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ABSTRACT

This study investigated the shear strength of heat-treated solid wood of three species (beech, 
poplar, and fir) bonded with polyvinyl-acetate (PVA) adhesive reinforced by nanowollastonite 
(NW). Wood specimens were heat-treated at 165°C and 185°C, and then bonded using PVA 
reinforced by 5% and 10% of NW. Shear strength tests parallel to the grain of bonded specimens 
were performed according to ASTM D143-14 (2014). The results demonstrated that the 
shear strength was significantly dependent upon the density of the specimens. Heat treatment 
decreased the shear strength of the bonded specimens considerably. This was attributed to several 
factors, such as a reduction in polar groups in the cell wall, increased stiffness of the cell wall 
after heat treatment, and a reduction in the wettability of treated wood. However, NW acted 
as a reinforcement agent or extender in the complex, and eventually improved the shear bond 
strength. Moreover, the density functional theory (DFT) proved the bond formation between 
calcium atoms in the NW and hydroxyl groups of cell wall polymers. The overall results indicated 
the potential of NW to improve the bonding strength of heat-treated wood. 

KEYWORDS: Heat treatment, nano-suspensions, polyvinyl-acetate adhesive (PVA), shear bond 
strength, wollastonite.

INTRODUCTION

Wood is a renewable raw material for numerous industrial sectors; however, it is susceptible 
to abiotic and biological degradations. Wood modification is an established, environmentally 
friendly technology that decreases the hygroscopicity of wood and, consequently, diminishes the 
moisture-induced deformation processes and abiotic and biotic damages, such as those caused by 
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weathering and fungal decay (Hosseinpourpia et al. 2016, Ayata et al. 2017, Behr et al. 2018). 
Chemical modification, such as acetylation, involves a reaction between a chemical reagent and 
the reactive parts (mainly hydroxyl groups) of wood components. As a result, covalent bonds 
are formed and the basic chemistry and properties of the wood’s cell wall polymers are changed 
(Papadopoulos and Hill 2002, 2003, Hill 2006, 2008). Impregnation modification of wood with 
thermosetting resins, such as melamine-formaldehyde and phenol formaldehyde, alters its material 
properties, but the chemical structure of the cell wall polymer remains unchanged (Mahnert et al. 
2013, Kielmann et al. 2014, Hosseinpourpia and Mai 2016a,b,c). Thermal modification improves 
wood properties by altering its chemical structure, mainly hemicelluloses (Kato and Cameron 
1999, Borrega and Karenlampi 2010, Suchy et al. 2010, Hosseinpourpia et al. 2018). However, 
this method results in a reduction in the mechanical strength of modified wood, particularly 
impact bending (Hill 2006). Wood degradation starts at temperatures of approximately 120°C 
(Kollmann and Fengel 1965) with cleavage of the ether linkages of hemicelluloses and the 
formation of carboxylic acids (Tjeerdsma et al. 1998, Garrote et al. 2001, Tjeerdsma and Militz 
2005, Sundqvist et al. 2006). The latter catalyzes the further degradation of polysaccharides 
(Tjeerdsma et al. 1998), and releases formaldehyde and other aldehydes (Peters et al. 2008, 2009). 
Lignin is a more stable polymer during thermal degradation when compared to polysaccharides, 
but its chemical structure alters through the demethoxylation of ether bonds, auto-condensation 
reactions, and cross-linking (Mahnert et al. 2013, Tjeerdsma et al. 1998, Sivonen et al. 2002, 
Wikberg and Maaunu 2004, Nuopponen et al. 2005, Hosseinpourpia et al. 2017).

Alterations in the chemical structure of wood due to the thermal modification might affect 
its gluing and painting ability (Kamdem et al. 2002, Inari et al. 2007, Bastani et al. 2015). 
It was shown previously that the penetration of a polyvinyl-acetate (PVA) adhesive increased 
considerably into Scots pine and beech wood treated at 195°C (Bastani et al. 2016a). The authors 
argued that thermal modification creates some free spaces in the wood structure through the cell 
wall deterioration, like cracking and/or the decomposition of some chemical compounds inside 
lumens, such as extractives, which results in the development of additional f low pathways for the 
adhesive.

The thermal conductivity of nanofluids containing dispersed metallic nanoparticles has 
been widely studied. In general, these nanofluids increase wood’s thermal conductivity due to the 
enhancement of heat transfer (Majidi 2016, Harsini et al. 2017, Sandeep et al. 2017). Metal and 
mineral nanoparticles and nanofibers have been used to increase the heat-transfer and resistance 
to fungal deterioration in solid wood and wood-based composites (Mantanis and Papadopoulos 
2010, Akhtari et al. 2013, Haghighi et al. 2014, Taghiyari et al. 2014a,b, Soltani et al. 2016). 

Wollastonite is a silicate mineral compound (CaSiO3) that can be found in many countries 
including the USA, China, and Iran. A number of studies have investigated the influence of 
nanowollastonite impregnation on the properties of wood and wood-based composites (Haghighi 
et al. 2014, Soltani et al. 2016, Schmidt 2006, Maresi et al. 2013, Taghiyari et al. 2013, 2016a, 
Taghiyari and Moradi Malek 2014, Kumar et al. 2020). The formation of bonds between the 
nanowollastonite (NW) and wood components resulted in the engagement of hydroxyl groups in 
wood, eventually improving the dimensional stability. Additionally, its high thermal conductivity 
coefficient accelerates resin-curing, resulting in an improvement in the wood’s physical and 
mechanical properties. The NW acted as a physical barrier towards the penetration of fire, 
increasing fire-retardancy in both solid wood and wood-composites. Furthermore, its growth-
reducing effects on some pathogens, including fungi, improved biological resistance to some 
wood-deteriorating fungi (Haghighi et al. 2014, Soltani et al. 2016, Schmidt 2006, Maresi et al. 
2013, Taghiyari et al. 2013, 2016a, Taghiyari and Moradi Malek 2014).    
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As the use of wollastonite nanomaterials has become more popular to improve the 
technological properties of wood and wood-based composites during the last few years, it is 
important to expand the knowledge of their influence on the bonding behavior of solid wood 
adhesives. Therefore, the present study aims to investigate the tensile shear strength of untreated 
and heat-treated beech, poplar, and fir wood bonded with a nanowollastonite reinforced PVA 
adhesive.

MATERIAL AND METHODS

Material
Specimen preparation

Beech (Fagus orientalis L. collected from Chalous, Iran), poplar (Populus nigra L.; collected 
from Chalous, Iran), and Silver fir (Abies alba Mill. imported from Russia) were selected as the 
test wood species based on their importance in various industrial applications in Iran. Ninety 
specimens, free from knots, cracks, and other physical or fungal damages were prepared for each 
wood species. In total, 270 specimens were prepared for all three wood species, as shown in Fig. 1. 

  

Fig. 1: Details of sample preparation for the shear strength testing. From right to the left: dimensions of 
the large and small pieces to be glued and final sample size showing a thicker glue line (dimensions in mm).

The specimens were randomly divided into three treatments, including untreated (UT), and 
heat-treated at 165°C (HT-165) and 185°C (HT-185). Then, the specimens were divided into 
three sub-groups for gluing with polyvinyl acetate adhesive (PVA), and with polyvinyl acetate 
containing 5% (PVA-5NW) and 10% nanowollastonite (PVA-10NW). The PVA adhesive was 
purchased from Shomal Resin & Adhesive Co. (Tehran, Iran), with a viscosity of 500 ± 20, and 
50 ± 5% solid content. Ten specimens were used for each treatment condition.

Heat treatment process
Specimens of each heat-treatment temperature were randomly arranged in an oven and 

heated for 5 h at 165°C and at 185°C for HT-165 and HT-185 treatments, respectively. The 
treatment initiated when the internal temperature of the oven reached the target temperatures 
(165 or 185°C). The specimens were weighed both before and after the heat treatment by a digital 
scale (with 0.0001 g precision) to assess the mass changes during the process.

Aqueous NW addition
Aqueous NW gel with 70% to 75% solid content and a size range of 30 to 110 nm was 

purchased from Lotfali-Zade Mehrabadi Manufacturing Company of Mineral and Industrial 
Products, Tehran, Iran. The compound contents of NW are summarized in Tab. 1. 
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Tab. 1: Compounds and formulations of the wollastonite nanosuspension (Taghiyari et al. 2016a, 
2014ab, Esmailpour et al. 2019ab).

Nanowollastonite compounds Mixing ratio by mass (% wt.)
CaO 39.77
SiO2 46.96

Al2O3 3.95
Fe2O3 2.79
TiO2 0.22
K2O 0.04
MgO 1.39
Na2O 0.16
SO3 0.05

Water 4.67

Based on the dry weight of PVA, 5% and 10% of NW gel were added to produce PVA-
5NW and PVA-10NW gluing systems, respectively. The mixtures were blended for 30 min with  
a magnetic stirrer for an even dispersion of NW.

Methods
Shear strength parallel to grain

After the heat treatments, the samples were prepared for their determination of shear strength 
parallel to grain. Dimensions of the specimens and testing method were performed according to 
the ASTM D143-14 (2014) standard. Two pieces (small and large) were prepared according to 
the standard from the UT, HT-165, and HT-185 specimen collectives and subsequently bonded 
with PVA, PVA-5NW, and PVA-10NW gluing systems (Fig. 1). Then, the glued samples were 
stored at room conditions (25 ± 2°C, 40 ± 3% RH) for eight weeks to complete the polymerization 
of the adhesive. Determination of shear strength was carried out using an Instron 4486 universal 
testing machine (Norwood, MA, USA). The loading was applied continuously throughout the 
test at a rate of motion of  0.6 mm.min-1. The testing for each specimen was discontinued after 
the first sudden drop of the loading force. 

Theoretical analysis 
Density functional theory (DFT) was carried out with OpenMX 3.6 package (Ozaki 

Group, Tokyo, Japan) to study the adsorption of NW on the cellulose surface (Perdew et al. 
1996, Grimme 2006). The generalized gradient approximation (GGA) function with the 
Perdew-Burke-Ernzerhof (PBE) correction was used to describe the exchange-correlation energy 
functional (Perdew et al. 1996). The Van der Waals (vdW) interactions were included in the 
density functional theory (DFT) approach proposed by Grimme (2006). 

Statistical analysis
Statistical analysis was conducted using the SPSS software program, version 18 (Chicago, 

USA). A one-way analysis of variance (ANOVA) was performed to discern significant differences 
at a 95% confidence level among the different treatments, as described previously (Hosseinpourpia 
et al. 2019a,b). Fitted-line and surface plots were made using the Minitab software, version 16.2.2 
(Minitab Inc., State College, PA, USA).
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RESULTS AND DISCUSSION

The mean mass loss of the heat-treated samples increased with increasing temperature 
(Fig. 2), due to the higher degradation of wood polysaccharides, mainly hemicelluloses, and 
the evaporation of extractives (Zaman et al. 2000, Alen et al. 2002, Mahnert et al. 2013, 
Hosseinpourpia et al. 2016c). 

The highest weight loss was 14.8%, which was obtained for the HT-185 beech specimens. 
This might have been attributed to the higher density and the higher polymer compounds 
contained in beech as compared to poplar and fir. The density of unheated beech was measured 
at 0.7 g.cm-3 in comparison to those of poplar (0.4 g.cm-3) and fir (0.38 g.cm-3). 

The shear strength results of the untreated specimens showed that the highest and the 
lowest values were found for beech and fir at 8.3 MPa and 4.8 MPa, respectively (Fig. 3). Poplar 
exhibited greater shear strength (6.7 MPa) than fir (4.8 MPa). The transversal permeability 
of poplar and fir were reported as 0.0028 and 0.0004 × 10-13 m3.m-1, respectively (Taghiyari  
et al. 2016b). The higher permeability may have provided better penetration of the PVA adhesive 
into the wood structure, which resulted in the greater shear strength of poplar as compared to 
fir. However, the adhesive penetration needs to be measured and analyzed in further studies for 
a final conclusion on the possible correlation between the shear strength of adhesives and the 
permeability of untreated wood. 

 

Fig. 2: Mass loss (%) of beech, poplar, and fir samples treated at 165°C (HT-165) and 185°C (HT-185). 

Fig. 3: Shear strength of untreated and heat-treated beech, poplar, and fir bonded with PVA reinforced 
with NW. The standard deviation was based on the entire population, and the statistical differences were 
tested with ANOVA and a Duncan test. The labeled values were statistically equal at an error probability 
of α = 0.05.
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Heat treatment reduced the shear strength for all three wood species; a higher temperature 
resulted in greater shear strength loss (Fig. 3). The highest and lowest losses in shear strength 
as a result of heat treatment were observed in HT-185 beech with PVA resin (86%) and poplar 
HT-165 (79%) with 5% NW content, respectively. This was in accordance to Sahin Kol and 
co-workers (2009) and Bastani and colleagues (2016b), who found that the bonding strength was 
reduced in heat-treated wood samples. The shear strength reduction of heat-treated wood can be 
attributed to: (a) a reduction of polar groups in the cell wall due to the degradation of amorphous 
polysaccharides by the heat treatment, resulting in less sites available for bonding (Inari et al. 
2007, Goli et al. 2014), (b) an increased stiffness of the cell wall after heat treatment (Altgen  
et al. 2016), which results in a reduction of internal surfaces for chemical bonding or mechanical 
interlocking of adhesives (Bastani et al. 2015); and (c) a reduction in wettability that may hamper 
the proper curing of water-based adhesives such as PVA (Bastani et al. 2015). The formation 
of micro-cracks and checks due to the heat treatment at temperatures above 180°C might also 
contribute to a declined shear strength of heat-treated wood (Taghiyari and Moradi Malek 2014).  

The addition of NW to PVA adhesive resulted in an improvement of shear strength for 
the untreated samples of all three species (Fig. 3). This positive effect could be partly attributed 
to the formation of bonds between the wood cell compounds and NW. By means of density 
functional theory, Taghiyari and co-workers (2016) calculated an optimal adsorption distance and 
adsorption energy for NW of 1.7 Å and -6.6 eV, respectively. In fact, this rather large adsorption 
energy obviously indicated a formation of additional bonds between the calcium atoms of NW 
and the oxygen atoms of hydroxyl groups of the wood cell wall polymers (Fig. 4). 

 

Fig. 4: Schematic representation of bond formation between calcium atoms of NW and oxygen atoms of 
cell wall cellulose chains.

This could eventually contribute to higher shear strength of samples bonded with  
PVA-NW systems than with PVA alone. The formation of similar bonds was the main cause of 
an increased thermal conductivity coefficient and of improved physical and mechanical properties 
of medium-density fiberboard, in which the resin was treated with NW before being sprayed on 
the fibers (Taghiyari et al. 2013, 2014a,b). The hardness of wollastonite is relatively high, around 
4.5 to 5 based on Mohs scale of mineral hardness. This may have enabled NW fibers to act as 
reinforcement filler in the glue layer between the two wood pieces, and eventually have fortified 
their bonding. In the heat-treated samples, the addition of NW to PVA adhesive improved the 
shear strength of beech specimens. However, it did not change the shear strength of the poplar 
samples. In the case of fir specimens, the addition of NW to PVA adhesive even slightly reduced 
the shear strength. This might have been attributed to an increased availability of bonding sites 
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in beech wood due to the higher density, even after heat-treatment, when compared to poplar 
and fir.

Macroscopic observation of the tested specimens revealed that most of the failures, in sole 
PVA adhesive, occurred along the glue line rather than in the wood structure. This was true 
for both treated and untreated wood samples. However, reinforcement of the PVA with NW 
provided stronger bonds than solely PVA, which caused the failure in the wood structure  (Fig. 5). 

Fig. 5: Wood failures of heat-treated beech at 185°C bonded with PVA-10NW (a), heat-treated poplar at 
185°C bonded with PVA-5NW (b), and control fir bonded with.

A long service life of glued wood elements requires tolerant adhesives under different 
temperature and humidity conditions, and therefore, further studies should be carried out to 
explore such effects on the performance of NW-reinforced adhesives.

CONCLUSIONS

(1) For all of the wood species, the shear strength of the heat-treated samples bonded with 
PVA adhesive were significantly lower than that of the untreated ones, at a 95% statistical 
confidence level. 

(2) The shear strength of untreated beech, poplar, and fir specimens bonded with PVA 
adhesive was improved by the addition of NW. It was suggested that NW acted as a reinforcement 
agent in the adhesive. 

(3) Although the shear strength of the heat-treated beech increased by adding NW to PVA 
adhesive, a clear trend was not observed in shear strength of heat-treated poplar and fir specimens 
by adding NW. 
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