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Wet-formed particleboard panels were made using cellulose nanofibrils 
(CNF) as the bonding material. The effects of panel density, CNF addition 
ratio, particle size, and pressing method on the nail and face screw 
withdrawal strength, water absorption (WA), and thickness swelling (TS) 
were investigated. The nail and face screw withdrawal strength increased 
with an increased panel density and CNF addition ratio. Mixed-size 
particles were favorable for better face screw withdrawal strength. The WA 
decreased while TS increased with increased panel density. The WA 
decreased with increased CNF addition ratio. The effect of CNF addition 
ratio on the TS was influenced by an interaction effect of the particle size, 
density, and pressing method. Smaller wood particles and the constant 
thickness (CT) pressing method were better for both WA and TS 
performance. All of the high- and medium-density panels failed to satisfy 
the standard requirements for face screw withdrawal strength. For low-
density panels, those manufactured with mixed-sized particles all satisfied 
the standard requirements; those manufactured with large particles 
required at least 15% CNF to meet the standard, and those manufactured 
with small particles required at least 20% CNF to achieve the standard 
requirements. None of the panels met the standard TS requirement (< 
8%). 
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INTRODUCTION 
 

Particleboard has been widely used in the furniture, cabinet, wall, and ceiling panel 

industries for several decades (Wang and Sun 2002). Most of the commercial particleboard 

panels are manufactured with a dry-form process using adhesives, such as urea 

formaldehyde resin and phenol formaldehyde resin, as the bonding source, which raises 

environmental issues due to formaldehyde emission (Ayrilmis et al. 2012). Research has 

been conducted to develop environmentally friendly adhesives, such as protein-based or 

soybean-added adhesives (Lorenz et al. 1999; Gao et al. 2012). Recently, studies on 

binderless particleboard have been conducted. Cellulose nanofibrils (CNF), both with and 

without lignin, were used as the binding agent and showed improvement in the mechanical 

properties of the particleboard (Theng et al. 2015; Arévalo and Peijs 2016; Kojima et al. 

2016; Robles et al. 2016). The CNF turned out to be a promising candidate to substitute 
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traditional fuel-derived adhesives due to its strong mechanical properties and web-like 

network that can be used to improve interfacial adhesion (Shao et al. 2015; Barari et al. 

2016a, b).  

While mechanical properties may be the most important structural properties, 

assembly of the components, especially in the furniture industry, requires inter-panel 

strength. Many panels are assembled with ready-to-assemble hardware, but traditional 

fastening methods, such as screw and nail, are primarily used. The nail and screw holding 

capacity are then of importance in furniture and building construction industries. The 

design and structure stability of a product are dependent on the nail and screw withdrawal 

resistance (Wu 1999), of which the face screw withdrawal resistance is commonly used to 

determine the fastening quality of wood composites (Cai et al. 2004). Density plays an 

important role in the screw holding strength (Alma et al. 2005). A previous study showed 

that there was a near-linear increase in face screw withdrawal strength as the density of the 

particleboard increased (Cai et al. 2004; Vassiliou and Barboutis 2005; Wang et al. 2007). 

In addition, the vertical and horizontal density profile influenced the screw withdrawal 

strength (Guler et al. 2006; Wang et al. 2007). There was also a correlation between the 

screw withdrawal strength and core density. The interfacial adhesion between the particles 

and the binding agent were additional factors that affected the screw holding strength 

(Hung and Wu 2010).  

Water absorption (WA) and thickness swelling (TS) are the two main behaviors 

that limit particleboard from exterior applications. The TS occurs as a result of particle 

hygroscopicity, spring-back, and WA affinity of the binding material (Biswas et al. 2011). 

The TS not only generates a poor appearance, but it also reduces the mechanical properties 

of the particleboard (Ayrilmis et al. 2011). Similar to the nail and screw withdrawal 

strength, the WA and TS are affected by density. In general, low-density panels have higher 

WA due to larger cavities within the panels (Alma et al. 2005; Nemli and Demirel 2007). 

It has been reported that the TS increased with the increasing panel density (Cai et al. 2004; 

Buyuksari et al. 2010). A higher density indicated more material per unit volume and 

higher compaction ratio of materials, thus causing higher spring-back after absorbing water 

(Paridah et al. 2010). In addition, a higher density or higher compaction ratio rendered 

more damage to wood cell walls, resulting in higher TS (Ye et al. 2007). In contrast, higher 

density results in more surface-to-surface contact between particles and the binding agent. 

Good contact between particles helped to reduce the moisture penetration into the panels 

and particles (Boon et al. 2013; Sari et al. 2013), resulting in lower initial WA and TS 

(Rofii et al. 2013). Over time, moisture swelling continues within the fibers, resulting in 

near full spring-back, which usually overrides the higher bonding effects from high-density 

panels. If only hydrogen bonding occurs within the wet-formed panel, then the water 

resistant bond quality will be minimal and the swelling will occur over time. 

Particle size also plays an important role in the WA and TS. Larger particles 

generate spaces or pores within the panels. Adding smaller particles could fill the pores 

and increase the contact between particles, thus blocking pathways for water penetration 

to some degree (Nemli and Demirel 2007; Li et al. 2010; Tabarsa et al. 2011). Chemical 

bonding between particles and fibrous material with extractives, hydrophobic additives, 

and heat treatment are additional ways to reduce the WA and TS (Guler et al. 2006; 

Buyuksari et al. 2010). Little is known of the pressing method on the mechanical and 

physical properties of particleboard (Leng et al. 2017). In this study, mechanical derived 
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CNF with a solids content of 3% was mixed with wood particles to manufacture binderless 

particleboard. Different from previous studies, the CNF we used was lignin free, and 

without chemical pretreatment, which was environmentally friendly. Nail and screw 

withdrawal resistance, WA, and TS were evaluated and compared with the national 

standard for particleboard. The effect of wood particle size, CNF addition ratio, panel 

density, and hot-press program was investigated on the nail pull and face screw withdrawal 

resistance, WA, and TS of the binderless particleboard.  

 

 

EXPERIMENTAL 
 
Materials 

The wood particles used in this study consisted of a ratio 80:20 of softwood: 

hardwood (Timber Products Company, Sutter Creek, USA). The wood particles were 

screened through a 1.59 mm and a 0.79 mm opening dry vibrating sieve to obtain three size 

fractions. Each size fraction was then collected and the weight percentage was determined, 

as shown in Table 1. The bulk density for each fraction was also determined. Particles from 

individual size fractions were analyzed using Fiji image analysis software (LOCI, 1st 

version, Madison, USA) to determine estimated surface area. Mechanical derived CNF at 

3% solid content was provided by the process development center at the University of 

Maine (Orono, USA).   
 

Table 1. Wood Particle Characterization 

Wood Particle 
Particle Size  

> 1.59 (mm) opening 
Particle Size “s” 

1.59 (mm) opening 
Particle Size “f” 

< 0.79 (mm) opening 

Weight Percentage (%) 17.74 41.52 40.74 

Bulk Density (kg / m3) 168 202 226 

Surface Area (m2 / g) N/A 0.2 8.08 

 

Methods 
Fabrication of CNF bonded particleboards 

In this study, particleboard panels with dimensions of 305 mm × 305 mm × 12.7 

mm were constructed. A fractional factorial design (34-1) was adopted in this study, for 

which each run was replicated three times. Detailed experimental design is listed in Table 

2. Three replicates per condition were produced. A Hobart laboratory blender (The Hobart 

MFG, Co. Troy, USA) was used to mix the components until they were uniformly mixed. 

The moisture content (MC) of the wood particle-CNF mixture was 329%, 490%, and 650% 

(dry basis) after mixing, depending on the CNF addition ratio of 10%, 15%, and 20%, 

respectively. The mixture was manually and evenly distributed within a 305-mm square-

forming box. A flat plate was placed on top of the mixture and vacuum applied to pre-

compress the wet mat. An interesting effect of combining both wood particles and CNF 

caused a portion of the CNF bound water to be released, such that during this initial vacuum 

consolidation process the mat MC decreased. After vacuum-pressing, the MC for the wet 

mats with 10% CNF/particle mixture was reduced from 329% to between 231% to 281%; 

the MC for the 15% CNF/particle mixture was reduced from 490% to between 223% to 

261%; and the MC for the 20% CNF/particle mixture for all particle sizes reduced from 
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650% to between 276% to 313% (dry basis). It was possible additional pressure might have 

further reduced the initial mat MC prior to hot-pressing. The pre-compressed mats were 

then transferred onto a bronze screen on top of an aluminum caul.  
 

Table 2. Experimental Design 

ID Particle Size 
CNF Addition Ratio 

(%) 
Target Density   (kg / m3) Pressure Type 

1 s 10 600 CT* 

2 s 10 750 CP* 0.41 MPa 

3 s 10 900 CP 0.55 MPa 

4 s 15 600 CP 0.41 MPa 

5 s 15 750 CP 0.55 MPa 

6 s 15 900 CT 

7 s 20 600 CP 0.55 MPa 

8 s 20 750 CT 

9 s 20 900 CP 0.41 MPa 

10 f 10 600 CP 0.41 MPa 

11 f 10 750 CP 0.55 MPa 

12 f 10 900 CT 

13 f 15 600 CP 0.55 MPa 

14 f 15 750 CT 

15 f 15 900 CP 0.41 MPa 

16 f 20 600 CT 

17 f 20 750 CP 0.41 MPa 

18 f 20 900 CP 0.55 MPa 

19 m 10 600 CP 0.55 MPa 

20 m 10 750 CT 

21 m 10 900 CP 0.41 MPa 

22 m 15 600 CT 

23 m 15 750 CP 0.41 MPa 

24 m 15 900 CP 0.55 MPa 

25 m 20 600 CP 0.41 MPa 

26 m 20 750 CP 0.55 MPa 

27 m 20 900 CT 

*s = small size particles; f = fine size particles; m = mixed size of small and fine particles at a ratio 
of 1:1; CT = constant thickness; and CP = constant pressure  

 

A 305-mm square frame was placed around the wet mat to prevent it from extruding 

around the perimeter during hot pressing. The final step was hot-pressing at 160 °C with a 

steam heated computer controlled hydraulic press (Williams White Co., Moline, USA). 

The press schedules were adjusted based on the final density desired for the nominal 12.7-

mm boards. Lower density panels used less material to be consolidated to the final 

thickness. Hence, a lower pressure press schedule was necessary for these low-density 

panels. The higher density panels required more material; thus greater pressure was 
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necessary to achieve the target thickness. The basic press method used to consolidate the 

mats was as follows: first, an initial relatively fast closing rate (16 mm/sec) was applied to 

bring the top platen in contact with the top caul until a very low pressure was reached. This 

occurred within the first 10 s to 15 s. Several press consolidation routines were then tested 

using gradually slower rates at various time intervals. Figure 1a and 1b show mat 

consolidation (decrease in mat thickness) as a function of time.  
 

 

 

Fig. 1. Mat consolidation (mm) and pressure (MPa) for the 305 mm x 305 mm wet-formed mat 
using a) CT press method and b) CP press method for the low-, medium-, and high-density 
panels 

a 

b 
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The effect of consolidation rates on mat force was demonstrated. The black lines 

represent gaps between the top and bottom plates; the red and green lines represent mat 

pressure (0.55 MPa and 0.41 MPa, respectively). All of the consolidation rates were faster 

than the moisture loss rates as evident of the increased force during the press closure. When 

the press reached the desired “constant thickness” (CT), the pressure decreased with time 

as the MC decreased.  

The CT was achieved after approximately 240 s into the press closure for the low-

density (< 640 kg/m3) and medium-density (640 kg/m3 to 800 kg/m3) panels, while the CT 

was achieved after approximately 870 s into the press closure for the high-density (> 800 

kg/m3) panels. The CT pressing method used both the press closure rate and final thickness 

control to achieve a nominal thickness of 12.7 mm. Similarly, the constant pressure (CP) 

pressing method used a set of closure rates to consolidate the mats.  

At approximately 800 s, the pressing method was switched to the CP controlled 

drying process at either 0.41 MPa or 0.55 MPa constant pressures (unit pressure). The 

panels under CP drying continued to lose moisture as evident of the continued decrease in 

panel thickness. The final thickness was slightly variable depending on the consolidation 

of the material in the panel core.  

For testing, the finished panels were cut according the standard test dimensions 

where possible (ASTM D1037-12) and then were conditioned in a 20 °C and 65% relative 

humidity (RH) conditioning room for 4 weeks. 
 

Nail and face screw withdrawal test 

The nail and face screw withdrawal tests were conducted using a 50 kN Instron 

machine (Instron, Norwood, USA) following the ASTM D1037-12 (2012) standard with 

smaller dimensions of 76 mm × 76 mm × nominal 12.7 mm thickness as manufactured. 

For the face screw withdrawal test, a lead hole was predrilled to 90% of the root diameter 

of the screw according to the standard.  

For both tests, the crosshead rate was set to 1.5 mm/min. The tests were conducted 

in a conditioning room maintained at 20 ºC and 65% RH. All the tests described were 

carried out in triplicate. 
 

WA and TS test 

The WA and TS tests were conducted with the top surface of the specimens 

submerged 25 mm under water level. The dimensions of specimens were 102 mm × 102 

mm × nominal 12.7 mm thickness, smaller than the ASTM D1037-12 (2012) standard due 

to limited size of the panel.  

The specimen weight was measured before submersion, after 2 h and 24 h 

submersion, and oven-dried, respectively, to determine the MC and WA rate. The initial 

thicknesses of the specimens and that after 2 h and 24 h submersion in water were recorded 

to determine the TS. All the tests described were carried out in triplicate. The testing results 

were analyzed using the analysis of variance (ANOVA) (SAS, 9.2, Cary, NC USA). 

Significant differences of the four main effects and two-way interaction effects were 

determined at the 5% level.   
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RESULTS AND DISCUSSION 
 

The mat consolidation rate and final pressing method had an influence on the 

vertical density profile (VDP), as will be discussed in the subsequent section. In Fig. 1a, 

the initial consolidation rate may also have had an influence on drying rates. It was 

interesting to note that the low- and medium-density panels were consolidated at a faster 

rate in the initial press cycle. After the higher consolidation rates, the mat force greatly 

dropped. The mat force of the low- and medium-density panels decreased faster than that 

of the high-density panels, which indicated a potentially faster loss of moisture or faster 

drying rate. In a future study, higher initial pressures might be applied to force more water 

out from the panel and provide a faster drying rate and shorter press cycle. 

The VDP of all the panels was measured. Figure 2 shows the density differences 

based on different pressing methods. Figure 2a shows the density profiles of CT panels. 

The “U” shape was characteristic of panels where thickness was held constant during 

drying. The higher the density, the larger the face-to-core density ratio. Figures 2b and 2c 

show density profiles of the CP panels. With constant pressure, the density remained fairly 

uniform across the core region. As the panel density increased, there was an increase in the 

face density, but the face-to-core density ratio was smaller than that of the CT panels. The 

ability to manipulate core density is important when considering the application of loads 

and fastening.  

 

 
 

Fig. 2(a). VDP for the three panel density ranges pressed using three pressing methods: (a) CT 
press method, (b) CP press method using 0.55 MPa ending pressure, and (c) CP press method 
using 0.41 MPa ending pressure 

 

a 
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Fig. 2(b & c). VDP for the three panel density ranges pressed using three pressing methods: (a) 
CT press method, (b) CP press method using 0.55 MPa ending pressure, and (c) CP press 
method using 0.41 MPa ending pressure 

b 

c 
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For bending, a higher face density is beneficial (Nemli and Demirel 2007). 

However, for edge fastening, a slightly higher core density is preferred (Wang et al. 2007). 

In addition, a uniform yet slightly higher core density was better for nails and screws that 

passed through the panel in the thickness direction. It was also interesting to note that the 

CT pressing program did improve the consistency of the panel thickness. The panel 

thickness variation for those made with the CT press program (Fig. 2a) was much less than 

those pressed using the CP press program (Figs. 2b and 2c). The reason of thickness 

variation was that additional pressure was applied onto the mat for CP panels that further 

consolidate the mat, and the extent of consolidation was different due to that different 

amount of particles were mixed at beginning for panels with different target density. 

There were no clear differences associated with the CNF addition ratio or particle 

size in the VDP. The drying rates were not measured in this study, but should be a part of 

a further study due to the use of the water forming process.  

The nail pull and face screw withdrawal statistical analysis, as shown in Table 3, 

showed that only the density and particle size had significant effects on the nail pull 

strength, while all four factors had significant effects on the face screw withdrawal strength 

at the 95% confidence level. There were no significant interaction effects on either the nail 

pull or face screw withdrawal strength. Panel density had the most important effect on the 

nail and face screw withdrawal strength, which agreed with previous studies (Cai et al. 

2004; Vassiliou and Barboutis 2005; Wang et al. 2007). Figures 3 and 4 show positive 

trends of the nail and face screw withdrawal strength as density increased. There were no 

noticeable differences between the CP and CT pressing methods on the nail holding 

strength.  

The same results were found for the effect of CNF addition ratio, which agreed with 

the ANOVA analysis. All of these results indicated that the nail holding strength was only 

sensitive to the panel density and particle size that were related to the stress transfer due to 

the smooth shank type of nail that was used for testing.   

Density played the most important role in the face screw withdrawal strength. The 

peak density was more important than the mean density. For panels manufactured at the 

same mean density, those with higher face density resulted in higher face screw withdrawal 

strength. In other words, the CT pressing method was better than the CP pressing method 

in terms of face screw withdrawal strength. Higher density in both face areas contributed 

more to the face screw withdrawal strength. Mixed-size particles were favorable to obtain 

a slightly better face screw withdrawal strength. It was proposed that mixed-size particles 

rendered a better homogeneous structure within the panels, because small particles could 

fill in the void formed by the large particles. Larger particles have lower surface to volume 

fraction, which would also lower the need for the amount of CNF per unit surface area.  

In Fig. 4, the face screw withdrawal strength was plotted against ANSI A208.1 

(2016) standard values. The low-density panels met the LD-1 requirement, and only the 

panels with 20% CNF addition ratio met the LD-2 standard requirement. For medium-

density panels, only 15% and 20% CNF addition ratio barely met the M-1 standard 

requirement.    
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Fig. 3. Nail Pull vs. average panel density for panels with increased CNF and pressed using a) 
CT pressing method and b) CP pressing method 

 

a 

b 
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Fig. 4. Screw Pull vs. average panel density as they compare with the ANSI A208.1 (2016) 
standard values for panels with increased CNF and pressed using a) CT pressing method and b) 
CP pressing method 

 

 

a 

b 
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Table 3. ANOVA Results for Nail Holding Strength and Face Screw Withdrawal 
Strength 

      Source 

F Pr > F 

Nail Holding 
Strength 

Face Screw 
Withdrawal 

Strength 

Nail Holding 
Strength 

Face Screw 
Withdrawal 

Strength 

Particle size 3.93 3.87 0.0252 0.0263 

CNF addition ratio 2.87 108 0.0958 <.0001     

Density 83.4 540 <.0001     <.0001     

Pressure type 2.12 11.7 0.129 <.0001     

Particle size*CNF addition 
ratio 

1.44 2.81 0.245 0.0683 

Particle size*density 1.54 1.30 0.223 0.279 

Particle size*pressure type 2.00 1.30 0.107 0.281 

CNF addition ratio*density 0.240 0.155 0.626 0.695 

CNF addition 
ratio*pressure type 

1.70 0.581 0.191 0.562 

Density*pressure type 0.0501 1.41 0.951 0.251 

 

 

The WA and TS are obstacles that hinder use of a particleboard in external or high 

moisture condition applications. In this study, no additional wax or water resistant 

chemicals were added. The goal of this test was to determine what, if any, additional 

resistance could be achieved using CNF. The ANOVA results for WA and TS after a 2 h 

water immersion are shown in Table 4. The ANOVA results after a 24 h water immersion 

demonstrated similar trends (not shown in this paper). Figures 5 and 6 show the 24 h results 

for WA and TS, respectively. The results for the 2 h WA and the TS were very similar (not 

shown in this paper). According to the results in Table 4, the WA after 2 h was significantly 

affected by the panel density, CNF addition ratio, and particle size at 95% confidence level, 

while the effect of pressing method (CT or CP) was not statistically significant. There were 

significant interactions between the particle size and CNF addition ratio, and between the 

CNF addition ratio and pressing method on the WA after 2 h water immersion. In contrast, 

the TS after a 2 h water immersion was significantly influenced by all four main factors at 

a 95% confidence level. In addition, there were significant interactions among all four 

factors, except between the particle size and pressure type. 

Wood particles absorb water mainly due to two reasons: hydrogen bonding between 

water molecules and available hydroxyl groups in wood particles and CNF (Gwon et al. 

2010), and the porous structure of wood particles and voids formed by deposited particles 

within the particleboard (Salari et al. 2012). Figure 5 shows the general trend that WA 

decreased as panel density increased. The higher material density resulted in smaller micro 

pores into which the water could penetrate. In other words, as a result of the higher density, 

both intra- and inter-fiber where cell micro-pores were, compressed into smaller sizes 

limited water penetration into the board. In addition, higher density resulted in higher fiber-

to-fiber contact and brought more hydroxyl groups together within the wood particles and 

with the CNF (Deka and Maji 2010).However, Figure 5a shows that panels with 15% CNF 

absorbed more water as the density increased, which was unexpected. The reason was 

unknown yet. Further investigation of microstructure and quantification of hydroxyl values 

of this group of panels is needed to determine the possible reasons. Figure 5 also shows a 
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general trend that the WA decreased as the amount of CNF increased. Higher amounts of 

CNF contributed to a higher bonding quality between wood particles, where extra CNF 

filled in the voids and agglomerated under heat and pressure, resulting in fewer amount of 

hydroxyl groups and voids available to bond with water. As for the effect of particle size, 

it was possible that smaller particles reduced the WA due to the fact that smaller particles 

would form smaller voids within the panel. Smaller particles also had a larger surface area, 

which resulted in better bonding quality and reduced water diffusion into the panel. At a 

given mean density, the CT pressing method produced panels with higher face density and 

a lower core density. The contribution of low WA in both face regions may have also been 

beneficial in retarding the water penetration into the core regions. 

The TS consists of the irreversible release of residual stress (spring-back) 

(Mohebby et al. 2009), hygroscopic swelling of both wood particles and CNF due to WA 

(Hsu et al. 1989), and the de-bonding between the CNF and wood particles. In Fig. 6, the 

correlation between TS and panel density showed that generally TS increased as the density 

increased (Büyüksarı et al. 2012). This was the general case with the CT panels. This was 

expected due to the general understanding of spring-back of compressed wood particles as 

they are exposed to moisture. Moisture caused a greater increase in TS as a result of the 

higher density, highly consolidated wood particles, and increased number of particles per 

unit volume at that density. It was also possible that while the disassociation of the 

hydroxyl groups were minimized due to better bonding at higher densities, there were more 

particles exposed per unit volume; thus the overall swelling increased (Hayashi et al. 2003). 

As for the effect of the pressing method, the results showed that the CT pressing method 

responded as expected. However, the CP pressing method had mixed results, and the reason 

was unclear. Further study is needed to figure out the reasoning. As for the effect of the 

CNF addition ratio on TS, there were noticeable interactions between CNF addition ratio 

and particle size, CNF addition ratio and pressing method, and CNF addition ratio and 

density. The combination treatment of high CNF addition ratio, small particles, low density, 

and CT pressing method generated the lowest TS. 

 

Table 4. ANOVA Results for 2 h WA and 2 h TS 

Source 
F Pr > F 

2 (h) WA 2 (h) TS 2 (h) WA 2 (h) TS 

Particle size 56.1 130 <.0001 <.0001 

CNF addition ratio 144 62.0 <.0001 <.0001 

Density 165. 115 <.0001 <.0001 

Pressing method 2.27 40.0 0.112 <.0001 

Particle size*CNF addition 
ratio 

3.16 4.32 0.0495 0.0177 

Partcle size*density 0.773 7.54 0.466 0.0012 

Particle size*pressing 
method 

2.45 0.726 0.0552 0.578 

CNF addition ratio*density 3.97 16.21 0.0509 0.0002 

CNF addition 
ratio*pressing method 

3.91 17.0 0.0253 <.0001 

Density*pressing method 1.61 4.52 0.208 0.0148 
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Fig. 5. 24 h WA vs. average panel density for panels with increased CNF and pressed using a) 
constant thickness pressing method and b) constant pressure pressing method 

 

a 

b 
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Fig. 6. The 24 h TS vs. average panel density for panels with increased CNF and pressed using 
a) constant thickness pressing method and b) constant pressure pressing method 

a 

b 
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None of the panels satisfied the standard TS requirement (< 8%). Higher amounts 

of CNF may be needed to improve both the WA and TS. Either wax or other water resistant 

chemistry might also be needed. It is also possible that heat treatment should be introduced 

to decrease the available hydroxyl groups within the panel and improve the dimensional 

stability. The benefit of natural bonding and natural materials may provide a niche market 

for some applications, which is not possible with the use of other resin types.   

 

 

CONCLUSIONS 
 

1.   Nail and face screw withdrawal strength increased with increased panel density and 

cellulose nanofibril (CNF) addition ratio. Nail holding strength was more random due 

to the smooth shank type of nail used. The U-shape density profile obtained from the 

constant thickness (CT) pressing method was more beneficial for the face screw 

withdrawal strength than the flat density profile obtained from the constant pressure 

(CP) pressing method. Mixed-size particles were favorable to obtain better face screw 

withdrawal strength.  

2.  Generally, the water absorption (WA) decreased while thickness swelling (TS) 

increased as the panel density increased. An increased amount of CNF resulted in lower 

WA and lower TS. Nevertheless, the effect of CNF addition ratio on the TS was 

interactively influenced by the CNF addition ratio, particle size, density, and pressing 

method.  

3.  All high-density panels, and most of the medium-density panels, failed to satisfy the 

standard requirement for face screw withdrawal strength in accordance with ANSI 

A208.1 (2016). For low-density panels, those manufactured with mixed-size particles, 

all satisfied the standard requirement. Those manufactured with large particles required 

no less than 15% CNF to meet the standard requirement, and those manufactured with 

small particles needed no less than 20% CNF to achieve the standard value. None of 

the panels met the standard TS requirement.  
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