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ABSTRACT 
 

The  increased  demand  in  using  wood  composites  in  particular  applications  

results  in  a  need  for  a  better  understanding  of  the  effect  of  adhesives  and  particle  sizes  

on  the  characteristics  of  wood  composites.  In  this  research,  medium  density  particleboards  

from  four  levels  of  rubber  wood  sawdust  particle  sizes  (>2.00 mm, 0.84  2.00 mm, 0.50  

0.84 mm  and  <0.50 mm)  were  prepared  with  polymeric  diphenylmethane  diisocyanate  

(pMDI)  or  melamine-urea  formaldehyde  (MUF)  or  phenol  formaldehyde  (PF)  adhesives.   

It was found that the particle size significantly affected mechanical and water resistant properties

of boards.  In  addition,  pMDI-bonded  boards  not  only  gave  superior  mechanical  properties  

compared  with  MUF  and  PF-bonded  boards  but  the  water  resistance properties were   

increased  considerably  as  well.   The  significant  increased  in  thickness  swelling  and  water  

absorption  was  higher  in  MUF  and  PF  bonded  boards.   The  composite  boards  made in lab 

scale from  0.50  0.84 mm  with  9%  pMDI  content  fully  satisfied  the  minimum  

requirements  set  by  the  EN  312  standards  and  TIS  876-2004 standards.  Overall,  pMDI-

bonded  boards  gave  superior  mechanical  performance and water  resistance than  MUF  and  

PF-bonded  composite  boards.  Besides, an improvement of pMDI-bonded boards by 2 types of 

additives: low density polyethylene (PE) or melamine molding compound (MEL) was 

investigated.  It was found that mechanical and water resistant properties of boards were 

significantly affected by PE and MEL additives.  MEL highly influenced on mechanical 

properties whereas PE considerably influenced on water resistance.  Furthermore, an application 

of 20%PE as an additive was appropriate for improving water resistant properties with slightly 

interfering appearances of boards.  Moreover, it was found that the water resistant  properties  of  
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top  surface  of  board  was  substantially different  from  water  resistant  properties  of  whole  

board.   Mixed sizes of sawdust particles, amount of pMDI adhesive and production cost 

reduction were conducted in a study of pilot scale production.  It was found that mixed sizes of 

sawdust particles of 3-5 mm, 1  3 mm and < 1 mm in a ratio of 1:1:2 with 10%pMDI offered 

composite boards having mechanical and water resistant properties slightly different than a 

treatment prepared from lab scale (0.50  0.84 mm particle sizes and 9% pMDI).  In addition, a 

reduction of amount of dye in sawdust dyeing process by 3 times could reduce production cost of 

composite boards and toys by 45.28% and 20.52% respectively with undifferentiated color.   

 

Keywords:  Composite, sawdust, particle sizes, adhesives, and additives 
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(Ashori Nourbakhsh, 2008)

(Particleboard), (Plywood), (Orient strand board), 

(Hardboard), (Medium density fiberboard), 

(Veneer board) (Seller, 2000) 

(Particleboard) 57% 

(Ashori Nourbakhsh, 2008)  

(Food and Agricultural Organization, FAO) 

1998 56.2×106 m3  0.15×106 m3 

2008 104×106 m3 2.6×106 m3 (Zheng et al.,  2006;  

FAO,  2010) 10 

2 17  

(Çolak et al.,  2007)

2551 Wood shavings) 2500 

Wood dust) 190  (Solid waste wood) 660 
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1. (Composite materials) 

1.1  

 (Matrix phase) 

Reinforcement phase) (Beg, 2007) Phase) 

(Vilaseca et al., 2007)

 (Matthews and Rawling, 1994)

 Figure 1  

2 

(Fibrous composites) (Particle composites) 

Particle composite 

(Random orientation) 

(Preferred orientation) Fibrous composites 

(Multi-layer composites) 
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(Single-layer composites) 2 

Laminates Hybrids 2 

Continuous fiber reinforcement composites 

Discontinuous fiber reinforcement composites 

Discontinuous fiber reinforced composites 

Continuous fiber 2 

(Unidirectional) 2 (Bidirectional woven 

reinforcement)  (Matthews and Rawling, 1994) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Reinforcement composite materials.  

Source: Matthews and Rawling (1994) 

Composite materials 

Fibrous composites Particle composites 

Multi-layer composites 

Single-layer composites 

Laminates 

Hybrid 

Random orientation 

Preferred orientation 

Continuous fibers 

Discontinuous fibers 

Unidirectional reinforcement 

Bidirectional reinforcement 

Random orientation 

Preferred orientation 
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1.2  

1.2.1 Matrix)

  

1.2.2 Reinforcement) 

Figure 2 

(Fiber) 

 (Matthews and Rawling, 1994) 

Figure 2 (c) 

 

 
Figure 2. Fiber reinforcement of composites materials: (a) Particulate (random distribution),     

(b) Discontinuous fibers (Unidirectional), (c) Discontinuous fibers (Random) and             

(d) Continuous fibers (unidirectional). 

Source: Matthews and Rawling (1994) 
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1.3 (Matthews and Rawling, 1994) 

1.3.1  

1.3.2  

1.3.3  

1.3.4  

1.3.5  
1.4 (Matthews and Rawling, 1994)  

1.4.1    

1.4.2    

1.4.3    

1.4.4    

1.4.5    
 

2.  

2.1  

(Reinforcing material) (Composite materials)

(Sombatsompop and Chaochanchaikul, 2004)

10 16 

(2002 McKeever and Falk, 2004) 

2002 178 

86  48%

 

2.1.1  

(Cellulose) 

1 4

(b - 1 , 4-glycosidic bonds) 
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30  50 

(C6H10O5)n  (Beg, 2007) Figure 3 

20,000  750,000 100  4,000 

180.16 

(Fibril) 2 

(Crystalline fibrils) (Amorphous or Non-crystalline 

regions) (Bledzki and Gassan, 1999) Figure 4 
 

 
 

Figure 3. Cellulose structure. 

Source : Beg (2007) 

 

 
 

Figure 4. Model of fibrous structure. 

Source : Bledzki and Gassan (1999) 
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(Hemi-cellulose) Amophous polymeric 

carbohydrate Heterogeneous 

 

1, 4 b-liked Branch chain -
(L-arabinofuranose) 3 - (D-

glucuronic acid) - (L-arabinofuranose) 

 Figure 5 

 

 

Figure 5. Xylan structure. 

Source : Zamora (2008) 

 

(Lignin) 3 

- (p-Hydroxycinnamyl alcohol) 

(Cinaply alcohol) - (C  C 

bond)  (Beg, 2007)  
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Figure 6. Lignin structure. 

Source : Beg (2007) 

 

Table 1. Chemical compositions of rubber wood. 

Chemical composition Content (%) 

1. Holocellulose  75.61  78.72 

2. Cellulose 49.41  59.87 

3. Pentosan 17.17  18.57 

4. Lignin 18.06  19.03 

5. Solubility in  

- Alcohol-benzene 

- Hot water 

- Cold water 

- 1% NaOH 

2.87  3.51 

1.08  7.91 

0.96  2.45 

17.54  19.92 

6. Ash 0.42  0.86 

Source  (2541) 
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2.2 (Matrix) 

2.2.1 (Urea formaldehyde) 

pH -
 

Plywood glue) 

Solid content - -  cps 

Chipboard glue) Solid content - -  cps 
 

 
 

Figure 7. Polymerization of Urea formaldehyde. 

   Source: Frihart (2005) 
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2.2.2 Melamine urea formaldehyde, MUF) 

 

 

  

 

 4 5 

 

(Particleboards) 

  ( , 

2552) 
 

 
 

Figure 8. Melamine formaldehyde structure.  

Source : Ibeh (1999) 
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Figure 9. Polymerization of Melamine formaldehyde. 

  Source : Frihart (2005) 

2.2.3 - Phenol Formaldehyde, PF) 

(Phenolic resin or Phenol 

formaldehyde resin) 2 Resoles)  (Novolacs)  

Particleboard) 

Medium density fiberboard)  

  

 

 

Hexamethylene tetramine  

Wafer board, WF)  

Densified wood ( , 2552) 
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Figure 10. Polymerization of phenol formaldehyde. 

Source : Frihart (2005) 
 

2.2.4 (Polymeric diphenylmethane 

diisocyanate, pMDI) Casting resins Paint media) 1950 

 1975 pMDI 

pMDI 

 pMDI 

pMDI 

 

( , 2552; Preechatiwong, 2006) 

pMDI 

(Hydrophobic) 

(Dimensional Stability) 
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(Plates) 

 

  (Preechatiwong, 

2006) 
 

 
 

Figure 11. Polymeric diphenylmethane diisocyanate structure. 

Source : Preechatiwong (2006) 
 

 
Figure 12. Polymerization of diphenylmethane diisocyanate. 

Remark:  The isocyanate needs water to start the polymerization process. This reaction ends up 

forming carbon dioxide that can cause bubbles in the adhesive, but once the amine 

forms, self-polymerization takes place rapidly). 

Source: Frihart (2005) 
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Table 2. Category of adhesive type by structure integrity and service environment. a, b  

 
Source: Vick (1999) 
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Table 3. Application of adhesives. 

 
Source: Vick (1999) 
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Table 3. Application of adhesives. (Cont.) 

 
Source: Vick (1999) 
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2.3  

2.3.1  (Melamine) 1, 3, 5-Triazine-2, 4, 6-triamine

Trimer Cyanamine , , -triazine

66% 

Thermosetting 

(Formiga)  

 

 

Justus von Liebig Calcium cyanamide 

dicyandiamide 

 

Thermosetting 

(Cross-link) 

 

(Melamine poly-

sulfonate) Superplasticizer Sulfonated melamine 

formaldehyde (SMF) 

 

(Michigan State University Extension, 2003) 

 

 
 

Figure 13. Melamine structure. 

Source : Frihart (2005) 
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2.3.2 (Polyethylene, PE) Thermoplastic 

CH CH

LDPE (Low density 

polyethylene), HDPE (High density polyethylene), LLDPE (Linear low density polyethylene) 

UHMWPE (Ultra high molecular weight polyethylene) 

(Low density polyethylene, LDPE) 
(Low density polyethylene, LDPE)

0 -0 g/cm LDPE 

 
 

- (CH2CHR)n - 
 

Figure 14. LDPE structure. 

Remark: R may be H, - (CH2)mCH3, or a more complex structure with sub-braching 

Source: Selke (1997) 

 

3.  

3.1 

(Volume fraction; v) (Weight fraction; w) (Matthews and 

Rawling, 1994) 
 

 Volume fractions;  vf = Vf / Vc   vm = Vm / Vc   

 Weight fractions; wf = Wf / Wc  wm = Wm / Wc   
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   V  =  

   W =  

  m = (Matrix) 

   f   = (Reinforcement) 

   c  = (Composite materials) 

  vf + vm = 1  wf + wm = 1 

 

(Density; r)  

   wc    =    wf + wm 

  W     =   rV   

  rcVc =   rfVf + rmVm 

rc    =   rf (Vf / Vc) + rm (Vm / Vc) 

  \ rc    =   rf vf + rmvm     

  

 

   Xc    =   Xf vf + Xmvm      

 X  

(The law of mixtures) 

 

 

(Matthews and Rawling, 1994) 

 

3.2  (Hyer, 1998) 

 Figure 15 
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Figure 16 

(Hyer, 1998) 

 

Figure 15. Unit cell of reinforcement. 

Source: Hyer (1998) 
 

 

 

Figure 16. Orientation of reinforcement unit cell in composite. 

Source: Hyer (1998) 

 

 

(Hyer, 1998)  Figure

17 
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Figure 17. Orientational of unit cell of reinforcement fiber.  

Source: Hyer (1998) 

 

3.2.1 (Matthews and Rawling, 1994) 

 

Figure 18 (F) 

 

  

  

  

Figure 18. Tension force in reinforcement composite. 

Source: Hyer (1998) 
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 Figure 19 (a) 

 (Shear stress; t)  Figure 19 

(b) (F) 

(Tensile stress; s) 

 Figure 19 (c) 

(Characteristic 

distance) 

 

 

(Continuous fibers) 

 

 Figure 19 
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Figure 19. Effect of deformation on the strain around a fiber in a low modulus matrix: 

(a) Deformation on continuous fiber, (b) Undeformation on short fiber and            

(c) Deformation on short fiber 

Source: Matthews and Rawling (1994) 
 

 Figure 19 

 (Matthews and 

Rawling, 1994) 

 

3.3  (Reinforcement-

Matrix Interface) (Matthews and Rawling, 1994) 

(Strength) (Stiffness) 
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(Creep) (Fatigue)  

 
3.3.1  (Interfacial bonding) 

 

- Mechanical bonding) 

 Figure

20

 
 

 
Figure 20. Reinforcement-Matrix Interface: Mechanical bonding. 

Source : Matthews and Rawling (1994) 
 

- Electrostatic bonding) 

 Figure 21

 



25 
 

 
 

Figure 21. Reinforcement-Matrix Interface: Electrostatic bonding.  
Source  Matthews and Rawling (1994) 

 

- Chemical bonding) 

X) 

R) Figure 22

 
 

 
Figure 22. Reinforcement-Matrix Interface: Chemical bonding. 
Source  Matthews and Rawling (1994) 

 

(Coupling 

agent) (Silanes) 

Figure 23 (A) 

(B)  
 

 
 

Figure 23. Reinforcement-Matrix Interface: Coupling agent chemical bonding. 
Source  Matthews and Rawling (1994) 
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- Interaction bonding) 

 Figure 24 
 

 
 

Figure 24. Reinforcement-Matrix Interface: Interaction bonding.  
Source  Matthews and Rawling (1994) 

 

3.4  (Wettability)  

 

(Philip, 2006) 

 

 
 

Figure 25. Wettability of wood and adhesive. 

Source: Frihart (2005) 
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3.5  (Matthews and Rawling, 1994) 

(Strength) (Stiffness) 

  

(Elongation) (Shear force)  Figure 26 

 

 
 

Figure 26. Schematic diagram of the changes in fiber orientation during flow: (a) Initial random 

distribution; (b) Rotation during shear flow; (c) Alignment during elongational flow 

Source  Matthews and Rawling (1994) 
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4.   

4.1 - - (Urea

formaldehyde resin and Melamine urea  formaldehyde resin) 

Colak  2007 

(Urea formaldehyde resin, UF) 

(Melamine urea formaldehyde resin, MUF) 

3, 1.5 0.8 mm (Core layer) 

(Surface layer) 3% 3 

( 50 x 50 cm)  (1) 

2.5 N/mm2 150°C 5  (2) 

25% 1% (Outer 

layer) 2%  ) (Inner layer) (3) 

(Outer layer) (Inner layer)  

10% 8% ) (4) 

0.65 g/cm3 20¯C
65%RH Modulus of rupture, MOR), 

 (Modulus of elasticity; MOE),  (Internal bond; IB) 

(Thickness swelling; TS) Figure 27-30 
 

 

Figure 27. Internal bond strength of UF- and MUF-bonded particleboards  

Remark:  is the logs were stored indoor condition for months.   is the logs were steamed for 

h at C. NH, without hardener. Values in parenthesis are standard deviations       

(n =  

Source : Colak et al. (2007) 
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Figure 28. Modulus of rupture mean values of the test panels. 

Remark:  is the logs were stored indoor condition for months.  is the logs were steamed for 

h at °C. NH, without hardener. Values in parenthesis are standard deviations          

(n =  

Source : Colak et al. (2007) 

 

 

Figure 29. Modulus of elasticity values of the test panels.  

Remark:  is the logs were stored indoor condition for months.  is the logs were steamed for 

h at °C. NH, without hardener. Values in parenthesis are standard deviations          

(n =  

Source : Colak et al. (2007) 
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Figure 30. Thickness swelling ( and h) of UF- and MUF-bonded particleboards.  

Remark:  is the logs were stored indoor condition for months.  is the logs were steamed for 

h at °C. NH, without hardener. Values in parenthesis are standard deviations          

(n =  

Source : Colak et al. (2007) 
 

 Table 4 
 

Table 4. Results of analysis of UF- and MUF-bonded particleboards  

Properties Unit UF-1 MUF-1 UF-2 MUF-2 UF-NH 

Internal bond test N/mm2 0.37 a 0.67 c 0.23 b 0.67 c 1.01 d 

Modulus of rupture N/mm2 12.9 a 20.6 b 12.10 a 19.50 b 15.30 c 

Modulus of elasticity N/mm2 1,251 a 2,080 b 1,335 a 2,042 b 1,494 c 

Thickness swelling at 2 hours % 28.3 a 18.2 c 25.30 b 14.40 d 15.00 e 

Thickness swelling at 24 hours % 36.7 a 26.7 b 32.30 a 18.10 c 19.50 d 

Remark: Different letters denote a statistically significant difference. , the logs were stored 

indoor condition for months; , the logs were steamed for h at C. NH, without 

hardener. Values in parenthesis are standard deviations (n =  

Source : Colak et al. (2007) 
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 Table 4 (Modulus of rupture; MOR) 

(Particleboard) 

(Internal bond) (Modulus of rupture; MOR)

(Modulus of rupture; MOR)

(Internal bond) 

(Thermal process) 

Hydrolysis Extraction 

(200¯C) 

(Polysaccharides) 

C-C C=O 

 
 

Table 5. Comparison of properties of UF- and MUF-bonded particleboards   

Properties Unit 
MUF-1/ 

UF-1 

UF-1/ 

UF-2 

MUF-1/ 

MUF-2 

UF-NH/ 

UF-2 

Internal bond test N/mm2 28.85 23.33 0 62.9 

Modulus of rupture N/mm2 22.99 3.2 2.74 11.68 

Modulus of elasticity N/mm2 24.89 -3.25 0.92 5.62 

Thickness swelling at 2 hours % -21.72 5.6 11.66 -25.56 

Thickness swelling at 24 hours % -15.77 6.38 19.2 -24.71 

Remark: Different letters denote a statistically significant difference. , the logs were stored 

indoor condition for months; , the logs were steamed for h at C. NH, without 

hardener. Values in parenthesis are standard deviations (n =  

Source : Adapted from Colak et al. (2007) 
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Table 5

(Internal bond; IB) (Modulus of rupture, MOR) 

(Modulus of elasticity, MOE)

29%, 23% 25%  

(Thickness swelling, TS) 2 24 

 

Hsu (1988 Colak 

 2007) (Thickness swelling)

(Stress) 

(Thickness swelling)

 

pH (Colak et al., 2007)  
 

4.2 (Phenol  formaldehyde resin) 

-

-
-

-
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-
-

(Kim et al., 2008) Kim (2008)

 Table 6 

Table 7 
 

Table 6. Properties of the various resins. 

 
Remark: PF-A: phenol:formaldehyde:NaOH = 1:2.0:0.1 (molar ratio) 

  PF-B: phenol:formaldehyde:NaOH = 1:2.2:0.25 (molar ratio) 

PMF: PF(phenol:formaldehyde:NaOH=1:2.5:0.1)+MF(melamine:formaldehyde=1:2.5) 

Source: Kim et al. (2008) 
 

Table 7. Curing acceleration of phenolic resin effect obtained by applying various additives.  

 
Remark: PF-A: phenol:formaldehyde:NaOH = 1: 2.0: 0.1 (molar ratio) 

 PF-B: phenol:formaldehyde:NaOH = 1: 2.2: 0.25 (molar ratio) 

Source : Kim et al. (2008) 
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Figure 31. Gelation time reduction of phenolic resin effect according to sodium carbonate 

addition. 

Remark: PF-A: phenol:formaldehyde:NaOH = 1: 2.0: 0.1 (molar ratio) 

   PF-B: phenol:formaldehyde:NaOH = 1: 2.2: 0.25 (molar ratio) 

Source : Kim et al. (2008) 
 

Figure 31

3%

(PF-A PF-B) 100°C 63% 52%

 

 
 

 
Figure 32. Correlation between sodium carbonate addition and failure ratio of attachment side. 

Remark: PF-A: phenol:formaldehyde:NaOH = 1:2.0:0.1 (molar ratio) 

Source : Kim et al. (2008) 
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Figure 32 

80% 

130% 
 

 
Figure 33. Comparison of adhesion strength by hot-press time ( C).  

Remark: PF-A: phenol:formaldehyde:NaOH = 1:2.0:0.1 (molar ratio) 

Source : Kim et al. (2008) 
 

Kim (2008) 

- Figure 33 

80 sec/mm 
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Figure 34. Correlation between gelation time and temperature according to sodium carbonate 

addition. 

Remark: PF-A: phenol:formaldehyde:NaOH = 1:2.0:0.1 (molar ratio) 

  PF-B: phenol:formaldehyde:NaOH = 1:2.2:0.25 (molar ratio) 

Source : Kim et al. (2008) 
 

Figure 34 

 A

5%  

 B  A -

A 10%,  B - B 10% 

 A  B  

20 

 50% 100°C 

5%

65  80% 100°C 
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Table 8. The physical properties of the panel products produced while applying the hot-press 

method. 

Work condition Dimension 

9mm³4ft³8ft 12mm³4ft³8ft 18mm³4ft³8ft 

(a) Glue type Phenol+4% sodium carbonate (curing accelerator) 

Veneer moisture ratio (%) 7-9 7-9 7-9 

Hot-press temperature (°C) 135 135 135 

Hot-press time 9 min­6 min 12 min­8 min 16 min­12min 

(b) Waterproof adhesion strength (kg/cm2)    

Waterproof adhesion strength 14.0 14.3 11.7 

Boiling for 24 h 12.8 11.8 9.5 

Source : Kim et al. (2008) 
 

 

Kim (2008) 

(Novolac phenol formaldehyde resin)

 

°C

30%

30 °C
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4.3 (Polymeric diphenylmethane diisocyanate, 

pMDI) 

Wang (2007) 

(Polymeric diphenylmethane diisocyanate, pMDI)

 Table 9 
 

Table 9. Sample group of particleboards fabricated. 

Sample group 
Chip content (%) 

pMDI PF 

A 100 0 

B 80 20 

C 70 30 

D 50 50 

E 30 70 

F 20 80 

G 0 100 

MD 50 50 

MC 70 30 

MA 100 0 

Remark: Sample groups A G: particleboards. Sample groups MD, MC and MA: MF resin-

impregnated paper-overlaid particleboards. pMDI was used for the core layer of the 

particleboard. pMDI resin absorption was 4% of the oven-dried weight of the chips. PF 

was used for the face and back layers of the particleboard. PF resin absorption was 6% of 

the oven-dried weight of the chips. 

Source: Wang et al. (2007) 
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Table 10. Properties of tested particleboard sprayed with various pMDI/PF ratios. 

Sample 

group 

Air-dried 

density 

(g/cm3) 

MOR 

(MPa) 

MOE 

(³102 

MPa) 

VI (m/s) IB (MPa) SH (N) TS (%) Vt (m/s) 

G 0.81±0.03 11.4±0.8 20.8±1.0 2112±52.6 0.56±0.02 507.6±64.0 18.1±2.3 823±37.6 

D 0.82±0.02 16.1±1.2 25.1±1.8 2271±177.4 0.62±0.02 638.0±45.7 14.2±2.5 865±50.1 

C 0.82±0.02 17.0±0.9 26.5±1.2 2302±30.6 0.65±0.01 740.9±46.8 11.8±1.9 873.51.1 

B 0.79±0.03 21.2±1.1 27.9±1.1 2446±26.3 0.68±0.03 799.7±37.5 10.6±1.4 891±52.2 

A 0.81±0.04 23.2±1.8 30.9±0.7 2520±122.8 0.73±0.02 848.7±55.1 7.1±1.1 938±67.1 

MD 0.83±0.02 18.9±1.6 28.9±1.8 2367±36.0 0.62±0.03 752.6±42.1 13.8±2.3 836±47.6 

MC 0.83±0.02 19.6±1.9 31.1±2.9 2451±83.2 0.65±0.03 847.7±46.3 10.1±1.5 851±53.0 

MA 0.82±0.04 27.9±1.2 34.5±1.6 2533±77.9 0.73±0.03 936.9±50.4 7.0±1.6 939±63.3 

Remark: Sample groups A, B, C, D and G: particleboards. Sample groups MD, MC and           

MA:    MF resin-impregnated paper-overlaid particleboards. 
Source: Wang et al. (2007) 
 

 Table 10 

(Polymeric diphenylmethane diisocyanate, pMDI) A 

Modulus of rupture, MOR (Modulus of 

elasticity, MOE) (Ultrasonic wave velocity, VI)

(Internal bonding strength, IB) Screw holding 

strength, SH (Thickness swelling, TS) 

Ultrasonic velocity, Vt

(Wang et al., 2007) 
 

5.  

Pan  (2007) (Particle sizes) 

(Particleboard) 

10  20 mesh, 20  40 mesh 40  60 mesh 

7%  

(Modulus of elasticity, MOE) (Modulus of rupture, MOR) 
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(Tensile strength) (Internal bond, IB) (Water 

absorption) (Thickness swelling) 

20  40 mesh  (Modulus of 

elasticity, MOE) (Modulus of rupture, MOR) 

(Internal bond, IB) Table 11) (Tensile strength) 

 (Water absorption) (Thickness swelling)

20  40 mesh 

40  60 mesh 

10  20 mesh 

 
 

Table 11. Properties of particleboards in different particle sizes. 
Particle size 

(mesh) 

MOR 

(MPa) 

MOE 

(MPa) 

Tensile 

Strength 

(MPa) 

IB 

(MPa) 

Water absorption 

(%) 

Thickness swelling 

(%) 

2h 24h 2h 24h 

10-20 11.1 c 1406.1 b 6.1 c 1.20 b 72.39 b 86.22 b 37.00 a 43.91 a 

20-40 13.6 a 1564.2 a 7.1 b 1.31 a 69.89 c 81.86 c 31.26 c 38.28 b 

40-60 12.7 b 1352.5 c 8.5 a 1.05 c 85.03 a 98.36 a 36.05 b 39.12 b 

Remark: Values within the same column followed by different letters (a c) are significantly 

different at P < The particleboards were made with UF and particles without 

bark. 
Source: Pan et al. (2007) 

 

6. (Wood-Based Panel Products, 2001) 
(Particleboard) (Figure 35)  

6.1  (Particle preparation) 

 

(Drum fraker) (Flaker) 0.3-0.5 mm 

60% (Wet flake silo) 
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6.2  (Drying and Classifying) 

 1-3% 

(Suspension type gyratory screen) 

(Surface silo) 

(Hammer mill) (Air grader)

(Core silo) 

(Knife ring flake) 

 
6.3 (Resin blending) 

 

Ring mixture

 
6.4  (Mat formation) 

 

(Forming machine) (Press belt) (Win sifting) 

(Graduated-layer 

particle board) 

6.5 (Hot pressing) 

 

3-35 mm 

6.6  (Cooling and Trimming) 

 

(Star cooler) 

4×8 ft. (Stacker) 

6.7  (Conditioning) 

 1 

 
6.8 (Finishing) 

 2 

(Wide-belt sanders) 
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Pre-cure  

 

 

 
Figure 35. Process flow diagram for the commercial manufacturing of wood composite panel. 

Source: Maloney, T. M. (1977) 

 

(Objectives) 

1.         

 

2.  

3.  

4.  
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2 

 
 

1. (Materials) 

1.1 Raw material) 

(Sawdust)  Figure 36)            

(Hevea braziliensis)

 
 

 

 

Figure 36. Rubber wood sawdust from wood toys production process. 
 

1.2  (Chemical reagents) 

1.2.1  (Adhesives) 

- (Polymeric diphenylmethane  

diisocyanate, pMDI)   

- (Phenol  formaldehyde, PF)  

 

- - (Melamine-urea formaldehyde, MUF)  
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1.2.2 (Additives) 
- Melamine molding compound powder  (ME 5669) MEL 

   

- Low Density Polyethylene powder PE 

  

 

Table12. List of equipments used. 

No. Equipments Model Company/Country 

1. CIE colorimeter Color Flex HunterLab Reston, Virginia, USA 

2. Compression molding HP-40T No.0760 , Thailand 

3. Contact angle meter Standard Ramé-hart, USA 

4. Environmental chamber KBF 115 WTB Binder, Tuttlingen, Germany 

5. Electronic digital caliper - KOVET, Thailand 

6. Electronic balance  

(2 decimals) 

PG 5002 Mettler Toledo, Switzerland 

7. Electronic balance  

(4 decimals) 

BP 210S Sartorius, Goettingen, Germany 

8. Fourier transform 

infrared spectrometer 
Equinox 55 Bruker Co., Ettlingen, Germany 

9. Infrared Thermometer  561 Fluke, USA 

10. Mixing tank - - 

11. pH meter pH/Ion 510 Eutech Instruments Ltd., Singapore 

12. Scanning electron 

microscope 

Quanta 400 FEI, Netherland 

13. Sputter coater  SPI-Module  PA, USA 

14. Universal testing 

machine 

LR 30 K LLOYD Instruments Ltd., Hampshire, 

UK 

15. Viscometer LVT Brookfield viscometer,  Middleboro, 

USA 
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1. (Methods) 

4  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37. Flow chart of overall research. 

 

 

Study of Composite materials from Sawdust 

1. Reinforcement phase:  

Study sawdust particle sizes 

2. Matrix phase:  

Study types and contents of adhesives 

Mechanical properties: MOR and MOE 

Physical properties: Density 

Water resistance properties: TS and WA 

Mechanical properties: MOR and MOE 

Physical properties: Density 

Water resistance properties: TS, WA, CA 

Chemical property: FT-IR  

Mechanical properties: MOR and MOE 

Physical properties: Density 

Water resistance properties: TS and WA 

Mechanical properties: MOR and MOE 

Physical properties: Density, Color testing 

Water resistance properties: TS and WA 

 

4. Scaling up process: Pilot scale 3. Study effect of additives for improving 

water resistance properties 

Select best treatment 

Select best treatment 
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1  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38. Flow process chart of Part 1. 

 

 

 

Sawdust 

Screening 

Drying 

Mixing 

Forming 

Composite panel 

Collected from the rubber wood toys production process   

4 levels particle sizes:  

1) >2.0 mm 

2) 0.84-2.0 mm 

3) 0.5-0.84 mm 

4) <0.5 mm 

Oven-dried to  5% moisture content 

Mixing with adhesives: 

1) 15% MUF 

2) 15% PF 

3) 15% pMDI 

Remark: Percent based on total dried weight composition 

Cold press: 70 kg/cm3 (1000 psi), 1 min 

Hot press: 125±5°C, 210 kg/cm3 (3000 psi), 5 min 

Size: 23 cm × 27 cm,  

Target density: 0.8 g/cm3, Thickness 6 mm 

Conditioning 

Testing 

25°C, 55±2%RH, 48 hrs. 

1. Modulus of rupture (MOR) 

2. Modulus of elasticity (MOE) 

3. Thickness swelling (TS) 

4. Water absorption (WA) 

5. Scanning electron microscope (SEM) 
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1.  

1.1  

 ASTM E828-81  

1.2  

1 2. (Viscosity) (ASTM D2196-1981) 

Brookfield

viscometer LVT Spindle No.2 rpm 25 C

 

 Viscosity (cps) = F×S 

  F = (Scale factor)  Spindle   
   S =  

1 .2 pH  

pH pH indicator strip non bleeding 

pH 0-14 Merck (Germany) ColorpHast®  

1 .3 Solid content (ASTM D1490-1993) 

 Moisture can Solid content W

 Moisture can - W Hot air oven 

105±1°C 

W Solid content  

  Solid content (%)  = 100
)(

)(

12

13 ³
-
-

WW

WW
 

 

1 .4 (Specific gravity) (ASTM D891-1989) 

  Hydrometer

30±0.5°C 

1.2 5 Gelation time (Kim , 2008) 

Gelation Time 

1 ml 100°C 

Water bath  
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2.   

2.1  

2.1.1  
2.1.2 

10 mesh ( 2.00 mm), 20 mesh ( 0.85 mm) 35 

mesh ( 0.50 mm) 4  
(1) 2.00 mm 

(2)   0.84-2.00 mm 

(3)   0.50-0.84 mm 

(4)    0.50 mm 

2 5% 

( , 2550) 
 

3.  (Mixing) 

3.1 

3 - (Melamine-urea formaldehyde; MUF)

(Phenol formaldehyde; PF) 

(Polymeric diphenyl diisocyanate; pMDI) 15% wt (15 g of solid resin/100 g of dry 

sawdust particles) 
 

Table 13. Calculated composite materials mixture of part 1. 

Adhesive 

types 

Adhesives 

Content 

(%wt) 

Weight of 

solid resin

g) 

Solid 

content

 

Weight 

of liquid 

resin g) 

Weight of 

dry sawdust 

particles g) 

Total weight 

(g) 

MUF 15 44.71 62.67 61.40 253.37 314.77 

PF 15 44.71 41.45 70.89 253.37 324.26 

pMDI 15 44.71 100 44.71 253.37 298.08 

Remark:        =  0.8         g/cm3 

  ×  =  23×27    cm2 

                 =  0.6         cm 

  =  298.08    g 
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3.2   

3.2.1   

3.2.2   

3.2.3  

 2  
 

 
 

Figure 39. Mixing process of composite materials in mixing tank. 
 

4.  

4.1 Compression molding 

4.1.1  

4.1.2 23 cm ×27 cm  

4.1.3  

4.1.4 (Cold press) 1,000 

psi 1  
4.1.5  
4.1.6 

-  

4.1.7  

4.1.8 125±5°C

3,000 psi 5  
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4.1.9  

24 55±5%RH 25±2°C 48 

 
 

  
Figure 40. Forming process of composite materials panels. 

 

5.  

5.1 (Physical properties) 

5.1.1  (Density) 

(1) 3 Figure 41

76.2 mm (3 in) 25.4 mm (1 in)  

(2) 4  

(3)  

(4) 3  

(5)  

)(

)(
)/(

3
3

cmvolumeDried

gweightDried
cmgDensity =  

Target density = 0.8 g/cm3 
Target thickness = 6 mm 

Hot-press @125±5°C 
3,000 psi, 5 min 

Cold-press @ 
1,000 psi, 1 min 
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Figure 41. Sampling positions for density testing of composite materials.  

 

5.2 (Water resistance properties) 

ASTM 

D 570-98  Wu (2009), Adhikary (2007) Tserki

(2006) 

5.2.1  (Water absorption, WA) ( ASTM D570) 

(1) 76.2 mm (3 in) 25.4 mm   (1 in)  

(2)  (w0) 

(3)  

(4) 2 

24  (wt) 

(5)  

                Water absorption, 1000 ³
-

=D
t

t

w

ww
WA  

 WA = Water absorption or weight gain, % 

wt     = Weight of  wet specimen at t time, g. 

w0  = Weight of dry specimen, g. 

5.2.2 (Thickness swelling, TS) ( ASTM D570) 
(1) 76.2 mm (3 in) 25.4 mm   (1 in)  

(2)  (TS0) 

(3)  

(4) 2 

24 (TSt) 
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(5)  

Thickness swelling, 100
0

0 ³
-

=D
TS

TSTS
TS t   

    DTS = Thickness swelling, % 

TSt  = Thickness of wet sample at t time, mm. 

TS0  = Thickness of dry specimen, mm. 
 

5.3 (Mechanical properties) 

ASTM D 790

Karmarkar (2007), Sanadi (1995) 

5.3.1 (Modulus of rupture, MOR) 

(Modulus of elasticity, MOE) (ASTM D 790) 

(1) 24 mm ×165 mm 

 

(2) Lloyd

LR30KN Rider Rider 96

5 mm/min  

(3) Breaking load  

(4) Modulus of rupture  

22
3

db

LP
MOR

³³
³³

=   

  MOR  =  Modulus of rupture, N/mm3 

  P  =  Breaking load, N 

  L  =  Span length, mm 

  b  =  Width of testing specimen, mm 

d  =  Height of testing specimen, mm 
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Figure 42.  Three points bending testing. 

 
 

(5) Modulus of elasticity 

3

3

4 db

Lm
MOE

³³
³

=  

  MOE  =  Modulus of elasticity 

  m  =  The gradient (i.e., slope) of the initial straight-line portion 

of the load deflection curve ( P/ S) in Figure 43, 

(N/mm) 

  L  =  Span length, mm 

  b  =  Width of testing specimen, mm 

d  =  Height of testing specimen, mm 

 

 

 

 

 

    

 

Figure 43. Relation of static load and deformation displacement. 

 

 

 

 

Displacement, S (mm) 

S 

P 

Lo
ad

, P
 (N

) 

× 
× 

× 
× 

Radius about 10 Radius about 10 

25 25 
Radius about 10 

L/2 L/2 

d 
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5.4 (Scanning electron 

microscope)  

 
(SEM) (Quanta 400, FEI, Netherland)

20 kV (Sputter 

coater SPI-Module, PA, USA) 
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2  
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 44. Flow process chart of Part 2. 

 

1.    

1.1 1 

 876-2547 (EN 312)

1 1 

Sawdust 

Drying 

Mixing 

Forming 

Composite panel 

Select from best treatment in part 1 

Oven-dried to 5% moisture content 

Mixing with 3 types and 5 levels of adhesives: 

MUF 3% 6% 9% 12% 15% 

PF 3% 6% 9% 12% 15% 

pMDI 3% 6% 9% 12% 15% 

Remark: Percent based on total dried weight composition 

Cold press: 70 kg/cm3 (1000 psi), 1 min 

Hot press: 125±5°C, 210 kg/cm3 (3000 psi), 5 min 

Size: 23 cm × 27 cm,  

Target density: 0.8 g/cm3, Thickness 6 mm 

Conditioning 

Testing 

25°C, 55±2%RH, 48 hrs. 

1. Modulus of rupture (MOR) 

2. Modulus of elasticity (MOE) 

3. Thickness swelling (TS) 

4. Water absorption (WA) 

5. Contact angle  
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2.  (Mixing)  

2.1 

3 - (Melamine-urea formaldehyde; MUF)

(Phenol formaldehyde; PF) 

(Polymeric diphenyl diisocyanate; pMDI) 3, 6, 9, 12 15% wt (g of solid 

resin/100 g of dry sawdust particles) 

 

Table 14. Calculated composite materials mixture of part 2. 

Adhesive 

types 

Adhesives 

Content 

(%wt) 

Weight 

of solid 

resin g) 

Solid 

content

 

Weight 

of liquid 

resin g) 

Weight of 

dried sawdust 

particles g) 

Total weight 

(g) 

MUF 

3 8.94 62.67 12.28 289.14 301.42 

6 17.88 62.67 24.56 280.20 304.76 

9 26.83 62.67 36.84 271.25 308.09 

12 35.77 62.67 49.12 262.31 311.43 

15 44.71 62.67 61.40 253.37 314.77 

PF 

3 8.94 41.45 14.18 289.14 303.32 

6 17.88 41.45 28.36 280.20 308.55 

9 26.83 41.45 42.53 271.25 313.79 

12 35.77 41.45 56.71 262.31 319.02 

15 44.71 41.45 70.89 253.37 324.26 

pMDI 

3 8.94 100 8.94 289.14 298.08 

6 17.88 100 17.88 280.20 298.08 

9 26.83 100 26.83 271.25 298.08 

12 35.77 100 35.77 262.31 298.08 

15 44.71 100 44.71 253.37 298.08 

Remark:        =  0.8         g/cm3 

×  =  23×27    cm2 

               =  0.6         cm 

=  298.08    g 
 

2.2  1 3.2  
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3.  1 4  
4.   

4.1 (Physical properties)  1 5.1  

4.1.1  (Density) 

4.2 (Water resistance properties)  1 5.2  

4.2.1  (Water absorption) 

4.2.2 (Thickness swelling) 
4.3 (Mechanical properties)  1 5.3  

4.3.1 (Modulus of rupture) (Modulus of 

elasticity) 

4.4 (Contact angle testing) 

4 5 ml 

(Contact angle meter, Model Standard, 

Ramé-hart, USA) 
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3  
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45. Flow process chart of Part 3. 

 

 

Sawdust 

Drying 

Mixing 

Forming 

Composite panel 

Select from best treatment in part 1 

Oven-dried to 5% moisture content 

Cold press: 70 kg/cm3 (1000 psi), 1 min 

Hot press: 125±5°C, 210 kg/cm3 (3000 psi), 5 min 

Size: 23 cm × 27 cm,  

Target density: 0.8 g/cm3, Thickness 6 mm 

Conditioning 

Testing 

25°C, 55±2%RH, 48 hrs. 

1. Density 

2. Modulus of rupture (MOR) 

3. Modulus of elasticity (MOE) 

4. Thickness swelling (TS) 

5. Water absorption (WA) 

6. Scanning electron microscope (SEM) 

7. Contact angle testing 

8. FT-IR 

Select a type and content of adhesive from best treatment in part 2 

Mixing with 2 types and 5 levels of additives: 

MEL 0% 10% 20% 30% 40% 

PE 0% 10% 20% 30% 40% 

Remark: Percent weight based on the total dried weight of sawdust. 
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1.    

1 

 876-2547

(EN 312)  
 

2.  (Mixing)  

2.1 

 876-2547 (EN 312) 2 

2.2 2 

0, 10, 20, 30 40% wt 

(based on dried-sawdust particle) 

2.3  2 2  
 

3.  2 3  
 

4.  
4.1 (Physical properties)  1 5.1  

4.1.1  (Density) 

4.2 (Water resistance properties)  1 5.2  

4.2.1  (Water absorption) 

4.2.2 (Thickness swelling) 
4.3 (Mechanical properties)  1 5.3  

4.3.1 (Modulus of rupture) (Modulus of 

elasticity) 

4.4 (Contact angle testing)  2 4.4  

4.5 

 1 5.4  
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4.6 

FT-IR Fourier Transform Infrared Spectroscope (Bruker, 

model Equinox 55, Germany) 
 

4  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46. Flow process chart of Part 4. 

 

1.    

1.1 

  

Sawdust 

Drying 

Mixing 

Forming 

Composite panel 

Cold press: 70 kg/cm3 (1000 psi), 1 min 

Hot press: 150±5°C, 140 kg/cm3 (2000 psi), 5 min 

Size: 45 cm × 50 cm,  

Target density: 0.8 g/cm3, Thickness 10 mm 

Conditioning 

Testing 

25°C, 55 ± 2%RH, 48 hrs. 

1. Modulus of rupture (MOR) 

2. Modulus of elasticity (MOE) 

3. Thickness swelling (TS) 

4. Water absorption (WA) 

5. Color testing 
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Figure 47 4 

6, 5, 3 1 mm 

5 (1) > 6 mm, (2) 5  6 mm, (3) 3  5 mm, (4) 1  3 mm (5) < 

1 mm  
 

 
 

Figure 47. Sawdust particles sorter. 

 

2  

- 1: 3  5 mm 1  3 mm 1: 1 

- 2: 3  5 mm, 1  3 mm < 1 mm

1: 1: 2 

2 

1 

1 

 
:   > 6 mm 5  6 mm 

 

1.2 

 ASTM E828-81  

1.3 70°C 24  

Figure 48 
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1.4  

 

 
Figure 48. Sawdust drying in temperature control room. 

 

2.  (Mixing)  

2.1 

2 

 

2.2  2 2  
 

3.  

3.1 2  
3.2  

3.2.1  

3.2.2  

3.2.3 

 2  

 

(A) 
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Figure 49. Mixing process of composite materials in pilot scale: (A) Inside mixing tank and (B) 

Outside mixing tank. 

 

4.  

4.1 Compression molding 

4.1.1  

4.1.2 45 cm ×50 cm  

4.1.3  

4.1.4 (Cold press) 1,000 

psi 1  

4.1.5  

4.1.6 

-  

4.1.7  

4.1.8 150±5°C

2,000 psi 5  

 

(B) 
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Figure 50. Forming process of composite materials panels in pilot scale. 

 

5.  
5.1 (Physical properties)  1 5.1  

5.1.1  (Density) 

5.2 (Water resistance properties)  1 5.2  

5.2.1  (Water absorption) 

5.2.2 (Thickness swelling) 
5.3 (Mechanical properties)  1 5.3  

5.3.1 (Modulus of rupture) (Modulus of 

elasticity) 

5.4 CIE colorimeter (Color Flex, HunterLab Reston, 

Virginia, USA) 

5.5  
 

 

 

 

Target density = 0.8 g/cm3 
Target thickness = 10 mm 

Hot-press @150°C 
2000 psi, 5 min 

Cold-press @ 
1,000 psi, 1 min 
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4

(Completely Randomized Design, CRD) 

 (ANOVA) SPSS 15.0 for windows 

 

(DMRT) 95% 
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3 

 

 

1  
1.1  

Figure 51 Scanning electron 

microscope (SEM) 

10, 20 35 

mesh (ASTM E828-81) Table 15 

0.84-2.00 mm (38.2%)

> 2.0 mm (28.8%), 0.50-0.84 mm (21.7%) <0.50 mm ( %) 

 

 
Figure 51. SEM of sawdust particle. 
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Table 15. Size  distribution  of  sawdust  collected  from  wood  toys  production  process. 

Particle size (mm) Sieve (mesh) Percent by weight 

 > 2.00 mm Upper 10 mesh 28.8% 

 0.84-2.00 mm 10-20 mesh 38.2% 

 0.50-0.84 mm 20-35 mesh 21.7% 

 <0.50 mm Under 35 to pan mesh 11.3% 

 

 4 >2.00, 0.84-2.00, 0.50-0.84 <0.50 mm) 

876-2547  EN 312 (Table 17) (Density)

(Modulus of rupture; MOR)   (Modulus  of  elasticity, MOE)

 (Thickness  swelling, TS) (Water  absorption, WA)  

3 -
(Melamine-urea formaldehyde) MUF, (Phenol formaldehyde) 

PF (Polymeric diphenylmethane  diisocyanate)  

pMDI Table 16 

 

Table 16. The characteristics of adhesives. 

Item Unit MUF PF pMDI 

Appearance - Milky  white 

liquid 

Reddish  brown 

liquid 

Dark  brown 

liquid 

Viscosity (25°C) cps. 112 186 253 

Solid content % 62.67 41.45 100 

pH - 10 11 8 

Gel  time sec. 80 83 76 

Specific  gravity - 1.271 1.155 1.364 

Type - - Resole - 
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Table 17. Standards of composite materials (medium density particle board) panels under TIS 

876-2004 and EN 312 standards. 

No. Items Unit TIS 876-2004 EN-312 
1. Density g/cm3 0.4-0.9 - 

2. Modulus of rupture (MOR) * N/mm2 14 13 

3. Modulus of elasticity (MOE) * N/mm2 1800 1600 

4. Thickness swelling at 2 hours ** % 12 8 

5. Thickness swelling at 24 hours ** % - 15 

Remark:  * is minimum requirement of standards 

 ** is maximum requirement of standards 

Source: TIS 876-2004; EN 312 

 

1.2  
 

 
Figure 52. The appearance of composite from sawdust panels prepared by using various particle 

sizes.  

MUF

PF 

pMDI 
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Figure 52 

>2.00 mm, 0.84-2.00 mm, 0.50-0.84 <0.50 mm 

3 15% 

pMDI MUF PF 

pMDI MUF  
 

1.3  
Table 18 

4 

0.76-0.80 g/cm3 -2547 

 

1.4  
 (Modulus 

of rupture, MOR)   (Modulus  of  elasticity,  MOE) Figure 53 

>2.0 mm 3 

pMDI 

>2.0 mm MOR

 MOE 38.93 N/mm2 3,190 N/mm2 

(Overlapping)  (Interlocking)   

( 2541; Pan et al., 2007)

(Agglomeration)  

Micro-crack 

 (Godfrey, 2008) 
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Figure 53. Mechanical  properties  of  the  composite  panel  made  from  various  particle  sizes: 

(A) Modulus of Rupture (MOR)  and  (B)  Modulus  of  Elasticity (MOE). Bars  

represent  the  standard  deviation.  Different  letters  indicate  the  significant  

differences  (p<0.05).  Lines  indicate minimum  requirement  of standards. 

 

 

(A) 

(B) 

pMDI 

pMDI 

f 

g 

h 

f g 

h 
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1.5  
 Figure 54)

 TS

WA pMDI >2.00 mm 

TS 2 24 4.76% 13.02%  WA 2 24 

 18.90% 31.22% 

<0.50 mm TS 2 24 2.43% 4.08% 

 WA 2 24  9.41% 24.50% 

>2.00 mm 

<0.50 mm 2-3 

MUF PF 

pMDI  

(Penetration) 

 (

2541) 

 

 
 

 

 

(A) 

pMDI 
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(B) 

(C) 

pMDI 

pMDI 
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Figure 54. Water resistance properties  of  the  composite  panel  made  from  various  particle  

sizes: (A) Thickness swelling at 2 hours (TS 2 hrs.), (B)  Thickness swelling at 24 hours 

(TS 24 hrs.), (C) Water absorption at 2 hours (WA 2 hrs.) and (D) Water absorption at 

24 hours (WA 24 hrs.). Bars  represent  the  standard  deviation.  Different  letters  

indicate  the  significant  differences  (p<0.05).  Lines  indicate  the  standards  

requirement  of  standards. 

 

1.6 SEM 

Figure 55  58 SEM 

>2.00 mm 0.84-

2.00 mm, 0.50-0.84 mm <0.50 mm 

>2.00 mm  

<0.50 mm 

0.50-0.84 mm, 0.84-2.00 mm >2.00 mm

<0.50 mm

 

(D) pMDI 
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Figure 55. SEM of composite materials prepared from sawdust particle size >2.00 mm:     

(A) 20X and (B) 100X. 
 

 
Figure 56. SEM of composite materials prepared from sawdust particle size 0.84-2.00 mm:  

(A) 20X and (B) 100X. 
 

 
Figure 57. SEM of composite materials prepared from sawdust particle size 0.50-0.84 mm:  

(A) 20X and (B) 100X. 
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Figure 58. SEM of composite materials prepared from sawdust particle size <0.50 mm:  

(A) 20X and (B) 100X . 

 

( 876-2547) (EN 312)

(>2.00 mm) (<0.50 mm) 

0.50-0.84 

mm 0.84-2.00 mm (Figure 53 54) 

0.50-0.84 mm  pMDI

0.50-0.84 mm

Pan (2007) 

0.42-0.84 mm  (20-40 mesh) 
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( 876-2547 EN 312)

0.50-0.84 mm 

0.50-0.84 

mm 2 
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2  

3 

(Polymeric diphenyl diisocyanate, pMDI), 

(Melamine-urea formaldehyde, MUF)

(Phenol formaldehyde, PF) 5 (3, 6, 9, 12 

15% wt) 0.50-0.84 mm 1) 

876-2547) 

(EN 312) Table 21 

 

2.1  
Figure 59 

3 (MUF, PF pMDI) 3, 6, 9, 12 15% 

3 

pMDI MUF 

PF 

 

 
Figure 59. The appearance of composite from sawdust panels prepared by using various 

adhesives.  
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2.2  
Table 21 

3-15% 

-2547

0.64-0.80 g/cm3 

 3-6% 

9-15% 

-2547  
 

2.3  
Figure 60

pMDI 

MOR MOE PF MUF 

pMDI PF 

MUF pMDI  PF 2  

MUF 3 pMDI

(Covalent bond) Urethane linkage 

(-OH group)  Figure 61) 

(Hydrogen bond) (Figure 62) (Gollob and Wellons, 2003) 

pMDI 

PF MUF 
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Figure 60. Mechanical  properties  of  the  composite  panel  made  from  various  adhesives: (A) 

Modulus of Rupture (MOR)  and  (B)  Modulus  of  Elasticity (MOE). Bars  represent  

the  standard  deviation.  Different  letters  indicate  the  significant  differences  

(p<0.05).  Lines  indicate  minimum  requirement  of standards. 

 

(A) 

(B) 

pMDI 

pMDI 



81 
 

 

 
Figure 61. Reaction of pMDI with hydroxyls group of cellulose. 

Source: Gollob and Wellons (2003) 

 

 
Figure 62. Reaction of formaldehyde with cellulose. 

Source: Ray and Rout (2005) 

Remark: Cell is Cellulose 

 

2.4  
Figure 63 

Figure 63 pMDI TS WA

PF MUF 

pMDI PF MUF 2-3

 pMDI PF 

MUF pMDI 

pMDI 

PF MUF 

Urethane linkage 



82 
 

 

 
 

 

 

 
 

 

(B) 

(A) 

pMDI 

pMDI 
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Figure 63. Water resistance properties  of  the  composite  panel  made  from  various  adhesives: 

(A) Thickness swelling at 2 hours (TS 2 hrs.), (B)  Thickness swelling at 24 hours (TS 

24 hrs.), (C) Water absorption at 2 hours (WA 2 hrs.) and (D) Water absorption at 24 

hours (WA 24 hrs.). Bars  represent  the  standard  deviation.  Different  letters  indicate  

the  significant  differences  (p<0.05).  Lines  indicate  maximum  requirement  of  

standards. 

(D) 

(C) 
pMDI 

pMDI 
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2.5  

Table 19 Figure 64 

0-10° 

Super-hydrophilic)

90° 

Hydrophilic), 90 - 150° 

Hydrophobic) 150 - 180° 

Super-hydrophobic) 

(Shafrin and Zisman, 1960; Koch et al., 2008) 

 

Table 19. Contact angle and water wettability on surface of material.  

Contact angle ( ) Wetting ability 

Close to 0° Super-hydrophilic 

10 - 30° Highly hydrophilic 

Up to 90° Less strongly hydrophilic 

>90° Hydrophobic 

As high as 150° Highly hydrophobic 

150-180° Super-hydrophobic 

Source: Shafrin and Zisman (1960). 

 

 
Figure 64. The four classes of surface wettability types of surface based on their interaction with 

aqueous droplets. 

Source: Koch et al. (2008). 
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Table 20 

MUF, PF pMDI 9% 3  

0 (  > 90°)

(Hydrophobic) 3 (Figure 65) 

MUF PF 

0° (Super-

hydrophilic)  pMDI 

15 

 (Figure 66) 80° 

(Less strong hydrophilic) 

(Table 20) 

pMDI 

PF MUF pMDI 

TS 

WA 

 

Table 20. Contact angle on surface of composite materials made from various adhesives. 

Contact time (sec.) 
Contact angle ( ) 

9%MUF 9%PF 9%pMDI 

0 97.53° 106.27° 113.18° 

1 51.57° 79.94° 112.34° 

2 17.60° 60.62° 111.56° 

3 0.00° 11.17° 110.82° 

180 (3 min) 0.00° 0.00° 97.44° 

300 (5 min) 0.00° 0.00° 91.58° 

600 (10 min) 0.00° 0.00° 85.15° 

 900 (15 min) 0.00° 0.00° 80.03° 
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Figure 65. Comparison of contact angle of composite materials made from various adhesives at   

0  3 seconds. 

 

 

 
Figure 66. Contact angle of composite materials using 9%pMDI. 
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pMDI 
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3  

1 2 

0.50-0.84 mm pMDI 9% 

2 

Melamine molding compound  MEL  Low density polyethylene  PE

10, 20, 30 40% (w/w)  

 

3.1  
Figure 67 

2  MEL  PE 10, 20, 30 40% 

MEL 

MEL MEL PE 

10  20% 

PE PE 30% 

PE 40% 

Figure 68  

 
Figure 67. The appearance of composite from sawdust panels prepared by using various 

additives.  
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Figure 68. The appearance of composite panel prepared by using 40% Polyethylene as an 

additive.  

 

3.2 FT-IR 

FT-IR 

(Vibration) 

(Rotation) 

4,000-1,300 cm-1 Group 

Frequency Region Functional groups 

Complete structure 1,300-650 cm-1 Finger Print Region 

, 2534)  
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Figure 69. The FT-IR spectra of composite materials prepared by using Polyethylene as an 

additive. 
 

Figure 69 FT-IR

PE 0, 10, 20 30 % (w/w) 

PE 

3276-3335 cm-1, 2915-2845 cm-1, 

1460-1465 cm-1, 1018-1030 cm-1 718-723 cm-1  2915-2845 cm-1, 

1460-1465 cm-1, 1018 cm-1   718-723 cm-1 CH aliphatic, CH2 CH 
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PE (Stark, 2007) 1028-1030 cm-1  C-

OH stretch 3276-3335 cm-1 OH stretch 

(Stark and Matuana, 2007) PE 

2915-2845 cm-1, 1460-1465 cm-1   

718-723 cm-1 1028-1030 cm-1 

FT-IR PE 

 
 

 
Figure 70. The FT-IR spectra of composite materials prepared by using Melamine (MEL) as an 

additive.  

(0% MEL) 
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Figure 70 FT-IR

MEL 0, 10, 20, 30 40 % (w/w) 

MEL 

3273-3334 cm-1, 1325-1550 cm-1, 1023-1028 cm-1 809-811 cm-1  

1023-1028  C-OH stretch 2915-2845 cm-1 CH aliphatic

809-811 cm-1  

NH2 

MEL 3273-3334 cm-1 OH stretch NH stretch

1325-1550 cm-1 Chen (2006) 

peak 3468 3418 cm-1 

NH2 1653-1437 cm-1 N=O (-N=O stretching) 

 (Chen et al.,2006) 

 Chen (2006)  MEL

809-811 cm-1  

NH2  
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3.3  

Table 22 

 MEL PE

0.79-0.80 g/cm3 -

2547 

 

3.4  

Figure 71 

MEL 

MEL 

 MEL (Thermosetting 

plastic) 

(Pascault et al., 2002)  

PE 10 20%

MOR MEL MOE PE 

MEL 

PE 30% 

876-2547 EN 312 

 PE 30% SEM 

PE 30% (Voids) 

Huang

and Talreja, 2005)  PE 30%

 

 MEL  PE 

 PE 20% 

PE  MEL 

40%    
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Figure 71.  Mechanical  properties  of  the  composite  panel  made  from  various  additives: (A) 

Modulus of Rupture (MOR)  and  (B)  Modulus  of  Elasticity (MOE). Bars  represent  

the  standard  deviation.  Different  letters  indicate  the  significant  differences  

(p<0.05).  Lines  indicate  the  minimum  requirement  of standards. 

 

(A) 

(B) 
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3.5  

Figure 72  

MEL  PE 

876-2547 EN 312 

 

 ( TS WA 

PE  MEL  

 PE  MEL 

 PE  PE 30% 

SEM  PE 30% (Voids) 

 PE 

20% 30% 

 

 

(A) 
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(B) 

(C) 
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Figure 72. Water resistance properties  of  the  composite  panel  made  from  various  additives: 

(A) Thickness swelling at 2 hours (TS 2 hrs.), (B)  Thickness swelling at 24 hours (TS 

24 hrs.), (C) Water absorption at 2 hours (WA 2 hrs.) and (D) Water absorption at 24 

hours (WA 24 hrs.). Bars  represent  the  standard  deviation.  Different  letters  indicate  

the  significant  differences  (p<0.05).  Lines  indicate  the  maximum  requirement  of  

standards.  

 

3.6  

Table 23  
Figure 73 

15 

PE MEL 90°

(Hydrophobic)

113.18° 80.03° (Hydrophobic)

(Less strongly hydrophilic) PE 30% 

15 82.12° 50.06° 

(D) 
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(Less strongly hydrophilic)

Figure 74 10%PE, 20%PE, 

20%MEL, 30%MEL 40% MEL 

 

Figure 75 

30%PE 0° 10 15 

10%PE, 20%PE, 10%MEL, 20%MEL, 30%MEL 

40%MEL 

 Figure 76 

20%PE 

40%MEL  

( TS WA) 

TS 

WA 

TS WA 
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Figure 73. Contact angle on top surface of composite materials made from various additives. 

 

 
Figure 74. Percent reduction rate of contact angle on top surface of composite materials made 

from various additives. 
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Figure 75. Contact angle on edge of composite materials prepared by using various additives. 

 

 
Figure 76. Reduction contact angle on edge of composite materials prepared by using various 

additives. 
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3.7 SEM 

pMDI 9%  PE  MEL 0 (Control), 10, 20, 

30 40% (Scanning electron microscope, SEM) 

Figure 77 78  
Figure 77 SEM  

PE PE 10 20% 

pMDI 

(Cross-linking agent) pMDI 

pMDI 

(-OH)  PE (Wang et al., 2009) PE 

30 40% (Voids)  

(Incompatibility) 

 PE (Coutinho, 2000) pMDI 

9% PE  
Figure 78 SEM  MEL 

 MEL  MEL 

 MEL  MEL 
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Figure 77. SEM graphs of the cross-section of composite from sawdust prepared by using 

polyethylene (PE). 
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Figure 78. SEM graphs of the cross-section of composite from sawdust prepared by using 

Melamine (MEL). 

 

 



107 
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PE MEL PE 

   

PE 

pMDI  
MEL 

MEL 
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4  

(Drop test) 90 4

(Finished product) 

 

 
 

4.1  

4 (Table 25)

(Table 26), Compression molding (Table 27)

 

Table 25 

1 

 

1 2) 

Table 25 
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1 2 10 mesh (

2.00 mm), 20 mesh ( 0.85 mm) 35 mesh ( 0.50 mm) 

 1 0.50-0.84 mm (38.2%)

< 0.50 mm (33.33%), 0.84-2.00 mm (21.80%) > 2.00 mm (6.67%) 

2 0.50-0.84 mm (56.54%)

0.84-2.00 mm (32.65%), > 2.00 mm (10.81%) < 0.50 mm (0.02%) 

 

 

Table 25. Size distribution of sawdust used in pilot scale. 

No. Particle size (mm) Sieve (mesh) 
Percent by weight 

Mixed sizes 

ratio 1: 1 

Mixed sizes 

ratio 1: 1: 2 

1.  > 2.00 mm Upper 10 mesh 10.81% 6.67% 

2.  0.84-2.00 mm 10-20 mesh 32.65% 21.80% 

3.  0.50-0.84 mm 20-35 mesh 56.54% 38.20% 

4.  < 0.50 mm Under 35 to pan mesh 0.02% 33.33 

 

Table 26 

16.52% 

5% 

70°C 24 
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Table 26. Moisture content of materials used in pilot scale. 

No. Step Moisture content (%) 

1. Sawdust in stock 9.66 ± 1.22 

2. Colored sawdust (Before drying) 23.23 ± 3.45 

3. Colored sawdust (After drying) 15.78 ± 1.21 

4. Colored sawdust (After drying) mixed with glue 16.52 ± 1.05 

5. pMDI adhesive 0.00 ± 0.10 

6. Acrylic color 86.48 ± 4.62 

 
 

 
Figure 79. Compression molding in pilot scale. 

  

 

 

 

 
 

Figure 80. Position of temperature measurement on compression molding plate. 

Left side Right side 
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Table 27. Temperature control of compression molding. 

Plate 
Temperature (°C) at Position 

1 2 3 4 5 6 7 8 9 X SD. 

1 
Upper 151.2 148.7 151.4 152.5 149.0 152.0 150.9 150.4 152.0 150.9 1.3 

Lower 146.4 148.3 151.0 147.3 146.9 151.7 152.3 152.7 149.9 149.6 2.4 

2 
Upper 149.3 148.6 148.3 147.3 149.1 154.4 154.2 154.7 150.4 150.7 2.9 

Lower 149.1 150.1 151.7 149.9 146.9 152.8 152.5 152.3 150.0 150.6 1.9 

3 
Upper 149.4 150.9 149.4 148.0 146.3 154.7 153.0 154.0 153.0 151.0 2.9 

Lower 148.7 149.4 151.5 148.9 147.7 155.0 154.3 156.5 155.6 152.0 3.4 

4 
Upper 149.7 149.8 150.9 148.6 145.3 153.9 155.3 154.8 149.1 150.8 3.3 

Lower 149.8 150.6 151.6 148.3 147.2 154.6 156.6 157.4 154.7 152.3 3.7 

 

Table 27 

151.0±2.80 C 

125±5 C 

 

 

Table 28. The differences of process between laboratory and pilot scale. 

No. Difference Laboratory scale Pilot scale Remark 

1 Particle size 0.50-0.84 Mixed sizes Table 25 

2 Moisture content <5%MC 16.52%MC Table 26 

3 Temperature 125±5°C 151.0±2.80°C Table 27 

4 Target thickness 6 mm 10 mm - 

 

 

-  

- 70°C 

- 
 



112 
 

 

4.2  (Figure 81) 

4.2.1  (41% 

 

4.2.2 

 (40.5% 

 

4.2.3 

 (0.5%  

4.2.4 

(Compression molding)  (7%  

4.2.5  (11%  

 

 
 

Figure 81. Defects of toys product made from pilot scale of composite materials. 

 

4.3  

Table 29 

0.72-0.81 g/cm3 -2547 

1. Edge damage 2. Center crack 

3. Wire 
contaminated 2. Edge chip 

4. Surface crack 
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4.4  
Figure 82
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Figure 82. Mechanical  properties  of  the  composite  panel  made  in  pilot  scale: (A) Modulus 

of Rupture (MOR)  and  (B)  Modulus  of  Elasticity (MOE). Bars  represent  the  

standard  deviation.  Different  letters  indicate  the  significant  differences  (p<0.05).  

Lines  indicate  the  minimum  requirement  of standards. 
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Figure 83
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6% Figure 85 86 
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(Figure 87)
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Figure 83. Water  resistance  properties  of  the  composite  panel  made   in  pilot  scale:               

(A) Thickness swelling at 2 hours (TH 2 hrs.), (B)  Thickness swelling at 24 hours (TH 

24 hrs.), (C) Water absorption at 2 hours (WA 2 hrs.) and (D) Water absorption at 24 

hours (WA 24 hrs.). Bars  represent  the  standard  deviation.  Different  letters  indicate  

the  significant  differences  (p<0.05).  Lines  indicate  the  maximum  requirement  of  

standards. 

(C) 

(D) 
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Figure 84. Porous defect of composite materials. 

 

 
Figure 85. Composite panel from pilot scale prepared by 3% pMDI. 

 
Figure 86. Composite panel from pilot scale prepared by 6% pMDI. 
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Figure 87. Heat transfer within materials during hot compression. 

Source: Torrey (2001) 
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2  3 

3 

2 

3  CIE colorimeter 

 

3 1: 2) 0.36 kg 0.12 kg) 

1 kg 18.85 43.04% 

Table 30 
 

Table 30. L, a and b -values of composite materials made in pilot scale. 

Before improvement  After improvement 

No. L a b  No. L a b 

1 56.23 -15.38 27.45  1 54.82 -15.07 27.25 

2 55.68 -13.9 27.05  2 54.41 -15.22 26.81 

3 56.61 -14.86 27.79  3 56.12 -14.79 27.27 

4 56.19 -15.93 27.72  4 55.56 -15.39 27.73 

5 57.16 -14.86 28.18  5 55.63 -15.12 28.12 

6 56.93 -15.53 28.13  6 55.83 -15.36 27.86 

7 56.82 -15.38 27.96  7 57.25 -15.38 26.77 

8 56.57 -14.47 27.69  8 58.28 -14.91 27.94 

9 57.24 -14.91 28.08  9 57.67 -14.88 28.47 

10 57.05 -15.01 28.17  10 56.76 -14.74 27.13 

11 56.24 -14.59 27.32  11 56.4 -14.95 27.26 

12 57.44 -14.78 27.91  12 55.58 -14.66 26.77 

13 55.05 -14.36 27.2  13 55.9 -14.52 27.54 

14 55.45 -14.5 27.23  14 54.6 -14.78 27.22 

15 56.02 -14.14 27.94  15 54.86 -14.66 27.25 

Avg 56.45 -14.84 27.72  Avg 55.98 -14.96 27.43 

SD. 0.70 0.55 0.38  SD. 1.13 0.28 0.51 
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Table 31 

pMDI 

15% 167.07 

pMDI 10% 160.65 

pMDI 10% 15% 

7.02  4.19%  

(Figure 88-89) pMDI 15% 

8.61 pMDI 

10% 8.43 

pMDI 10% 15% 

0.17  1.97% 

pMDI 10%

3 87.99 

pMDI 10%

 72.74  

45.28%  

pMDI 10%

3 6.71 
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pMDI 10%

 1.73  

20.52%  
 

Table 31. Cost analysis. 

Sample Product 
Materials cost 

Baht per piece  
Operating cost 

Baht per piece  
Total cost 

Baht per piece  

15%pMDI 
Composite panel 81.07 86.60 167.67 

Composite toy product 3.99 4.61 8.61 

10%pMDI 
Composite panel 74.05 86.60 160.65 

Composite toy product 3.82 4.61 8.43 

Cost saving of 

10%pMDI 

Composite panel 
7.02 

8.66%  0.00 
7.02 

4.19%  

Composite toy product 
0.17 

4.26%  
0.00 

0.17 

1.97%  

10%pMDI  

Reduced color

3 times  

Composite panel 43.79 44.12 87.99 

Composite toy product 2.09 4.61 6.71 

Cost saving of

10%pMDI  

Reduced color

3 times 

Composite panel 
30.26 

40.86%  
42.48 

49.05%  
72.74 

45.28%  

Composite toy product 
1.73 

45.29%  
0.00 

1.73 

20.52%  
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Figure 88. Sawdust toys product: Alphabet A Z. 

 

 
Figure 89. Sawdust toys product: Number 1  10. 
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45.28%  

pMDI 10%

3 6.71 
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1. (Finished product) 

(Modulus of rupture, MOR) 

(Modulus of elasticity, MOE)  (Water 

absorption) (Thickness swelling, TS)

(Internal bonding)
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Table 32. The characteristic of low density polyethylene powder. 

Properties Characteristic result 

General properties 

- Appearance 

- Density 

 

White powder 

0.91  0.94 g/cm3 

Thermal properties 

- Vicat softening point 

- Low temperature brittleness 

- Service temperature 

- Minimum 

- Maximum (Continuous/Intermittent) 

 

70  110°C 

(-20)  (-70) °C 

 

(-30) °C 

50/60°C 

Mechanical properties 

- Tensile strength at break 

- Elongation at break 

- 1% secant modulus 

 

5  20 MPa 

50  650 % 

90  300 MPa 

Flammability properties 

- Oxygen index 

- Flammability rating 

 

15  17  

Class HB or better must be used for enclosures 

which are not considered fire enclosures 

Chemical properties 

- Resistance to weak acids 

- Resistance to strong acids 

- Resistance to weak alkalis/ strong alkalis 

- Resistance to organic solvents 

- Resistance to oils and greases 

- Resistance to UV 

 

Fair 

Fair except for oxidizing acids 

Good/Good 

Good below 60°C 

Attacked by some 

Bad if unprotected 

Source: TPI Polene Public Company Limited (2010) 
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Table 33. The characteristics of melamine molding compound. 

Properties Characteristic 

Appearance White powder 

pH (at 20°C) 6.4  9.2 (50% water dispersion) 

Melting point >50°C 

Inflammability Not inflammability 

Temperature of decomposition >150°C 

Self flammability None 

Explosive limit of powder in air Not avilable 

Specific gravity (at 20°C) 0.35  0.45 

Water solubility Dispersible within 35 and 65% solid content 

Source: Thai MFC Company Limited (2010) 
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