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Abstract: In this research, some practical aspects of densified wood glulam were investigated. For this aim, poplar wood specimens were densified by hygro-thermo-mechanical technique. Glulam specimens were produced by finger joint technique and polyurethane glue was used as resin. Physical and mechanical properties of glulams were investigated according to ASTM D 143-09, ASTM D 905-03 and ISO 8375 standards. Based on obtained results, using this process (steam and pressurize compaction) resulted in improvement of physical and mechanical properties of glulam specimens. Optical microscopic and scanning electron microscopic (SEM) pictures were proved structural changes on wood material during of applied technique. Generally, the increase of wood density and hygrothermal treatment has a positive role on the glulam properties especially its dimensional stability. This technique showed a significant effect on water absorption; the steaming temperature and holding time significantly decreased water absorption but densification process increased this parameter. Also, delamination of specimens was decreased by hygrothermal treatment while densification showed negative effect on delamination. Moreover , modulus of rupture, modulus of elasticity, shear strength and compression strength parallel to grain were decreased by this technique but it is depend to treatment temperature and holding time. Higher temperature and holding time cause to higher decrease in the glulam mechanical strength.
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1  Introduction

Considering environmental sustainability, using renewable materials like wood timber and other wood products for building construction have major priority than other materials. Glue laminated timber (glulam) is one of the most popular and most used type of engineered wood products in recent years [1]. This product is made from sawn lumber lamina glued together in horizontal layers, using scarf or finger joints to provide the desired length [2]. Sawn lumber laminations bonded together with a resin, so that the grain of all layers runs parallel with the longitudinal direction [3]. One of the disadvantages of massive wood in applications is dimensional restriction. Glulam can be made from small-diameter timber and provide high strength and large spans in architectural designs and other applications. In order to enhance the bearing capacity of structural components, save materials, and reduce cost, a glulam that is theoretically suitable for engineering application [4]. Also, Glulam can bring the natural beauty of source wood in wooden construction, and widely used. This is due to its unique properties such as easy production, lightness, high strength and various forms of its application. The other structural application of glulam is in columns, trusses, reinforcing members, bridges deck and etc. Besides, the bonding ability of glulam components provides it for further applications [4–9]. The interest to apply this technology is to reduce product variability and make it less affected by natural growth features like knots. In addition, the glulam technology offers almost unlimited possibilities of shape and design for construction, and is widely used for load bearing structures in houses, pedestrian bridges, warehouses, etc.

However, glulam has some disadvantages and limitations of solid wood such as water absorption, swelling, etc. Therefore, the various methods of modification has been used in recent years such as chemical modification, thermal treatment, enzymatic modification, or a combination of them to improve these materials characteristics and their applications capabilities.

The modification generally targets dimensional stability, i.e., reduce moisture induced movement, and increase durability, i.e., resistance to degradation [10]. One of the modification methods is hydrothermal treatment. The results of studies in different fields of hydrothermal processes showed that wood physical characteristics are improved due to the treatment [11]. In hydrothermal process, formation of the hydronium ions due to water hydrolysis causes hydrolysis of lignocellulosic linkages. In fact, hydronium ions act as an acid and hydrolyze wood polysaccharides. In the presence of ions, reactions of hydrolysis and de-acetylation increased in cell wall [12]. There are no some problems such as harmful components, corrosion, chemical recovery and destruction in this method [13]. The hygrothermal treatment removes the acetyl groups of acetylated hemicelluloses by generating of acetic acid. This acid lead to production of water-soluble mono saccharides (glucose, galactose, mannose, arabinose and xylose) due to hydrolyses of cell wall polysaccharides [14,15]. Moreover, the produced acetic acid is a factor promoting lignin breakdown. Degradation of ß-O-4 linkages in lignin of the softwood during hydrothermal treatment cause decrease wood rigidity [16]. The reconstructed lignin improves bending strength of the treated sample as well as resistance to water adsorption [17,18].

Heat treatments are the other eco-friendly modification methods usually which carried out at a temperature of 160–260°C [19,20]. Heat treatment of wood at temperature of 140–260°C improves dimensional stability of wood [21–23]. Moreover, it causes less moving of moisture in [24], improvement of biological degradation resistance [25,26]. However, wood treatment at high temperatures reduces its mechanical resistance such as strength, hardness and stiffness [27]. Reduction of mechanical properties depends on the method of heat treatment, time and temperature of treatment, wood species, initial moisture content of wood and heating atmosphere [28]. In order to solve this problem in thermal and hydrothermal treatments we can use other modification methods including mechanical modification, hydro-thermo-mechanical modification, hygro-thermo-mechanical modification and etc.

Increasing the density of wood enhances most of its mechanical properties. Wood compression is an effective method to increase the density of wood [29]. The compressed wood products can be substitute with high density wood products [30]. Therefore densification of wood is suitable for low-density species such as aspen and poplar hybrid [31]. On the other hand, due to the hydrothermal modification, which occurs in the wood densification processes, the obtained products have a higher mechanical properties [32,33], reduced equilibrium moisture content [34], improved biological strength [35] as well as dimensional stability [36–39].

Thermo-hygro-mechanical treatment is the other modification method in which used heat, steam, and pressure [33,35,39–45]. This technique not only makes wood hydrophobic [43,46,47] and resistant to biological degradation [48,49], but also increases its mechanical strength [43,50]; therefore it can be used for low-density species such as poplar [31,43].

In the current research work, the applying necessity of hygro-thermo-mechanical treatment in glulam production is due to elimination of disadvantages and limitations of solid wood. Therefore, obtaining optimum conditions in this method can bring superior functional properties of the product. In other words, in hygro-thermo-mechanical technique, not only the proper condition of steaming and heating can provide suitable physical properties, but also densification process resolve some mechanical weaknesses which caused by hygrothermal treatment such as lose weight and strength reduction.

2  Materials and Methods

Wood blocks were prepared from poplar wood (Populus deltoides) with dimensions of 50 × 50 × 500 mm3. Then, the specimens treated hygrothermally at temperatures of 130, 150, and 170°C for holding time of 20 and 40 min. Afterwards, poplar blocks due to the high moisture content were initially air dried and then oven-dried to achieve MC (moisture content) 15 percent. Compression process of wood blocks were immediately carried out by hot press in radial direction with a compression set of 40% and 60% and press temperatures of 160°C for 20 min [43]. Tab. 1 shows composition of variable parameters with related code. Polyurethane resin (Mokarrar Co., Iran) was used as adhesive for glulam production.
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The next step (after treatments and climatisation) was to make finger joint on the treated specimens. The specimens were then cut in desired longitudinal dimension to glulam production. 6 blade Groove cuter were used for preparing the finger joints. Polyurethane adhesive with consumption rate of 200 g/m2 were used to connect prepared blocks. The assembled glulams were placed in cold press with pressure 0.8 N/mm2 for 8 h [51]. Fig. 1 shows assembled glulam, cold press and completion of resin curing after press. Finally, the glulams were conditioned at 25 ± 2°C temperature and 65 ± 5% relative humidity for 4 weeks. Totally, 75 glulams were made according to variable factors (three levels of steaming temperature, two levels of holding time and two levels of compression set) with 5 replications and also control specimens (control specimens, control specimens with compression set of 40% and control specimens with compression 60%).
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Figure 1: Assembling, cold pressing and completion of resin curing after press

The mechanical properties (bending strength, modulus of elasticity, shear strength of glueline and compression strength parallel to grain) of glulams which made from treated and untreated wood specimens were determined according to ASTM D 143-09, ASTM D 905-03 and ISO 8375. Physical properties such as density (5 × 5 × 5 cm3), water absorption, radial and tangential swelling, dimensional stability (Anti swelling efficiency) as well as delamination were also determined. The results were statistically analyzed based on a complete randomized design under factorial experiment and the mean values were grouped according to Duncan’s multiple range test.

3  Results and Discussion

3.1 Physical Properties

3.1.1 Density

The results showed that wood densification based on the compression sets (C.S.) of 40% and 60% significantly increased the glulam density in controls and treated specimens due to increment of wood material in equal volume (Fig. 2). The effect of variable parameters on density in Fig. 2 also indicated that the density of hygrothermal treated specimens was a little more than control specimens with the same C.S. which is due to collapse and enhancement of density in equal volume [51].
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Figure 2: Effect of hygro-thermo-mechanical treatment parameters on density

3.1.2 Water Absorption

The results showed that steaming temperature, holding time as well as compression set had significant effect on water absorption after 24, 48 and 72 h soaking in water. Figs. 3a and 3b showed the comparison of steaming temperature effect on water absorption after 24 and 72 h of soaking in water. The results revealed positive effect of steaming temperature on water absorption properties, so that, the water absorption of treated specimens at steaming temperature of 170°C was lower than control specimens. Moreover, this figure revealed that moisture absorption was decreased with increasing of holding time. The elimination of hemicelluloses due to hydrolysis reaction and blocking of hydroxyl groups in cellulose, reduce hygroscopic feature and water absorption of wood [43]. In fact, the presence of hemicelluloses-derived acetic acid not only causes hydrolyze the polysaccharides of cell wall, but is also a factor for promoting lignin breakdown. Therefore, elimination of hydroxyl groups and modified lignin improve the resistance of treated wood to water absorption [15,17,18]. Moreover, using of waterproof polyurethane adhesive can also be a factor to reduction of water absorption.
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Figure 3: Effects of hygro-thermo-mechanical treatment parameters on water absorption of glulam after 24 h (a) and 72 h (b) soaking in water

As indicated in Fig. 3, water absorption after 24 and 72 h of soaking in water had increased with compression set enhancement, due to the greater volume of wood material. Interaction effect of compression set on water absorption in Fig. 3 revealed the positive effect of hygrothermal modification on water absorption of treated specimens in compared with controls. So that, the water absorption of control specimens with compression set of 40% and 60% were higher than hygrothermal treated specimens with the same densification.

3.1.3 Radial and Tangential Swelling

The thickness swelling of glulams in radial and tangential direction was determined after 24 and 48 h of soaking in water. The results revealed that the radial swelling was reduced by increasing of the steaming temperature as well as the holding time after 24 and 48 h of soaking in water (Fig. 4). So that the least radial swelling, between the compressed specimens, was related to steaming temperature of 170°C and holding time of 40 min (Fig. 4). As previously mentioned, the elimination of hemicelluloses due to hydrolysis reaction and blocking of hydroxyl groups in cellulose caused reduction of hygroscopic feature of wood and radial thickness swelling [43].
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Figure 4: Effects of hygro-thermo-mechanical treatment parameters on radial swelling of glulam after 24 h (a) and 48 h (b) soaking in water

The interaction effect of compression set on radial swelling, as indicated in Fig. 4, revealed that an enhancement of the compression set caused increase of the radial swelling of glulams. But remarkable point was low radial swelling of treated specimens by hygrothermal process compared the control specimens with the same compression set. This appeared significant effect of hygrothermal treatment on reduction of water absorption and swelling.

According to the results, the tangential swelling of specimens after 24 and 48 h of soaking in water was reduced by increasing of hygro-thermo-mechanical treatment parameters as steaming temperature, holding time and compression set (Figs. 5a and 5b). The increasing of steaming temperature and holding time caused the hemicelluloses hydrolysis and elimination or blocking of hydroxyl groups in cellulose and finally were reduced tangential swelling [43]. But edge cutting of compressed wood with compression set of 60% removed more wood materials in compared with compression set of 40%; therefore, after soaking of specimens in water and radial thickness swelling, their sides become concave and tangential swelling decreased, consequently (Fig. 6).
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Figure 5: Effects of hygro-thermo-mechanical treatment parameters on tangential swelling of glulam after 24 h (a) and 48 h (b) soaking in water
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Figure 6: Tangential swelling changes in hygro-thermal treated specimen after soaking in water (left), convex edge of specimen after compression (right)

3.1.4 Dimensional Stability

The dimensional stability of specimens was determined after 5 stages of soaking-drying (24 h soaking in water and then oven drying). The results showed significant effect of steaming temperature as well as the holding time on dimensional stability. As indicated in the Fig. 7, the dimensional stability of the treated specimens at steaming temperature of 130 and 150°C and holding time of 20 min had no any significant change during the five cycles, which appears positive and lasting effect of hygrothermal treatment on dimensional stability. But when the steaming temperature and holding time were raised to 170°C and 40 min, respectively, the dimensional stability decreased with continuing of soaking-drying cycles. Because intensification of hygrothermal treatment condition caused brittleness of the lignin polymer as well as the cleaved cellulose polymer chains [43], as a result, applying mechanical force create small crack and fractures which can increase moisture penetration and also water absorption.
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Figure 7: Effect of steaming temperature (up) and holding time (down) on dimensional stability during 5 soaking-drying cycles in hygro-thermo-mechanical treatment parameters

3.1.5 Delamination

The delamination of glulam specimens was determined after two soaking-drying cycles (24 h soaking in water and then oven drying). The results revealed positive significant effect of hygro-thermo-mechanical treatment on delamination, so that, the delamination of treated specimens by this process were less than control specimens (Fig. 8). According to the results shown in Fig. 8, the delamination of control specimens had increased by raising of compression set, but it was vice versa about hygrothermal treated specimens; so that, the delamination of hygro-thermo-mechanical treated specimens with compression set of 40% and 60% had reduction of 44.8% and 70.03% respectively in compared with control specimens with the same compression set. The hygrothermal treatment not only reduces moisture absorption, swelling as well as swelling-derived stress due to the hemicelluloses hydrolysis and elimination or blocking of hydroxyl groups in cellulose, but also caused brittleness of the lignin polymer and cleavage of cellulose polymer chains [43]. On the other hand, compression process increases small cracks, as a result improve adhesive penetration as well as the mechanical junctions. Therefore, all of these factors can reduce the delamination of hygro-thermo-mechanical treated specimens.
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Figure 8: Effects of hygro-thermo-mechanical treatment parameters on delamination of glulam after two soaking-drying cycles

3.2 Mechanical Properties

3.2.1 Modulus of Rupture and Modulus of Elasticity

The result revealed all parameters of hygro-thermo-mechanical treatment had significant effect on bending modulus of rupture (MOR). According to the results shown in Fig. 9a, the MOR of the control specimens was increased by densification because of density enhancement [32,33]. Also, SEM photos (Fig. 10) clearly showed that how densification occurred during treatment. Increasing the wood compaction causes to increase the MOR in treated wood. But in the hygrothermal treated specimens, increase of the steaming temperature showed different effects on the MOR (Fig. 9a). As shown, the MOR was increased up to temperature 150°C and then there was reduction at treatment temperature of 170°C. There was also reduction of MOR when the holding time was raised up to 40 min (Fig. 9a). Moreover, Similar with the control specimens, increase of the densification intensity had positive effect on the MOR of the hygrothermal treated specimens. The MOR of hygrothermal treated specimens with C.S. of 40% was more than control specimens with the same densification (Fig. 9a). There was also a little difference between MOR of control specimens with C.S. of 60% and hygrothermal treated specimens with the same densification (Fig. 9a). This appears because of the significant effect of hygrothermal modification on MOR.
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Figure 9: Effects of hygro-thermo-mechanical treatment parameters on MOR (a) and MOE (b) of glulam
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Figure 10: SEM photos of control (U) and densified wood (P2): a) control × 200 μm, b) control specimen × 100 μm, c) densified wood × 200 μm d) densified wood × 100 μm

The Modulus of elasticity (MOE) of glulam was increased due to temperature and holding time of hygrothermal treatment (Fig. 9b). However, the holding time had no significant effect on MOE but the steaming temperature was much more effective (Fig. 9b). Results also revealed that the MOE was increased due to the densification process as well as enhancement of compression set in control glulams (Fig. 9b). As shown in Fig. 9b, the hygrothermal treatment caused reduction of the MOE by increase of compression set. However, the MOE of glulams made from hygrothermal treated specimens with C.S. 40% and 60% was greater 15.5% and 4.8% than controls with the same compression set, respectively.

3.2.2 Shear Strength of Glueline

As indicated in Fig. 11, the densification process generally followed by improvement of the shear strength of glueline in controls. However, the increase of C.S. from 40 up to 60% caused reduction of this mechanical property in control specimens. Moreover, Fig. 12 shows structural of glueline in control glulams. It is clearly indicates that compression can create an integrated glueline and caused increment of the shear strength. Based on obtained results, the hygrothermal treatment temperature was the only significant negative parameter on shear strength of glueline. As shown, the least shear strength of glueline was determined in steaming temperature of 170°C (Fig. 11). The parameters holding time and compression set had a slight effect on shear strength of glueline in glulams made from hygro-thermo-mechanical treated specimens (Fig. 11).
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Figure 11: Effects of hygro-thermo-mechanical treatment parameters on shear strength of glueline
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Figure 12: Bonding glueline of control glulam specimens: control specimen (left), control specimen with C.S. 40% (middle) and control specimen with C.S. 60% (right)

The results of shear strength of glueline also showed that all the failures occurred in the wood area (Fig. 13). In fact, hydrolysis of polysaccharides due to increasing the hygrothermal temperature causes shortening of the cellulose chain, in addition lignin and wood structure get brittle. Therefore compression causes small cracks in wood structure and as a result the shear strength of the wood is reduced, which ultimately leads to a decrease in the shear strength of the glueline.
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Figure 13: Wood failure of glulam specimens after glueline shear test (cods based on Tab. 1)

3.2.3 Compression Strength Parallel to Grain

Results revealed, among the hygro-thermo-mechanical treatment parameters, the steaming temperature was the only significant factor on compression strength parallel to the grain. As the results indicates in Fig. 14, the steaming temperature 150°C followed by the most compression strength parallel to the grain. Altogether, the densification process drastically increased compression strength parallel to the grain in controls (Fig. 14). However, the increase of C.S. up to 60% caused reduction of this mechanical feature in controls (Fig. 14). As shown, the least compression strength parallel to the grain was determined in control specimens without any treatment (Fig. 14), i.e., hygro-thermo-mechanical treatment totally caused improvement of compression strength parallel to the grain.
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Figure 14: Effects of hygro-thermo-mechanical treatment parameters on compression strength parallel to grain

4  Conclusions

Based on the findings of this study the application of hygro-thermo-mechanical process resulted improvement of physical and mechanical properties of glulam. In this process, the compression increases density and hygrothermal treatment has a positive role in this field. All of applied process parameters have significant effect on water absorption; so that the steaming temperature and holding time drastically reduce water absorption but densification process increases this feature. The radial swelling decreases by increasing of hygrothermal parameters (steaming temperature and holding time); while compression process increases it. Moreover, all parameters of hygro-thermo-mechanical process decrease tangential swelling. Dimensional stability of specimens improves due to the hygrothermal treatment of this process.

The delamination of specimens increase by densification process, while hygrothermal treatment parameters decrease the delamination. Also, this modification method has completely positive effect on MOR and MOE. In this technique, compression process increases MOR while hygrothermal treatment caused reduction of MOR; and this is vice versa about MOE. The shear strength of glueline generally decreases by hygro-thermo-mechanical process. This method completely improves the compression strength parallel to the grain. The compression process increases this mechanical property, while hygrothermal treatment caused its reduction.
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Table 1: Composition of variable parameters with related code

Hygrothermal temp. (°C) 130 150 170 Control

Holding time (min.) 20(A) 40 (B) 20(C) 40 (D) 20(E) 40 (F) No treat

Compression set (%) 40 60 40 60 40 60 40 60 40 60 40 60 40 60 No treat
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