ups were introduced (Figure 1). The unreinforced reference samples existed of ninety degree cross layered veneer layers, whereas the flax fiber reinforced samples consisted of the identical ninety cross layered veneer layers with additional four layers of flax fabric. These were located at the first and second glue line on each side in order to improve the tensile strength under bending and to minimize the influence of shear stresses. The calculated amount of epoxy resin per glue line was set to 200 g/m² for the veneer to veneer layers and 400 g/m2 for flax fiber to veneer.



The specimens were designed focusing on the use of the molded parts as car seat shells (Figure 2). A transition section between seating and back was considered in the design of the specimens. The seating shell was split in the center, and looking in driving direction, the left part of the shell was considered. The size of the raw veneer sheets accounted for 20 × 27.5 cm.



To overcome the veneer warping during molding, two different options where used. First, a minimal leaving out of the critical curvature was applied (Figure 3).



Second, relief cuts at the critical curvature were provided (Figure 4). These were filled with an Epoxy filler (Molto 2-components wood replacement) after pressing. In total, four different types of setups with three samples each were tested.



The lay-up of the veneer laminates and the glue application were conducted manually. The calculated areal glue amount spreading per layer was checked by a scales KERN PRS 620-6 (Kern & Sohn GmbH, Ballingen-Frommern, Germany). The controlled molding was carried out using a HÖFLER (Taiskirchen, Austria) HLOP 280 press to reach the target thickness of 10 mm within 15 h of cold pressing. The applied pressure during molding was 2.5 N/mm2 for the reference samples and 2.8 N/mm2 for the flax fiber reinforced samples. The temperature was kept constant at 20 °C. No pretreatment of the veneers was applied to improve the bending performance. Before further testing, the samples were stored for seven days under constant standard climate conditions (20 °C, 65% relative humidity).




2.2. Testing of Surface Cracks and Delamination


Surface cracks and delamination were determined after pressing and conditioning of the formed parts. Samples were trimmed to equal size before proceeding to the 3D bending test.



To determine the surface crack length and widths, pictures were taken with a digital camera (Rollei Compactline 750) and a scale positioned on the formed parts. For the exact determination of length and width, MATLAB R2018a was used according to Equation (1). On each picture taken, a scale was installed, to determine the dimensions of cracks and delamination considering the pixel-based length of the defect    l  p i x e l    , the pixel-based length of the reference scale    l  r e f .   p i x e l    , and the known length of the scale    l  r e f .     The delamination length was determined using the identical formula. In addition, a verbal nomenklatura was introduced to describe the location of surface cracks and delamination in order to locate critical spots of failure. First of all, cracks and delamination were categorized whether they occurred (1–1) on the front or (1–2) back of the formed part. Second, it was described whether they occurred (2–1) on the back shell or (2–2) on the seat. Third, defects were assessed regarding their position relative to the transition radius; (3–1) transition radius, (3–2) above transition radius, (3–3) below transition radius. Finally, defects on edges were assessed using the attributes (4–1) outer edge, (4–2) edge cut-out. All measurements were taken from formed parts to exclude influences caused by post-processing.


  l =    l  p i x e l      l  r e f .   p i x e l     ×  l  r e f .    



(1)








2.3. Three-Dimensional Bending Test


A modified bending test following UN/ECE Regulations Nr. 17 [36] with a variation regarding the direction of force for spreading was implemented. For testing, the samples were placed with the small faces on an aluminum block due to its low friction coefficient to reduce influences on internal stress distribution (Figure 5). Constant linear force with a speed of 10 mm/min was applied by a pressure disc (ø 135 mm) parallel to the supports using a Zwick/Röll Z 250. The maximum load (Fmax) and the modulus of elasticity (MOE) were determined following EN 310:2005 [37].



The statistical significance of the factors molding geometry and fiber-reinforcement was determined using two-way ANOVAs with consideration of interaction effects of first order.





3. Results and Discussion


3.1. Number of Surface Cracks and Delamination


The finished specimens showed up to 6 cracks and between 1 and 2 delamination after pressing. Comparing the number of counted surface cracks for each of the four groups, it was assumed that there is an influence of the factors molding geometry and fiber reinforcement. Based on a two-way ANOVA to prove the statistical significance of the factors molding geometry (p-value 0.074) and fiber reinforcement (p-value 0.334) displayed that there is no significant influence. In addition, there is no significant interaction effect of the factors. This can be explained by the high variation of crack numbers between specimens (Table 1).



To determine the influence of the factors molding geometry and fiber reinforcement on the number of delamination, the same procedure as for the surface cracks was applied. The two-way ANOVA displayed a significant influence of the molding geometry with a p-value of 0.037. On average, formed parts with a cut-out showed one delamination, whilst parts with relief cuts had two delaminations after pressing (Table 2). The fiber-reinforcement (p-value 0.631) such as the factor interaction (p-value 0.631) in contrast had no significant influence on the number of delaminations.



Considering these statistics, it seems that the cracks and delamination are predominantly caused by deformations occurring during the molding process rather than ineffective gluing between composite layers.




3.2. Length and Width of Surface Cracks and Delamination


The effect of the factors molding geometry and fiber reinforcement on the length of cracks was assessed using a two-way ANOVA. Only specimens with cracks were considered. According to the ANOVA, the p-value for the interaction between the factors is significant with 0.030, stating the fact that the level effect of one factor is dependent on the level of the other factor. Cracks on fiber reinforced parts with cut-out have an average length of 6.7 (SD = 2.3) mm, 64% lower than their unreinforced counterpart—a coherence that could not be shown for formed parts with relief cuts.



In contrast, the results of the surface crack widths had no statistically significant factor effect or interaction (p-value 0.196) between the two factors molding geometry and fiber reinforcement. This is underlined by the singular p-value for molding geometry with 0.774 and fiber reinforcement with a p-value 0.864.



Based on the comparison of the mean and standard deviations of the factors, the two-way ANOVA revealed no statistically significant influence on the delamination length. Molding geometry (p-value 0.587) and fiber reinforcement (p-value 0.203) showed no significant interaction effect (p-value of 0.450).



The sum of the crack length of a specimen is significantly (p-value 0.034) affected by the molding geometry, showing that it accounts for 16.6 (SD = 27.9) mm with formed parts with cut-out compared to 64.6 (SD = 33.5) mm with relief cut. The cumulated crack width per sample is not significantly affected by the mold geometry or fiber reinforcement. The effect of molding geometry on the cumulated length of delamination is narrowly not significant (p-value 0.053). The average sum of delamination length accounts for 12.9 (SD = 10.5) mm when using cut-outs and 23.6 (SD = 4.0) mm when relief cuts are applied (Table 3). Summarized, it was found that molded parts with relief cut have more and additionally more significant cracks and delamination than parts with a cut-out. The sum of the crack lengths is two thirds lower when applying fiber reinforcement for parts with cut-out, whereas no advantage of fiber reinforcement could be detected for parts with relief cuts. The investigation of cracks and delamination shows that the total sum of defect characteristics is higher for parts with relief cuts. This is due to the fact that a greater part of the critical sector of the transition zone is covered. The forced deformations are greater with the relief cut formed parts and exceed more often the strength of the veneer. The fiber reinforced parts with cut-out show lower crack and delamination length, probably due to the fact that fabric with twill weave is easily shear formable and has good draping properties [38].




3.3. Location and Orientation of Defects


Surface cracks occurred with a relative frequency of 67 (SD = 31) % on the inner (positive) side of the molding with the shorter radius. Ninety-seven (SD = 11) percent are located at the “transition radius” due to the sharp radius and the change of direction into three different dimensions. Seventy-six (SD = 22) percent are placed on the outer edges of the molding (Figure 6). The reason is, that tensions cannot be transferred to neighboring veneer layers in the corner range which results in cracks. All surface cracks are oriented in grain direction, because the tensile strength of beech veneer orthogonally to grain direction is 20 times lower than in grain direction [39], which is confirmed by Zerbst et al. [35] finding the same phenomenon when producing molded veneer laminates.



Cracks are not acceptable in molded parts due to structural and aesthetic reasons. A possible optimization is to create micro cracks and collapsed cells in veneer layers before molding to prevent the formation of macro cracks. It is important to note that a collapsed cell not necessarily goes along with a broken cell wall [30].



Delaminations were predominantly found on the inner (front) side as well (Figure 7). Seventy-seven (SD = 26) percent occurred on the more strongly bent inner side. All of them were found above the transition radius on the formed parts where the shear strengths were strongest. For the same reason, these occurred in large part with some distance to the cut-out referenced to the edge position. Ninety-five percent of all delaminations were found near the outer edge of the formed parts. The use of rigid press forms results in an uneven pressure distribution because the application of uniaxial vertical pressure results in uneven orthogonal pressure referred to the curved surface of the formed part [40]. The maximal angle of the form parts used in this study is 50 degrees on the outer edge and the pressure was therefore 36% [40] reduced in this area, as an explanation for the less efficient bonding. The strong influence of the mold geometry on the quality of plywood formed parts was discussed by Comsa [41], suggesting deformation modeling using finite element methods. This shows an interesting opportunity for the current mold part to lower crack and delamination formation during molding. Finally, the use of plasticized veneer (at least the outer layers) before pressing suggests to lower the risk for cracks [34].




3.4. 3D Bending Test


Based on the load-deformation curvature, two thirds of the samples with cut-outs showed a linear-elastic deformation behavior and a nondescriptive fracture with a mixture of delaminations and failures within the beech veneer (Figure 8). One third of samples had a partial fracture behavior within the linear-elastic deformation with a notable tension failure. The load-deformation curve for relief cut samples revealed a semi-fracture at the end of the linear-elastic range caused by the failure of the filler regardless of fiber reinforcement, followed by a further plastic deformation. Fiber reinforcement resulted in an increase in force for both cut-out and relief cut samples in the plastic deformation range, whereas unreinforced samples of both groups more or less stagnated. These findings validate research by Wagenführ et al. [30] considering that veneer laminates behave predominantly elastically.



The results of maximum load displayed a significant influence of the molding geometry (p-value 0.010) as well as the fiber reinforcement (p-value 0.001). Moldings with cut-outs resulted in 58 and 36% higher bending strength than their counterparts with relief cuts. Fiber reinforcement lead to 65 and 92% higher bending strength compared with the unreinforced part, respectively (Table 4).



The reason for the significant increase in the maximal load capacity through flax fiber reinforcement is the high tensile strength of flax fibers, approximately 5 times as high as the one of the wood fiber [38]. This increased tensile strength affects especially the inner side of the formed part which is tensile-loaded in the current experimental situation. As the relief cuts are an interruption in the fiber reinforcement, the filler grouts fail early and are an explanation for the lower performance of such parts.



Regarding the results of the MOE, similar effects are given. The influence of the fiber reinforcement is highly significant (p-value 0.001), whereas the influence of the molding geometry—in contrast to the maximum load capacity—was statistically not significant (p-value 0.168). Formed parts which are fiber reinforced had an MOE on average 76% higher than the unreinforced parts (Table 4). The mold geometry does not have an effect in this respect, because failures occur above 40% of the maximal force and up to this point the part shows linear-elastic behavior.



A significant correlation between the sum of crack width in a part and the MOE was observed (p-value 0.024, R2 = 0.41). The higher the cumulated crack width, the higher the MOE. Moreover, a higher number of cracks result in a not significant higher MOE. A rationale for this coherence is that crack formation during the forming process results in an improved layer contact due to a compensation of the deformations in the transition zones.





4. Conclusions


The three-dimensional bending tests regarding the maximum load capacity and the MOE showed that the performance of beech veneer-based 3D molded plywood could be significantly improved by flax fiber reinforcement. In addition, the influence of the mold geometry is significant for the load capacity, but not for the MOE.



Formed parts with few and less pronounced defects, such as cracks and delamination, can be produced using cut-outs in the most deformed area of the 3D molded parts. The location of cracks and delamination found in this study strongly suggests the optimization of the press form and the application of multiaxial press processes to avoid delamination. Moreover, 3D molded parts should be produced with some oversize as 68% of the cracks and 95% of the delamination was found on the outer edges. A majority of defects could be removed in a final trimming process.



Further research is recommended for a deeper understanding of the interaction and influence of veneer thickness and flax fabrics grammage on formability, as well as the influence of veneer pretreatment and hot pressing to improve 3D formability. Additional research should focus on interactions between veneer, flax, and adhesive to determine a better understanding of delamination resistance and supplemented by an evaluation of fiber wetting resulting from the resin. Cost and production aspects have to be taken into account for broader industrial applications. Especially the research on cost efficient industrial glue systems, glue amount optimization, and the influence on the performance of woven flax fiber fabric is worth further research.
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Figure 1. Veneer layup reference (a), with flax fiber reinforcement (b). 
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Figure 2. Dimension of the 3D molded specimens (dimensions in mm). 
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Figure 3. Cut-out of specimens (a) reference, (b) with flax fiber reinforcement. 
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Figure 4. Relief cut of specimens (a) reference, (b) with flax fiber reinforcement. 
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Figure 5. Bending test for 3D molded plywood samples. 
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Figure 6. Heat map of crack number and position. 
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Figure 7. Heat map of delamination number and position in the 3D-molded plywood samples after forming. 
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Figure 8. Force-path diagram for specimens with cut-out (a) and relief cut (b). 
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Table 1. Number of cracks and crack geometry after bending (SD in brackets).






Table 1. Number of cracks and crack geometry after bending (SD in brackets).





	
Specimen

	
No. of Cracks

	
Crack Length

	
Crack Width

	
N






	

	
(mm)

	
(mm)

	




	
Cut-out

	
1 (2)

	
18.2 (7.0)

	
0.6 (0.4)

	
3




	
Cut-out reinf.

	
1 (1)

	
6.7 (2.3)

	
0.4 (0.2)

	
3




	
Relief cut

	
2 (1)

	
12.2 (3.9)

	
0.4 (0.1)

	
3




	
Relief cut reinf.

	
4 (2)

	
17.4 (11.1)

	
0.5 (0.3)

	
3
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Table 2. Number and length of delamination after bending (SD in brackets).






Table 2. Number and length of delamination after bending (SD in brackets).





	
Specimen

	
No. of Delamination

	
Delamination Length

	
N






	

	
(mm)

	




	
Cut-out

	
1 (1)

	
12.7 (4.8)

	
3




	
Cut-out reinf.

	
1 (1)

	
8.9 (3.4)

	
3




	
Relief cut

	
2 (0)

	
12.3 (3.3)

	
3




	
Relief cut reinf.

	
2 (0)

	
11.3 (3.4)

	
3
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Table 3. Number and length of delamination after bending (SD in brackets).






Table 3. Number and length of delamination after bending (SD in brackets).





	
Specimen

	
Sum Crack Length

	
Sum Crack Width

	
Sum Delam. Length

	
N




	
(mm)

	
(mm)

	
(mm)

	






	
Cut-out

	
24.2 (41.9)

	
0.6 (1.0)

	
16.9 (13.0)

	
3




	
Cut-out reinf.

	
8.9 (4.1)

	
1.1 (0.9)

	
8.9 (7.8)

	
3




	
Relief cut

	
53.9 (38.5)

	
0.6 (0.4)

	
24.6 (5.4)

	
3




	
Relief cut reinf.

	
75.3 (31.3)

	
2.2 (1.4)

	
22.6 (2.8)

	
3
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Table 4. Results of the bending test (SD in brackets).
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	Specimen
	Max. Force
	MOE
	N





	
	(N)
	(N/mm2)
	



	Cut-out
	2784 (530)
	532 (45)
	3



	Cut-out reinf.
	4531 (941)
	791 (68)
	3



	Relief cut
	1736 (97)
	633 (70)
	3



	Relief cut reinf.
	3340 (322)
	816 (97)
	3
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
[oetamnatins feutout Jeutout et [netet e [nete cut .
fsmpie FUEY s
[coatpention ron 7 B
(2830 oo R
[oeateaprtion () acksnet o oo
(a2)sen et A o o
[ostionn vamtin o [(1) Tantion o v o o o
[ ——— f i
[——— o o
[ostionn e (1) 0wereige T -
o o o

-2 e with ot






media/file4.png
Front view Side view

L —

185

Lateral curvature

R9

< Transition radius \(
g

120 =

1 . |l |

142

155





nav.xhtml


  polymers-12-02852


  
    		
      polymers-12-02852
    


  




  





media/file16.png
6000

5000
= 4000
"o 3000

2000

1000

-

a)

ArrT .
- — \.-00"'.'.” Weu
-

—S1-cut-out
—S4-cut-out

T T T T L} T

4 6 8 10 12 14
Deformation in mm

------ S3-cut-out
reinf. = = S5-cut-out reinf, - S6-cut-out reinf.

- = S2-cut-out

16

6000

5000
= 4000
‘o 3000

2000

1000

—S7-relief cut
~——S10-relief cut reinf. = = S11-relief cut reinf, - S12-relief cut reinf.

b)
i r oy
v A
’I" 1\~ Z
4 / ’,"} g 7 A e e B |

Deformation in mm

- = S8-reliefcut e S9-relief cut

16





media/file2.png
b)
| 1 —_——
-

] Fiber orientation lengthwise Il Fiber orientation crosswise [ Flax fiber reinforcement





media/file5.jpg





media/file3.jpg
Front view Side view

Lateral curvature

Transition radius

| e L





media/file1.jpg
a)

it

iber orientation crosswise Ml Flax fiber reinforcement

Fiber orientation lengthwise Il





media/file7.jpg





media/file10.png





media/file12.png
Cracks Cut-out Cut-out reinf. Relief cut Relief cut reinf.
Sample 1 2 3 4 6 7 8 9 10 11 12
Total number of cracks 4 0 0 2 1 1 3 1 3 2 5
Global position (1-1) Front 2 0 0 2 1 1 1 1 2 1 3

(1-2) Back 2 0 0 0 0 0 2 0 1 1 3
Detailed position (2-1) Back shell 1 0 0 0 1 0 3 1 3 1

(2-2) Seat shell H 0 0 2 0 1 0 0 0 0 0
Position on transition radius (3-1) Transition radius 0 0 2 1 1 3 1 2 2

(3-2) Above transition radius 0 0 0 0 0 0 0 0 1 0 0 0

(3-3) Below transition radius 0 0 0 0 0 0 0 0 0 0 0 0
Position on edges (4-1) Outer edge 2 0 0 2 1 1 2 1 2 1

(4-2) Edge with cut-out 2 0 0 0 0 0






media/file9.jpg





media/file0.png





media/file14.png
Delaminations Cut-out Cut-out reinf. Relief cut Relief cut reinf.
Sample 1 2 3 4 5 7 9 10 11 12
Total number of delaminations 2 1 1 1 2
Global position (1-1) Front | 1 0 1 1
(1-2) Back 0 0 0 0 1 1
Detailed position (2-1) Back shell 1 1 1 0 0
(2-2) Seat shell 1 0 0 0 0
Position on transition radius (3-1) Transition radius 0 0 0 0 0
(3-2) Above transition radius 1 1 0 1
(3-3) Below transition radius 0 0 0 0 0
Position on edges (4-1) Outer edge 1 1 1 0 1
(4-2) Edge with cut-out 1 0 0 0 0






media/file8.png
5 S s e |






media/file11.jpg
ot e
(Gmtpin e F T R
[t i i | .
e @bt [ gy
[12:2) seat shen. =5 o 2 o o o o o
ooy moroa (A [ S
ey <~ FEEEEEEEETE T
|t amren e | | s o B O
—— T B | | |
g I I |






media/file6.png
a)






media/file15.jpg
Forcein N
L EEEEEE

b)

Oeformation n mm

Oeformation in mm





