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Abstract

:

Partial delignification and densification provide a pathway to significant improvement in the mechanical performance of wood. In order to elucidate potential effects of this treatment on the mechanical anisotropy of wood, partially delignified and densified spruce wood veneers were characterized at varying degrees of off-axis alignment. While the tensile strength and the modulus of elasticity (MOE) were clearly improved in parallel to the axis of wood fibers, this improvement quickly leveled off at misalignment angles ≥30°. For transverse tensile strength, the performance of alkaline-treated and densified wood was even inferior to that of untreated wood. Microscopic examination revealed the presence of microscopic cracks in treated wood, which are assumed to be responsible for this observation. It is concluded that impaired transverse tensile properties are a weakness of partially delignified and densified wood and should be considered when a potential usage in load-bearing applications is intended.
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1. Introduction


Cellulose-based materials such as wood and natural fibers are experiencing a renewal of interest after a reduction of their use in parallel to the rise of steel and alloy steels during the 19th century, and synthetic polymers during the 20th century. This renaissance is largely due to growing awareness towards attributes such as biodegradability, eco-friendliness, and renewability [1,2,3]. Wood is a hierarchically structured natural polymer composite with cellular architecture. Roughly, it consists of 50% cellulose, 25% hemicelluloses, and 25% aromatic lignin. Cellulose is the main structural polymer in plant cell walls and consists of ß 1–4 linked glucose units, which form elongated molecules with several thousand repeat units. Hydrogen bonding enables the formation of intra- and intermolecular linkages and, consequently, crystalline structures with high mechanical strength of 1.6 to 6.6 GPa [4,5] and stiffness of 140 to 150 GPa [6,7,8]. Cellulose molecules assemble into nanofibrillar structures, which are arranged in a steep spiral in the largest part of the layered wood cell wall [9]. The resulting cell wall structure is similar to a unidirectional fiber-reinforced composite, with pronounced mechanical anisotropy caused by the different mechanical characteristics of fibers (cellulose nanofibrils) and matrix (hemicelluloses and lignin) [10].



Small, defect-free wood specimens of various species exhibit a density between 0.13 and 1.23 g cm−3 [11]. In parallel, their tensile strength and modulus of elasticity (MOE) lie between 60 and 220 MPa and between 6 and 22 GPa, respectively [11]. In comparison to other materials, this results in good mechanical performance at comparably low density, enabling slender and wide-spanning structures [12]. The strong correlation between wood density and mechanical performance suggests densification as a method for performance improvement. Elevated temperature and humidity soften wood [13,14], enabling densification close to the maximum possible value of 1.5 g cm−3, which is the density of the bulk wood cell wall [15]. A partial removal of cell wall polymers, particularly rigid lignin, also facilitates compression transversally to the fiber direction and minimizes cell wall fractures. It is an additional advantage of this procedure that, on relative terms, the content of mechanically strong cellulose is increased at the expense of less strong hemicelluloses and lignin [16]. By combining delignification with densification, impressive improvements to values of 20–50 GPa for the MOE and 270–550 MPa for tensile strength were achieved [17,18,19]. Notably, these studies focused on mechanical performance improvement in the direction parallel to the wood fibers.



By applying a partial delignification step followed by densification, the bending strength and the MOE of spruce plywood samples could be increased by the factors of 2.4 and 3.5, respectively, as shown in a previous study [18]. Contrary to that, interlaminar shear strength did not match the improvement after partial delignification and densification and increased by a factor of 1.4–1.6 only. Since the fracture pattern showed a dominance of wood failure, the authors assumed that a decrease in interfibrillar adhesion across the fiber direction in partially delignified and densified wood was the reason for the reduced improvement. Therefore, performance across the fiber direction should also be considered when wood composites are made with delignified and densified wood.



The objectives of this research were (a) to demonstrate the mechanical anisotropy of partially delignified and densified wood tested in tension, (b) to compare the results with regard to the anisotropy of untreated wood, and (c) to find explanations for potential differences.




2. Materials and Methods


Figure 1 gives an overview of all essential procedures applied in the present study. Sliced spruce wood veneers with even texture, an oven-dry density of ~0.36 g cm−3, and dimensions of 100 × 50 × 1.47 mm3 (axial × radial × tangential) were used as raw material and also served as reference samples. As shown in Figure 1a, specimens were cut with their longest edges in parallel to the direction of wood fibers, at an angle of 10° to the fiber axis, at an angle of 20°, and so forth up to an angle of 90°.



For partial delignification, veneers (n = 8 per fiber angle) were placed into a desiccator and were subsequently impregnated with deionized water (DW). To accelerate this process, a vacuum was applied by means of a vacuum pump. The veneers were then left under a vacuum at room temperature overnight until they were completely water-saturated. Afterward, 20 veneers (~50 g) were placed into a household pressure cooker (Sicomatic classic, WMF Group GmbH, Geislingen/Steige, Germany), shown in Figure 1b, containing an aquatic solution (1 L), mixed of 2.5 mol L−1 sodium hydroxide (NaOH) (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and 0.4 mol L−1 sodium sulfite (Na2SO3) (Carl Roth GmbH + Co. KG, Karlsruhe, Germany), as described by Song and coauthors [19]. Chemical treatment took place at ~119 °C (corresponding to a pressure of ~0.19 MPa) for 4 h. Subsequently, the treated veneers were repeatedly washed in DW until the washing water reached a stable pH of ~7 (Figure 1c). The washed and fully water-saturated veneers were then densified in the tangential direction in a hot press (Langzauner Gesellschaft m.B.H., Lambrecht, Austria), shown in Figure 1d, operated at a temperature of 120 °C, and a maximum pressure of 35 MPa was built-up stepwise during 7.5 min. After cooling under pressure to 60 °C, the specimens were left to equilibrate in a climate chamber operated at 20 °C and 65% humidity for at least two weeks.



The mass loss of each alkaline-treated and densified veneer (n = 8 per fiber angle) was calculated as


  M L  %  =      m  u n   −  m  t r        m  u n     × 100  



(1)




where ML is the mass loss of the alkaline-treated and densified veneer,    m  u n     is the mass of the veneer before treatment, and    m  t r     is the mass of the veneer after treatment. Afterward, the average mass loss was calculated.



The Klason lignin content was determined according to Nicholson and coauthors [20], without prior Soxhlet extraction by a 2:1 (v/v) mixture of toluene/ethanol, on untreated (n = 1) and uncompressed alkaline-treated (n = 1) specimens. Based on these results, and under the assumption that nearly no cellulose degradation occurred, an estimation of the new chemical composition of alkaline-treated specimens was calculated using the following equations [18]:


  M  L  k l    %  = K  L  u n   −     100 − M L   ×   K  L  t r     100      



(2)




where   M  L  k l     is the mass loss due to Klason lignin delignification and   K  L  u n     and   K  L  t r     are the Klason lignin contents of the untreated and uncompressed alkaline-treated specimens, respectively;


  M  L h   %  = M L − M  L  k l    



(3)




where   M  L h    is the mass loss due to hemicellulose degradation;


   H  t r    %  =      H  u n   − M  L h        100 − M L     × 100  



(4)




where    H  t r     is the new hemicellulose content of the uncompressed alkaline-treated specimens and    H  u n     is the hemicellulose content of European spruce (31%) based on data from Fengel and Wegener [21]:


   C  t r    %  = 100 − K  L  t r   −  H  t r    



(5)




where    C  t r     is the new cellulose content of the uncompressed alkaline-treated specimens.



For mechanical testing, strips (n = 7 for reference samples (0° and 90°); n = 8 for alkaline-treated and densified samples per fiber angle) with a width of 10 mm and length of 100 mm were prepared and equipped with 1.4 mm thick beech veneer pads in the gripping area in order to avoid damage during tensile testing (Figure 1f). Tensile testing was carried out with a universal testing machine (Zwick-Roell 100 kN, ZwickRoell, Ulm, Germany) equipped with a 5 kN load cell (ZwickRoell, Ulm, Germany) and clip-on displacement sensors (ZwickRoell, Ulm, Germany). The initial clamp distance was 40 mm and testing was carried out at a displacement rate of 1 mm min−1 until failure. The initial distance of the contact extensimeter was set to 20 mm. The MOE was calculated based on the slope between 10% and 40% of Fmax. The full range of misalignment angles from parallel to the fiber axis (0°) to perpendicular to the fiber axis (90°) was tested in intervals of 10° for partially delignified and densified wood. Reference samples were exclusively tested at angles of 0° and 90°. This reduction was justified with the fact that the mechanical anisotropy of solid wood is well known and described in many widely available textbooks [11,22]. The range of tensile strength values for fiber misalignment from 10 to 80° was then calculated by means of the Tsai–Hill failure criterion:


   1   σ x 2    =   c o  s 4  θ    X 2    +    1   S 2    −  1   X 2      s i  n 2  θ c o  s 2  θ +   s i  n 4  θ    Y 2     



(6)




where    σ x    is the calculated tensile strength for specimens at a certain misalignment angle,  θ  is the angle of misalignment, X and Y are the tensile strengths parallel and perpendicular to the fiber axis, respectively, and S is the shear strength [23]. Shear strength of black spruce, 8.5 MPa, was taken from literature and was used for calculation [24]. The MOE values for fiber misalignment from 10 to 80° was calculated using linear orthotropic elasticity theory:


   E θ  =       c o  s 4  θ    E 1    +    1   G  12     −   2  ν  12      E 1      c o  s 2  θ s i  n 2  θ +   s i  n 4  θ    E 2        − 1    



(7)




where    E θ    is the calculated tensile modulus for specimens at a certain misalignment angle,  θ  is the angle of misalignment,    E 1    and    E 2    are the MOE parallel and perpendicular to the fiber axis, respectively,    G  12     is the shear modulus, and ν12 is the Poisson’s ratio [25]. The shear modulus of 0.72 GPa represents a mean value based on literature [11]. The Poisson’s ratio of wood is assumed to be approximately 0.3.



For light microscopy (Axioplan 2 Imaging, Carl Zeiss GmbH, Vienna, Austria), specimens were embedded in epoxy resin (Agar Low Viscosity Resin Kit, Agar Scientific Ltd., Stansted, UK), sectioned using a diamond knife (trim 45, Diatome Ltd., Nidau, Switzerland), and observed in transmitted and/or incident light modes.



Tensile strength and MOE of partially delignified and densified samples, tested at different fiber misalignment angles, were compared statistically with their native equivalents using the statistical software SPSS (IBM SPSS Statistics, version 24, IBM Corporation, New York, NY, USA). Welch’s t-test was conducted comparing samples tested parallel (0°) and perpendicular (90°) to the fiber axis. One-sample t-test was conducted comparing tensile properties of partially delignified and densified samples tested at fiber misalignment angles from 10 to 80° with values of reference samples calculated by means of Equations (6) and (7). A 5% α-level of significance was set for both tests. The resulting p-value indicated the statistical significance, with p > 0.05 referring to no statistical significance and p ≤ 0.05 referring to significant differences.




3. Results and Discussion


The alkaline treatment described above resulted in an average loss of wood mass of 22.3%. Assuming that nearly no cellulose was degraded during the chemical treatment, it can be suspected that the mass loss resulted from the degradation of Klason lignin (6.79%) and hemicelluloses (15.51%). As a consequence, the relative amount of cellulose increased from approximately 44% in untreated wood to 56% in alkaline-treated wood. Densification resulted in specimen thickness reduction from 1.47 ± 0.02 to 0.42 ± 0.03 mm. Correspondingly, an increase in oven-dry density from 0.36 ± 0.01 g cm−3 for the untreated reference to 1.09 ± 0.04 g cm−3 for partially delignified and densified specimens was measured.



Figure 2 shows the results of tensile tests with untreated and partially delignified and densified spruce veneers. Red triangle marks indicate strength and MOE values of untreated specimens tested parallel and perpendicular to the fiber axis. The range of strength and MOE values for misalignment angles from 10 to 80°, indicated by the red dashed lines, were subsequently calculated by applying Equations (6) and (7), respectively. Blue circle marks indicate strength and MOE values of partially delignified and densified specimens. Means are connected by the blue dashed lines. Based on these charts, distinct differences with regard to the anisotropy of strength and MOE can be revealed for treated samples. Untreated specimens exhibit an average tensile strength of 75.12 ± 11.03 MPa along the fiber direction, which is 15 times higher than the mean strength of samples tested perpendicular to the fiber axis, 4.95 ± 1.30 MPa. The MOE shows similar reduction patterns. When tested along the fiber axis, an average MOE of 6.52 ± 0.90 GPa was measured; compared with the mean value of specimens tested across the fiber direction, 0.34 ± 0.04 GPa, a reduction factor of 19 was observed. This agrees well with the reduction factors of tensile strength and MOE of wood from literature. It is well known that defect-free wood exhibits strong anisotropy of physical properties due to its distinct fibrous structure. In terms of mechanics, the strength and MOE of wood parallel to the fiber direction exceed transverse mechanical properties by a factor of 10 to 20 [11,22]. As expected based on results from the literature [16,17,18,19], the partial removal of the amorphous wood polymers (lignin and hemicelluloses) combined with a subsequent densification step led to significant improvements in tensile strength (Welch’s t-test, p < 0.05) and stiffness (Welch’s t-test, p < 0.05) parallel to the fiber direction. As shown in Figure 2, the tensile strength and MOE parallel to the fiber axis exhibit mean values of 253.21 ± 31.74 MPa and 18.86 ± 2.21 GPa, respectively. Nevertheless, similar to untreated specimens, the strength and MOE of alkaline-treated and densified veneers declined with increasing fiber misalignment angle. Mean tensile strength perpendicular to the fiber direction is reduced by a factor of 102 to 2.49 ± 0.52 MPa and is therefore even significantly lower (Welch’s t-test, p < 0.05) when compared to its untreated equivalent. MOE is reduced by a factor of 30 when alkaline-treated and densified specimens are tested at a fiber misalignment angle of 90° and exhibit a mean value of 0.63 ± 0.29 GPa. However, contrary to the tensile strength, a significant improvement (Welch’s t-test, p < 0.05) can still be observed when compared to its untreated equivalent. Interestingly, while alkaline-treated and densified samples exhibit significant improvements in MOE (Welch’s t-test, p < 0.05; one-sample t-test, p < 0.05) throughout the whole range of fiber angles, a different pattern is exhibited for the strength. Significant improvements (Welch’s t-test, p < 0.05; one-sample t-test, p < 0.05) in tensile strength can be obtained by the combination of alkaline treatment and densification until a fiber angle reaches ≤20°. In the fiber angle range from 30 to 50°, no significant differences (one-sample t-test, p > 0.05) in strength can be observed between treated and untreated specimens. When specimens are tested at fiber angles ≥60°, alkaline-treated and densified samples are even significantly inferior (Welch’s t-test, p < 0.05; one-sample t-test, p < 0.05) when compared to untreated reference.



Figure 3 displays the improvement factors of alkaline-treated and densified specimens compared to reference at different fiber angles. Again, it can be clearly seen that both the strength and MOE rose significantly when tested parallel to the fiber axis and exhibited improvement factors of 3.37 and 2.89, respectively. These results are of high interest since the mechanical performance of defect-free wood correlates well with its density [26]. Comparing the improvement factor of strength and MOE tested parallel to the fiber axis with the increase factor of density, indicated by the red dash-dot line in Figure 3, a strength increase beyond the mere scaling of densification can be observed, while the MOE increased slightly less than the density. Recent literature investigating the mechanical properties in fiber direction of partially/completely delignified and densified wood obtained similar trends in strength improvements [16,17,18,19]. The concrete reason for the improvement beyond the increase in density is not yet fully understood, but three main reasons are suggested by the authors. Firstly, since cellulose is per se the strongest and stiffest component in wood, a higher cellulose content is suggested to result in better mechanical properties. Since the delignification processes described in the literature are mostly degrading hemicelluloses and lignin, an increase of the relative cellulose content is assumed, and thus an increase in mechanical performance may be expected [18]. Secondly, it was suggested that the extraction of lignin enables additional hydrogen bond formation during densification, which in turn benefits mechanical performance [19,27]. Finally, it is proposed that the removal of lignin results in a reduction of the rigidity of the cell wall [17]. When wood is then compressed transversely, a mechanical interlocking of neighboring cells at the micro- and nanoscales appears [28]. Probably the combination of the occurring alterations in wood during treatments leads to such improvements. Nevertheless, as revealed by the results shown in Figure 3, the improvement factor in strength beyond pure scaling in densification only holds true for specimens tested at a 0° fiber angle. Already when tests were carried out at 10° off-axis, the line dropped beneath the density increase factor of 3, and when tested at misalignment angles ≥30°, tensile strength was only similar or even worse for partially delignified and densified specimens when compared to the untreated reference. Comparing the improvement factors of the MOE in Figure 3, a distinct negative effect of increasing misalignment angles can be observed up to an offset angle of 30°, whereas the increase at off-axis angles >30° does not influence the improvement factor, and it leveled off to 1.8–2. Since literature predicts an essentially linear scaling of strength and stiffness with the density of wood, as is common for porous materials [29], an additional factor must come into play, causing the drastic reduction in tensile performance at higher misalignment angles observed in the present study.



Light microscopy of partially delignified and densified specimens quickly revealed the potential cause for the discrepancy observed (Figure 4 green arrow). Wood, as a natural material, grows inhomogeneously, with structural heterogeneity at all levels of magnification. At the level of annual growth rings, spruce wood tested in the present study showed significant differences in cell dimensions and wall thickness between latewood (LW), which is formed towards the end of the growing season, and earlywood (EW), which is formed in spring and summer (Figure 4 inserts). Upon densification, the cell walls progressively buckle and fold, until microscopic porosity is reduced to a minimum, correlating with the pressure applied [30]. Black upper and bottom arrows in Figure 4 indicate the direction of compression. It is assumed that due to structural irregularities and greatly differing densities of LW and EW, shear deformations arose during densification, which may have led to rupture of the wood structure at the interface between adjacent cells, as exemplified by the green arrow in Figure 4. This hypothesis is strengthened by the failure behavior of wood during compression found in various sources in the literature [31,32,33]. Tabarsa and Chui [31] characterized the deformation pattern of white spruce during tangential compression at a microscopic scale. It was observed that latewood tended to buckle into the earlywood regions when compressed beyond the yield point. This buckling behavior for softwood species was also noticed by Bodig [32]. Similar to what was found in the literature, a comparable buckling behavior of latewood regions was also observed in the presented microscopic images, indicated by the blue arrow in Figure 4. In a study on the characterization of the perpendicular to fiber axis compression behavior in wood construction, buckling in the direction of annual ring curvature with corresponding shear along the LW-EW interface was observed, leading to damages in the wood structure [33]. This confirms the hypothesis of an occurring separation of adjacent cells at their interfaces due to shear deformation during densification.



As revealed by data shown in Figure 2, the microcracks negatively affect both the tensile strength and the MOE in off-axis load situations. Since the MOE represents a weighted average of local material properties and is measured at low strain, it is only partially affected by the presence of microcracks. Contrarily, tensile strength is governed by the strength of the weakest link, and therefore the presence of even a small number of microcracks has a strongly negative effect on the measured tensile strength, particularly at high misalignment angles.




4. Conclusions


The mechanical anisotropy of partially delignified and densified wood could be demonstrated by means of tensile tests which were conducted for the whole range of misalignment angles from parallel to perpendicular to the fiber axis in intervals of 10°.



Partial delignification and densification result in a significant improvement of tensile properties parallel to the direction of wood fibers. While the MOE of treated samples exhibits significant improvement throughout the full range of misalignment angles, off-axis tensile strength exhibits a much steeper decrease, and even a significant reduction below reference values is observed at misalignment angles ≥60°. The increase in mechanical performance similar or even beyond pure scaling in densification, which is the main argument for a prior partial delignification step, only holds true if specimens are tested at 0°. Already when specimens are tested at fiber angles ≥10°, improvement in mechanical performance drops beneath the density increase factor.



It is concluded that microcracks induced by shear stress during densification are the cause of the observed reduction in off-axis performance. The possibility of damages induced by densification, which may be critical in specific load situations, should be considered in future studies with densified wood.







Author Contributions


Conceptualization, M.J. and W.G.-A.; investigation, M.J. and J.G.; writing—original draft preparation, M.J. and W.G.-A.; supervision, W.G.-A. All authors have read and agreed to the published version of the manuscript.




Funding


Part of this work was financed in the framework of the project “Strong Composite” supported under the umbrella of ERANET Cofund ForestValue by Innosuisse, AKA, Business Finland, Vinnova, BMLFUW. ForestValue has received funding from the European Union’s Horizon 2020 research and innovation programme under Grant Agreement 773324. Additionally, the authors are thankful for the financial support for the research project WoodC.A.R. (No. 861.421) by the Austrian Research Promotion Agency (FFG), Styrian Business Promotion Agency (SFG), Standortagentur Tirol and from the companies DOKA GmbH, DYNAmore GmbH, EJOT Austria GmbH, Forst-Holz-Papier, Holzcluster Steiermark GmbH, IB STEINER, Lean Management Consulting GmbH, Magna Steyr Fahrzeugtechnik AG & Co KG, MAN Truck & Bus AG, MATTRO Mobility Revolutions GmbH, and Volkswagen AG and Weitzer Parkett GmbH & CO KG.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Correa, J.P.; Montalvo-Navarrete, J.M.; Hidalgo-Salazar, M.A. Carbon footprint considerations for biocomposite materials for sustainable products: A review. J. Clean. Prod. 2019, 208, 785–794. [Google Scholar] [CrossRef]

	



Bergman, R.; Puettmann, M.; Taylor, A.; Skog, K.E. The Carbon Impacts of Wood Products. For. Prod. J. 2014, 64, 220–231. [Google Scholar] [CrossRef]

	



Milner, H.R.; Woodard, A.C. Sustainability of engineered wood products. In Sustainability of Construction Materials, 2nd ed.; Khatib, J.M., Ed.; Woodhead Publishing: London, UK, 2016; pp. 159–180. [Google Scholar]

	



Wu, X.; Moon, R.J.; Martini, A. Tensile strength of Iβ crystalline cellulose predicted by molecular dynamics simulation. Cellulose 2014, 21, 2233–2245. [Google Scholar] [CrossRef]

	



Saito, T.; Kuramae, R.; Wohlert, J.; Berglund, L.A.; Isogai, A. An ultrastrong nanofibrillar biomaterial: The strength of single cellulose nanofibrils revealed via sonication-induced fragmentation. Biomacromolecules 2013, 14, 248–253. [Google Scholar] [CrossRef]

	



Nishino, T.; Takano, K.; Nakamae, K. Elastic modulus of the crystalline regions of cellulose polymorphs. J. Polym. Sci. Part B Polym. Phys. 1995, 33, 1647–1651. [Google Scholar] [CrossRef]

	



Sakurada, I.; Nukushina, Y.; Ito, T. Experimental determination of the elastic modulus of crystalline regions in oriented polymers. J. Polym. Sci. 1962, 57, 651–660. [Google Scholar] [CrossRef]

	



Iwamoto, S.; Kai, W.; Isogai, A.; Iwata, T. Elastic Modulus of Single Cellulose Microfibrils from Tunicate Measured by Atomic Force Microscopy. Biomacromolecules 2009, 10, 2571–2576. [Google Scholar] [CrossRef]

	



Reiterer, A.; Lichtenegger, H.; Tschegg, S.; Fratzl, P. Experimental evidence for a mechanical function of the cellulose microfibril angle in wood cell walls. Philos. Mag. A 1999, 79, 2173–2184. [Google Scholar] [CrossRef]

	



Gindl, W.; Gupta, H.S.; Schöberl, T.; Lichtenegger, H.C.; Fratzl, P. Mechanical properties of spruce wood cell walls by nanoindentation. Appl. Phys. A 2004, 79, 2069–2073. [Google Scholar] [CrossRef]

	



Niemz, P.; Sonderegger, W. Holzphysik: Physik des Holzes und der Holzwerkstoffe; Carl Hanser Verlag GmbH & Company KG: Munich, Germany, 2017; pp. 144, 376, 495–500, 502. [Google Scholar]

	



Ramage, M.H.; Burridge, H.C.; Busse-Wicher, M.; Fereday, G.; Reynolds, T.; Shah, D.U.; Wu, G.L.; Yu, L.; Fleming, P.; Densley-Tingley, D.; et al. The wood from the trees: The use of timber in construction. Renew. Sustain. Energy Rev. 2017, 68, 333–359. [Google Scholar] [CrossRef]

	



Hillis, W.E.; Rozsa, A.N. The Softening Temperatures of Wood. Holzforschung 1978, 32, 68–73. [Google Scholar] [CrossRef]

	



Uhmeier, A.; Morooka, T.; Norimoto, M. Influence of Thermal Softening and Degradation on the Radial Compression Behavior of Wet Spruce. Holzforschung 1998, 52, 77–81. [Google Scholar] [CrossRef]

	



Zobel, B.J.; Jett, J.B. The Importance of Wood Density (Specific Gravity) and Its Component Parts. In Genetics of Wood Production; Zobel, B.J., Jett, J.B., Eds.; Springer: Berlin/Heidelberg, Germany, 1995; pp. 78–97. [Google Scholar] [CrossRef]

	



Yano, H.; Hirose, A.; Collins, P.J.; Yazaki, Y. Effects of the removal of matrix substances as a pretreatment in the production of high strength resin impregnated wood based materials. J. Mater. Sci. Lett. 2001, 20, 1125–1126. [Google Scholar] [CrossRef]

	



Frey, M.; Widner, D.; Segmehl, J.S.; Casdorff, K.; Keplinger, T.; Burgert, I. Delignified and Densified Cellulose Bulk Materials with Excellent Tensile Properties for Sustainable Engineering. ACS Appl. Mater. Interfaces 2018, 10, 5030–5037. [Google Scholar] [CrossRef]

	



Jakob, M.; Stemmer, G.; Czabany, I.; Müller, U.; Gindl-Altmutter, W. Preparation of High Strength Plywood from Partially Delignified Densified Wood. Polymers 2020, 12, 1796. [Google Scholar] [CrossRef]

	



Song, J.; Chen, C.; Zhu, S.; Zhu, M.; Dai, J.; Ray, U.; Li, Y.; Kuang, Y.; Li, Y.; Quispe, N.; et al. Processing bulk natural wood into a high-performance structural material. Nature 2018, 554, 224–228. [Google Scholar] [CrossRef]

	



Nicholson, D.J.; Leavitt, A.T.; Francis, R.C. A Three-Stage Klason Method for More Accurate Determinations of Hardwood Lignin Content. Cellul. Chem. Technol. 2014, 48, 53–59. [Google Scholar]

	



Fengel, D.; Wegener, G. Wood: Chemistry, Ultrastructure, Reactions; Walter De Gruyter: Berlin, Germany, 1989; p. 56. [Google Scholar]

	



Bodig, J.; Jayne, B.A. Mechanics of Wood and Wood Composites; Krieger Publishing Company: Melbourne, FL, USA, 1993. [Google Scholar]

	



Herakovich, C.T. Mechanics of Fibrous Composites; Wiley: New York, NY, USA, 1997; p. 316. [Google Scholar]

	



Kretschmann, D. Mechanical properties of wood. In Wood Handbook—Wood as an Engineering Material; General Technical Report FPL GTR-190; Forest Products Laboratory, Ed.; US Department of Agriculture Forest Service, Forest Products Laboratory: Madison, WI, USA, 2010; p. 58. [Google Scholar]

	



Chawla, K.K. Composite Materials: Science and Engineering; Springer: New York, NY, USA, 1987; p. 214. [Google Scholar]

	



Niemz, P.; Sonderegger, W. Untersuchungen zur Korrelation ausgewählter Holzeigenschaften untereinander und mit der Rohdichte unter Verwendung von 103 Holzarten|Analysis of the correlation between selected wood properties among each other and the density of 103 wood species. Schweiz. Z. Forstwes. 2003, 154, 489–493. [Google Scholar] [CrossRef]

	



Han, X.S.; Ye, Y.H.; Lam, F.; Pu, J.W.; Jiang, F. Hydrogen-bonding-induced assembly of aligned cellulose nanofibers into ultrastrong and tough bulk materials. J. Mater. Chem. A 2019, 7, 27023–27031. [Google Scholar] [CrossRef]

	



Frey, M.; Biffi, G.; Adobes-Vidal, M.; Zirkelbach, M.; Wang, Y.; Tu, K.; Hirt, A.M.; Masania, K.; Burgert, I.; Keplinger, T. Tunable Wood by Reversible Interlocking and Bioinspired Mechanical Gradients. Adv. Sci. 2019, 6, 1802190. [Google Scholar] [CrossRef]

	



Easterling, K.E.; Harrysson, R.; Gibson, L.J.; Ashby, M.F. On the mechanics of balsa and other woods. Proc. R. Soc. Lond. Ser. A 1982, 383, 31–41. [Google Scholar] [CrossRef]

	



Gibson, L.J. Biomechanics of cellular solids. J. Biomech. 2005, 38, 377–399. [Google Scholar] [CrossRef] [PubMed]

	



Tabarsa, T.; Chui, Y.H. Characterizing microscopic behavior of wood under transverse compression. Part II. Effect of species and loading direction. Wood Fiber Sci. 2001, 33, 223–232. [Google Scholar]

	



Bodig, J. The effect of anatomy on the initial stress-strain relationship in transverse compression. For. Prod. J. 1965, 15, 197–202. [Google Scholar]

	



Basta, C.T.; Gupta, R.; Leichti, R.J.; Sinha, A. Characterizing perpendicular-to-grain compression (C⊥) behavior in wood construction. Holzforschung 2011, 65, 845–853. [Google Scholar] [CrossRef]








[image: Materials 13 05405 g001 550] 





Figure 1. Key treatment steps in the preparation of partially delignified and densified spruce wood veneers. 
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Figure 2. Mechanical characterization of partially delignified and densified wood at different fiber angles compared to untreated reference wood by tensile tests: (a) Strength; (b) Modulus of elasticity (log-scaling was chosen for improving the visualization of differences at high fiber angles). (n = 7 for reference samples with a misalignment angle of 0 or 90°; n = 7 for alkaline-treated and densified samples with a fiber misalignment angle of 0 or 20°; n = 8 for alkaline-treated and densified samples with a fiber misalignment angle of 10° or 30–90°). 
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Figure 3. Improvement factor of the mean tensile strength and mean modulus of elasticity of partially delignified and densified wood at different fiber angles compared to untreated reference wood. 
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Figure 4. Light microscopy of partially delignified and densified wood showing latewood buckling (blue arrow) and microscopic internal cracks (green arrow) due to compression in the tangential direction (upper and bottom arrows). The inserts show representative examples for the appearance of untreated latewood (LW) and earlywood (EW). 
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