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Abstract 
This report summarizes the research project carried out at Forintek's Eastern Laboratory entitled 
Properties of MDF in Relation to Wood fibre Characteristics and Processing. This project included two 
phases. In the first phase, 10 types of raw materials, including wood, bark, and tops, were selected to 
cover large range of wood characteristics. The samples were classified by wood species (e.g., the less 
desirable red pine species), fast growing and short rotation (e.g., hybrid poplar), residue type (e.g., tops 
and bark), and forest management regime (e.g., commercial thinnings). The basic properties of raw 
materials, such as basic density, pH, and buffering capacity, were determined. The effects of raw material 
acidity on the curing behaviours of UF resins were investigated, and the properties of MDF panels 
manufactured using each sample at fixed manufacturing conditions were compared. The impact of bark 
content on MDF properties was also studied. In the second phase, two types of raw materials (black 
spruce tops and bark) were selected for the optimization of process parameters, including refining and hot 
pressing. The effects of refining conditions on pH and buffering capacity of refined fibres as well as on 
the properties of MDF panels were investigated. Optimal refining and hot-pressing parameters were 
established for manufacturing MDF products with black spruce tops and bark. Based on the results of this 
study, the following conclusions can be made: 

• Buffering capacity and pH differ among species and type of raw materials. Bark has higher acid 
and alkaline buffering capacities and a lower pH value than wood of the same species due to their 
extractives. Ten-year-old poplar wood has a higher pH than six-year-old poplar wood, tops, and 
bark. 

• The pH value of the raw fibre materials studied decreases with increased absolute and relative 
acid buffering capacity due to the increased absolute acidity mass in the solution. 

• At lower levels of added catalyst, the effect of raw materials pH on UF resin gel time is 
significant, while it is insignificant at higher catalyst contents. This may be due to the acidity of 
wood, which is the main source of acid catalyst in mixtures with lower levels of added catalyst. In 
contrast, at higher levels of added catalyst, the catalyst is the main source of acid catalyst. With 
higher catalyst contents, all studied raw materials mixed with UF resin result in a longer gel time 
than with UF resin alone. The gel time of UF resin/wood mixture does not correlate to acid 
buffering capacity or alkaline buffering capacity, but there is a strong relationship between gel 
time and both absolute acid buffering capacity and relative acid buffering capacity. 

• The reaction enthalpy of UF resin increases with catalyst content. The activation energy and peak 
temperature of curing UF resin generally decrease with increased catalyst content at lower 
catalyst levels. However, with further increases in catalyst content, the changes in activation 
energy and peak temperature are insignificant. The hydrolysis reaction of cured UF resin occurs 
during the latter stages of the curing process at both lower-level (<0.2%) and higher-level 
(>0. 7%) catalyst contents. This indicates that there is an optimal range of catalyst content for UF 
resin. The curing enthalpy of UF resin decreases with increased amounts of wood raw materials; 
this is due to the effect of diffusion induced by wood materials and the changes in the phase of 
curing systems. This suggests the curing reactions reach a lower final degree of conversion for 
wood/resin mixtures than for UF resin alone. 

• Hybrid poplar MDF panels show better mechanical properties than jack pine panels; the 
mechanical properties of jack pine panels are better to those of red pine and white spruce panels. 
The dimensional stability is the best in jack pine panels among the materials studied (poplar, red 
pine, and white spruce). 

• The effect of refining on wood pH is significant, but it is insignificant on bark pH. The pH values 
of the wood from all species studied reduced after refining. 
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• The effect of bark on the modulus of rupture (MOR) and modulus of elasticity (MOE) of MDF 
panels is more significant than the effects on lB and other physical properties, such as thickness 
swelling (TS), water absorption (W A), and linear expansion (LE). All properties of MDF panels 
(except TS and, in one case, MOR) made with up to 40% bark meet the ANSI standard. 

• When black spruce tops are used as raw material for MDF, steam pressure is more important than 
retention time during the refining process in order to achieve better panel properties. The panels 
show very good mechanical properties and dimension stability under optimal refining conditions 
even without the addition of wax. 
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~~da 

iii 



Properties of MDF in Relation to Wood Rbre Characteristics and Processing 

Acknowledgements 
We would like to thank Natural Resources of Canada (Canadian Forest Service) and the Natural Sciences 
and Engineering Research Council of Canada for their financial support and the Quebec Ministry of 
Natural Resources for providing the raw materials for this study. 

iv 



Properties of MDF in Relation to Wood Fibre Characteristics and Processing 

Table of Contents 
Abstract. ............................................................................................................................................................................... ii 

Acknowledgements ............................................................................................................................................................ iv 

List of Tables ...................................................................................................................................................................... vii 

List of Figures ..................................................................................................................................................................... vii 

1 Objective ...................................................................................................................................................................... 1 

2 Introduction .................................................................................................................................................................. 1 

3 Staff .............................................................................................................................................................................. 4 

4 Effect of wood acidity on UF resin gel time ................................................................................................................ 4 
4.1 Materials and Methods ..................................................................................................................................... 4 

4.1.1 Preparation of samples ...................................................................................................................... 4 
4.1.2 pH value and buffer capacity measurement ..................................................................................... 5 
4.1.3 Gel time measurement ...................................................................................................................... 6 

4.2 Results .............................................................................................................................................................. 6 
4.3 Discussion ......................................................................................................................................................... 7 

4.3.1 Effect of buffer capacity on pH .......................................................................................................... 7 
4.3.2 Effect of catalyst content on resin gel time ....................................................................................... 8 
4.3.3 Effect of pH on resin gel time as affected by catalyst content ....................................................... 1 0 
4.3.4 Effect of buffer capacity on resin gel time ....................................................................................... 1 0 

4.4 Conclusions .................................................................................................................................................... 12 

5 UF resin curing behaviour as affected by wood acidity and catalyst content... ....................................................... 13 
5.1 Materials and methods ................................................................................................................................... 13 

5.1.1 Raw materials .................................................................................................................................. 13 
5.1.2 pH value and buffering capacity measurement .............................................................................. 13 
5.1.3 DSC sample preparation ................................................................................................................. 13 
5.1.4 DSC measurement .......................................................................................................................... 13 

5.2 Results and discussion ................................................................................................................................... 13 
5.2.1 Variations in the curing reaction behaviour as affected by catalyst content... ............................... 13 
5.2.2 Variations in the curing reaction behaviour as affected by wood raw materials ............................ 17 

5.3 Conclusions .................................................................................................................................................... 19 

6 Properties of MDF made with fast-growing and short-rotation hybrid poplar commercial thinnings ...................... 20 
6.1 Materials and methods ................................................................................................................................... 20 

6.1.1 Material collection and preparation ................................................................................................. 20 
6.1.2 Physical property evaluation of raw materials ................................................................................ 20 
6.1.3 Chemical property evaluation of raw materials ............................................................................... 20 
6.1.4 Panel Manufacturing ........................................................................................................................ 21 
6.1.5 Panel property evaluation ................................................................................................................ 21 

6.2 Results and discussion ................................................................................................................................... 22 
6.2.1 Physical properties of raw materials ............................................................................................... 22 
6.2.2 Chemical properties of raw materials .............................................................................................. 23 
6.2.3 Physical and mechanical properties of MDF panels ...................................................................... 25 

6.3 Conclusions .................................................................................................................................................... 27 

7 MDF properties in relation to wood fibre characteristics .......................................................................................... 28 
7.1 Materials and methods ................................................................................................................................... 28 

7 .1.1 Material collection and preparation ................................................................................................. 28 

v 



Properties of MDF in Relation to Wood Rbre Characteristics and Processing 

7.1.2 Physical property evaluation of refined fibres ................................................................................. 28 
7 .1.3 pH and buffering capacity measurement ........................................................................................ 28 
7 .1.4 Panel manufacturing ........................................................................................................................ 28 
7 .1.5 Panel property evaluation ................................................................................................................ 28 

7.2 Results and discussions ................................................................................................................................. 28 
7.2.1 Effect of refining on the pH value of raw materials ......................................................................... 28 
7.2.2 Effect of different raw material on fibre size distribution ................................................................. 29 
7.2.3 Effect of raw materials on the bulk density of refined fibres ........................................................... 30 
7.2.4 Panel properties as affected by fibre acidity (pH) ........................................................................... 32 
7.2.5 Panel properties as affected by fibre size distribution .................................................................... 33 
7.2.6 Panel properties as affected by wood species ............................................................................... 33 

7.3 Conclusions .................................................................................................................................................... 34 

8 MDF properties as affected by bark fibre content .................................................................................................... 34 
8.1 Materials and methods ................................................................................................................................... 34 

8.1.1 Material collection and preparation ................................................................................................. 34 
8.1.2 Panel manufacturing ........................................................................................................................ 34 
8.1.3 Panel property evaluation ................................................................................................................ 34 

8.2 Results and discussions ................................................................................................................................. 35 
8.2.1 Effect of bark content on IB ............................................................................................................. 35 
8.2.2 Effects of bark content on MOR and MOE ..................................................................................... 35 
8.2.3 Effect of bark content on dimensional stability ................................................................................ 37 

8.3 Conclusions .................................................................................................................................................... 39 

9 MDF properties in relation to refining process- optimization of refining parameters of black spruce tops ............ 39 
9.1 Materials and methods ................................................................................................................................... 39 

9.1.1 Material collection and preparation ................................................................................................. 39 
9.1.2 Panel manufacturing ........................................................................................................................ 39 
9.1.3 Panel property evaluation ................................................................................................................ 40 

9.2 Results and discussions ................................................................................................................................. 40 
9.2.1 Treatment of experimental results for statistic analysis .................................................................. 40 
9.2.2 Effect of refining parameters on 18 .................................................................................................. 42 
9.2.3 Effect of refining parameters on MOR and MOE ............................................................................ 43 
9.2.4 Effect of refining condition on panel dimensional stability .............................................................. 45 
9.2.5 Determination of optimal refining conditions ................................................................................... 50 

9.3 Conclusions .................................................................................................................................................... 50 

10 References ................................................................................................................................................................. 50 

Appendix 1- Relationship between panel mechanical properties and specimen density ............................................... 56 

vi 



Properties of MDF in Relation to Wood Rbre Characteristics and Processing 

List of Tables 
Table 4.1 
Table4.2 
Table 4.3 
Table 4.4 
Table 5.1 
Table5.2 

Table 6.1 
Table 6.2 
Table 6.3 
Table 6.4 
Table 7.1 
Table 9.1 
Table 9.2 
Table 9.3 
Table 9.4 
Table 9.5 
Table 9.6 
Table 9.7 
Table 9.8 
Table 9.9 

Properties of MDF-302 resin ........................................................................................................................ 5 
Type and coding of raw materials ................................................................................................................ 5 
pH and buffer capacity of raw materials ....................................................................................................... 6 
Gel time of UF resin mixed with raw material and catalyst ......................................................................... 7 

DSC results of UF resins mixed with various catalyst contents ................................................................ 14 
DSC results of UF resin and its mixtures with wood raw materials .......................................................... 17 
Lab panel manufacturing parameters ........................................................................................................ 21 

Experimental design for panel making ....................................................................................................... 21 
Physical properties of raw materials .......................................................................................................... 23 

Chemical properties of raw materials ......................................................................................................... 24 
Properties of Panels relation to proportion of coarse or short fibres ......................................................... 33 
Full factor experimental design with two factors and three levels for refining .......................................... 39 
Constant conditions for panel making ........................................................................................................ 40 
Properties of panels .................................................................................................................................... 42 
ANOVA table of retention time (t) and steam pressure (p) in relation to 18 .............................................. 42 
ANOVA table of retention time (t) and steam pressure (p) in relation to MOR ........................................ .43 
ANOVA table of retention time (t) and steam pressure (p) in relation to MOE ......................................... 44 
ANOVA table of retention time (t) and steam pressure (p) in relation toTS ............................................ 46 
ANOVA table of retention time (t) and steam pressure (p) in relation to WA .......................................... .46 

ANOVA table of retention time (t) and steam pressure (p) in relation to LE ............................................ .46 
Table 9. 10 Ideal refining conditions for individual properties ....................................................................................... 50 

List of Figures 
Figure 4.1 
Figure4.2 
Figure 4.3 
Figure 4.4 
Figure4.5 
Figure 4.6 
Figure 5.1 
Figure5.2 
Figure5.3 

Figure 5.4 

Figure 6.1 
Figure 6.2 

~~ntak 
~co~da 

Relationship between pH value and absolute acid buffer capacity ............................................................. 7 

Relationship between pH value and relative acid buffer capacity ............................................................... 8 
Relationship between catalyst content and gel time of UF resin as affected by raw material type ........... 9 
Relationship between raw material pH and gel time of UF resin .............................................................. 10 
Effect of catalyst content on the relationship between absolute acid buffering capacity and gel time .... 11 
Effect of catalyst content on the relationship between relative acid buffering capacity and gel time ...... 11 
DSC curves of UF resin and catalyst mixture (heating rate: 10 °Cimin) .................................................. 15 
Peak temperature as affected by catalyst content (heating rate: 10 °Cimin) ........................................... 16 
Curing peak temperature of UF resin as affected by absolute acid capacity of wood raw 
materials (heating rate: 10 °Cimin) .......................................................................................................... 18 
Curing start temperature ofUF resin as affected by absolute acid capacity of wood raw 
materials (heating rate: 10 °Cimin) .......................................................................................................... 19 
Specimen cutting pattern ............................................................................................................................ 22 
Refined fibre size distribution, evaluated using the Tyler screen system ................................................. 23 

vii 



Properties of MDF in Relation to Wood Fibre Characteristics and Processing 

Figure 6.3 Effect of refining on the pH of raw materials .............................................................................................. 24 
Figure 6.4 Internal bond strength as a function of raw material type .................................................................. 25 
Figure 6.5 6 Modulus of rupture as a function of raw material type ............................................................................ 26 
Figure 6.6 Modulus of elasticity as a function of raw material type ............................................................................ 26 

Figure 6.7 Thickness swelling as a function of raw material type ..................................................................... 27 

Figure 7.1 Effect of refining on pH of raw materials .................................................................................................... 29 
Figure 7.2 Effect of wood species on fibre size distribution ........................................................................................ 30 
Figure 7.3 Effect of wood species on the bulk density of refined fibres ..................................................................... 31 
Figure 7.4 Bulk density as affected by proportion of short fibre (<0.5mm) ................................................................. 31 
Figure 7.5 Bulk density as affected by proportion of coarse (>0.5mm) fibres ............................................................ 32 
Figure 7.6 Effect of fibre pH on internal bond strength (I B) ........................................................................................ 33 
Figure 8.1 IB as affected by wood species and bark content ..................................................................................... 35 
Figure 8.2 MOR as affected by wood species and bark content ................................................................................ 36 
Figure8.3 
Figure 8.4 
Figure8.5 
Figure 8.6 
Figure 9.1 
Figure 9.2 
Figure9.3 

MOE as affected by wood species and bark content ................................................................................ 36 
TS as affected by wood species and bark content.. .................................................................................. 37 
WA as affected by wood species and bark content (type of species=species ......................................... 38 
LEas affected by wood species and bark content .................................................................................... 38 
MOR as affected by specimen density (Run 1) ......................................................................................... 41 
MOE as affected by specimen density (Run 1) ......................................................................................... 41 
IB as affected by retention time (t) and pressure (p) ................................................................................. 43 

Figure 9.4 MORas affected by retention time (t) and pressure (p) ............................................................................ 44 
Figure 9.5 MOE as affected by retention time (t) and pressure (p) ............................................................................ 45 
Figure 9.6 TS as affected by retention time (t) and pressure (p) ................................................................................ 47 
Figure 9.7 WA as affected by retention time (t) and pressure (p) ............................................................................... 48 
Figure 9.8 Relationship between thickness swelling (TS) and water absorption (WA) .............................................. 49 
Figure 9.9 LEas affected by retention time (t) and pressure (p) ................................................................................ 49 
Figure 10. 1 IB vs core density of specimen for Run 1 .................................................................................................. 57 

Figure 10.2 IB vs core density of specimen for Run 2 .................................................................................................. 57 

Figure 10.3 IB vs core density of specimen for Run 3 .................................................................................................. 58 

Figure 10.4 IB vs core density of specimen for Run 4 .................................................................................................. 58 

Figure 10.5 IB vs core density of specimen for Run 5 .................................................................................................. 59 

Figure 10.6 IB vs core density of specimen for Run 6 ................ ., ................................................................................ 59 

Figure 10.7 IB vs core density of specimen for Run 7 .................................................................................................. 60 
Figure 10.8 IB vs core density of specimen for Run 8 .................................................................................................. 60 
Figure 10.9 IB vs core density of specimen for Run 9 .................................................................................................. 61 
Figure 10.10 MOR vs density of specimen for Run 2 ...................................................................................................... 62 
Figure 10. 11 MOE vs density of specimen for Run 2 ...................................................................................................... 62 
Figure 10. 12 MOR vs density of specimen for Run 3 ...................................................................................................... 63 
Figure 10.13 MOE vs density of specimen for Run 3 ...................................................................................................... 63 
Figure 10.14 MOR vs density of specimen for Run 4 ...................................................................................................... 64 
Figure 10.15 MOE vs density of specimen for Run 4 ...................................................................................................... 64 

viii 



Properties of MDF in Relation to Wood Fibre Characteristics and Processing 

Figure 10.16 MOR vs density of specimen for Run 5 ...................................................................................................... 65 
Figure 10.17 MOE vs density of specimen for Run 5 ...................................................................................................... 65 
Figure 10.18 MOR vs density of specimen for Run 6 ...................................................................................................... 66 
Figure 10.19 MOE vs density of specimen for Run 6 ...................................................................................................... 66 
Figure 10.20 MOR vs density of specimen for Run 7 ...................................................................................................... 67 
Figure 10.21 MOE vs density of specimen for Run 7 ...................................................................................................... 67 
Figure 10.22 MOR vs density of specimen for Run 8 ...................................................................................................... 68 
Figure 10.23 MOE vs density of specimen for Run 8 ...................................................................................................... 68 
Figure 10.24 MOR vs density of specimen for Run 9 ...................................................................................................... 69 
Figure 10.25 MOE vs density of specimen for Run 9 ...................................................................................................... 69 

ix 



Properties of MDF in Relation to Wood Fibre Characteristics and Processing 

1 Objective 
The overall objective of this project was to investigate the relationship of the properties of medium 
density fibreboard (MDF) with the characteristics of different wood fibre resources (including forest 
residues and some less desirable species), refining process, and panel-making process parameters. 

2 Introduction 
The availability of high-quality natural forests in Canada has contributed tremendously to the 
competitiveness and growth of the forest industry in the past few decades. Wood composite 
manufacturing has focused on traditional wood fibre resources (e.g., logs, sawmill chips) for panel 
manufacturing. Forest resources in Canada are in transition from old-growth to second-growth and 
managed resources, wood supply is declining, and the cost of raw fibre materials is rising. As a result, it is 
becoming necessary for the wood industry to look for ways to utilize non-traditional forest resources such 
as less desirable species, various residuals (e.g., forest residues and bark), fast-growing and short-rotation 
plantations, and managed resources (e.g., commercial thinning) for panel manufacturing. Changing fibre 
resources (in terms of species composition, fibre source, and fibre characteristics) have a series of 
implications for wood manufacturing and end-product quality. 

Knowledge of the pH and buffering capacity of these raw fibre materials is the first important factor to 
consider in order to better understand the effects of raw materials on the curing behaviours of resins, such 
as urea formaldehyde (UF), used in panel manufacturing. Both the acidity of wood and the acid catalyst in 
the adhesive play a very important role in providing the optimum combined pH environment at the 
interphase during UF resin curing. To obtain optimum bond strength, press time and temperature must be 
adjusted for the pH environment. If this adjustment is not precise, the glue line will be uncured or over
cured, resulting in poor bond strength. Thus, an investigation of the effects of pH and buffering capacity 
of various raw materials on the gel time of UF resin is fundamental in order to establish effective 
processing parameters for panel manufacturing. Zanetti et al. (2003) suggested that catalyst buffering 
action greatly affects pH, hardening speed, degradation reactions, and the degree of networks formed by 
MUF resins. Van Niekerk et al. (I 994) reported that the acidity of Eucalyptus grandis particles greatly 
retard the curing of PF resins and tannin adhesives during the hot pressing of exterior particleboard. 
Albritton and Short (I 979) and Slay et al. (I 980) reported that both ethanol-soluble and water-soluble 
extractives from pressure-refined fibres have a significant effect on UF resin gel time. Johns and Niazi 
(1980) and Peng and Li (1983) found that both wood buffering capacity and pH are closely related to the 
gel time of UF resin mixed with wood flours. Guo et al. ( 1998) suggested that the gel time of UF resin is 
directly correlated to the pH and acid buffering capacity and inversely correlated to the alkaline buffering 
capacity of six shrub species. Park et al. (200 I) revealed that fibre acidity greatly affects the internal bond 
strength (IB) of MDF panels bonded with UF resin. Compared with results available from previous 
research on raw material acidity, few results are available concerning the influence of the acidity of less 
desirable raw materials, such as bark and tops, commercial thinning, and fast growing species, on the gel 
time of UF resin. Understanding the effects of various raw materials and catalyst contents on the curing 
behaviour of UF resin is also fundamental to establishing optimal processing parameters for the 
manufacture of wood-based composite products. Some effort has been made to study the curing 
behaviour of UF resins as affected by resin molar ratio, catalyst type, solid content, and heating rate with 
the use of differential scanning calorimetry (DSC) (Chow and Steiner, 1975; Lorenz et al., 1999; Myers 
and Koutsky, 1990; Szesztay et al., 1993; Szesztay et al., 1996). However, studies on the curing 
behaviour of UF resin as affected by wood raw material and catalyst content are very limited. 
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The total worldwide capacity of wood-based composites has reached an all-time high. An important 
element in wood-based composites, medium density fibreboard (MDF) is the fastest growing panel 
product in this category. The worldwide MDF manufacturing capacity has increased from 8.5 millions 
m3/yr in 1990 to 40 million m3/yr in 2003 (Wood Based Panels International 1999, 2003). Typical MDF 
features include the ability to be machined similar to solid wood, relative insensitivity to the quality of 
raw materials, the ability to be moulded into a wide variety of surface decorations, and a smooth surface 
suitable for various types of finishing. These features are responsible for this increase in MDF production 
(Park 1999). Medium density fibreboard (MDF) is widely used in commercial and residential buildings 
and furniture. High-quality fibres from natural stands of a limited number of species have been the 
primary fibre source for the manufacture of fibreboard in Canada. Since fibreboard is manufactured by 
reconstituting fibres into a panel under given conditions, any wood fibre, including various residues and 
less desirable species, could be used to manufacture fibreboard. However, the properties of fibreboard 
manufactured from the different fibre resources are expected to be different. In order to make use of 
changing fibre resources, including various residual fibres (tops, bark), fast-growing and short-rotation 
(hybrid poplar and commercial thinnings), and less desirable species, to manufacture high-quality 
fibreboard, it is critical to understand the properties of fibreboard in relation to the characteristics of wood 
fibre resources and processing parameters. 

As a potential raw material replacement for the wood-based composites industry, fast-growing and short
rotation hybrid poplar (Populus tremuloides) has been studied for a number of years. Booth (I 969) 
suggested that a good plywood product could be made using hybrid poplar. Geimer and Crist (I 980) 
showed that acceptable properties of structural flakeboard panels could be obtained using 4- to 6-year-old 
hybrid poplars. Myers and Crist {1986) reported hybrid poplar to be a suitable raw material for hardboard 
manufacturing. Zhou ( 1989, 1990) investigated the properties of oriented strandboard (OSB) panel made 
from hybrid poplar grown in China and indicated that hybrid poplar could be an ideal raw material of 
OSB. Hua and Zhou (2002) reviewed the use of hybrid poplar and concluded that hybrid poplar is an 
important species for the forest product industry in China. Peters et al (2002) compared the properties of 
OSB panels made from eleven hybrid poplar clones grown in the pacific northwest region, and suggested 
that hybrid poplar shows great promise for use in structural panel products due to superior flexural and m 
properties. Recognizing the great potential of hybrid poplar, several Canadian provinces (such as Quebec, 
Saskatchewan, Alberta, and Ontario) are developing hybrid poplar agro-forestry programs. In recent 
years, the forest industry in Canada has also shown a particular interest in planting fast-growing and 
short-rotation hybrid poplar for use as a potential replacement raw material (Zhang et al 2003). However, 
studies on the basic properties of hybrid poplar grown in Canada and its use for wood-based composites 
are very limited. Because MDF producers in Canada are currently using only a limited number of species, 
there is a need for the industry to accept hybrid poplar as replacement raw material for MDF 
manufacturing. 

Red pine (Pinus resinosa) is most valuable for poles and lumber. High-quality logs are used to produce 
veneer and as core material for hardwood plywood, including decorative hardwood plywood (Dokken 
1972). Red pine is also used for decorative face veneer, inner plies of decorative panels, container veneer 
and plywood, and decorative knotty faces (Lutz 1972). Red pine is suitable for the manufacture of 
laminated veneer lumber (LVL) (Stump et al. 1981). It produces homogeneous LVL's with strength 
properties high enough to be considered for structural use. Using this high-quality wood for composite 
products may not be profitable. Secondary quality logs, such as those from killed by insects and diseases 
and small diameter trees, thinnings, and sawmill residues such as slab and non-pulpable chips, would be 
good raw materials for the panel industry. For example, red pine thinnings are comparable to poplar as a 
raw material for waferboard (Li et al. 1991 ). Compared to poplar, red pine thinnings provide composites 
with improved internal bond strength, dimensional stability, and static bending properties. There is a need 
for the industry to accept low-quality red pine as replacement raw material for MDF manufacturing. 
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White spruce (Picea glauca) is highly valued for lumber and is extremely versatile. Its dimensional 
stability and superior gluing properties make it popular in the prefabrication industry (Forintek Canada 
Corp. 1995). It is used in the manufacture of modular homes, trusses, and other structural components. 
The largest single use of white spruce is in pulp and paper production. Pure or mixed pulps are used to 
manufacture a variety of products including coated paper, facial tissue, newsprint, and paperboard. 
However, the use of white spruce as a raw material in composite panels is very limited. 

Jack pine (Pinus banksiana) belongs to the spruce-pine-fir (S-P-F) marketing group each piece of lumber, 
from which is stamped after grading with the common designation S-P-F. More than 70% of jack pine 
harvested in northwestern and central Ontario is used for pulpwood (Bell et al. 1990). The remainder is 
used for saw logs, ties, and poles. In some regions, this species is still underutilized in pulp production due 
to the inherent characteristics of high extractives content, heartwood discoloration, and coarse fibres 
(Koubaa and Zhang 2001 ). Due to the high incidence of knots, jack pine is not a favoured species for 
veneer production. Jack pine wood can be used to produce waferboard and oriented strandboard panels 
(Brunette 1993). However, it is more valuable as a raw material for lumber and pulp and paper 
manufacture, and its use by the composite industry may not be profitable. Thus, low-quality jack pine 
logs such as those affected by fire or insects, thinnings, and sawmill residues such as slabs and non
pulpab1e chips would be good raw material for the panel industry. 

Black spruce (Picea mariana) is also included in the spruce-pine-fir (S-P-F) group. Black spruce is used 
mainly for pulp and paper. With its pale colour, low resin content, and strong long fibres, black spruce is 
a favourite pulpwood and is suitable for the manufacture of all types of pulp. Large, straight black spruce 
logs can be processed for veneer production. Black spruce veneer is used in the production of softwood 
plywood and as core material for hardwood plywood, including decorative hardwood plywood. A variety 
of panel and composite products that can be produced from black spruce wood were reported by Maloney 
(1986), O'Halloran and Youngquist (1984), Pease (1994), and Youngquist (1987). The raw material for 
the manufacture of panels and composites could include round wood, lumber, mill residues, pulp chips, 
planer shavings, plywood trim, sawdust, and even recycled spruce products for panels such as insulation 
boards (Maloney 1986, 1996). Black spruce is a good raw material for different types of structural 
particleboard (Gertjejansen 1983), waferboard (Shen and Shields 1980), and OSB (Brunette 1993). Its 
long fibres also make black spruce wood a good raw material for MDF. Although black spruce is the most 
common raw material used in the MDF industry in eastern Canada, the use of low-quality black spruce 
residue, such as tops and bark is still very limited. 

Wood bark constitutes a considerable volume of a log and normally ranges from 9-24%, varying between 
species and with log diameters (Smith and Kozak 1967). Bark is a major source of forest residues. About 
17 million m3 of bark is produced annually by the Canadian wood processing industries; more than half is 
incinerated or landfilled. Only a small portion of bark is used for thermal energy production. Meanwhile, 
environmental agencies are invoking stricter regulations on landfill disposal and the burning of large 
quantities of bark. Both the environmental and disposal problems created by the accumulation of 
considerable volumes of bark in the forest industry and the increasingly scarce supply of wood and fibre 
resources are forcing the industry to seriously consider all possible uses of bark as a raw material, 
particularly in the form of higher-value products. Although paper producers consider bark in any form to 
be a very undesirable component in pulps, bark could be used for wood-based composite manufacturing. 
Various researchers have investigated the use of bark as a raw material for particleboard and hardboard 
(Stuart and Butler 1968, Gertjejansen and Haygreen 1973, Volz 1973, Anderson et al. 1974, Einspahr and 
Harder 1975). Dost (1971) studied the effect of redwood bark content on the performance of redwood 
particleboard; the results indicated that board properties are poorer when bark content increases. Maloney 
( 1973) investigated the properties of bark particleboard made from four west coast softwood species, 
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namely western larch, Douglas fir, ponderosa pine, and western red cedar; results showed that board 
properties differ depending on the type of bark. Place and Maloney (I 976) reported that the internal bond 
strength (IB) of three-layer wood-bark particleboard with a Grand fir bark core is greater than the IB of 
particleboard with a Douglas fir bark core. Water absorption (WA) and thickness swelling (TS) are 
inversed. Lehmann and Geimer (1976) indicated that the mechanical properties of Douglas fir 
particleboard decrease with 20 to 30% with the addition of 25% Douglas fir bark. Wisherd and Wilson 
( I979) evaluated the effects of substituting small amounts of bark on the properties of particleboard and 
indicted that the effects were limited. Muszynski and McNatt (I 984) reported that it is possible to obtain 
the required properties in particleboard made from Scots pine wood with 30% Norway spruce bark. 
Blanchet et al. (2000) indicated that technically, and under certain conditions, it is possible to make 
particleboard from black spruce bark residues that would meet the American National Standard Institute 
(ANSI) indoor requirements for wood particleboard. Woodson (1975) suggested good-quality fibreboard 
could be made from barky hardwoods (sweetgum, southern red oak, and hickory). Chow (1976) reported 
that MDF panels made from four species of barks (cottonwood, white oak, red oak, and walnut) have 
good m and screw-holding properties, but bending strength is low. Most MDF products in Canada are 
bark free and the maximum allowable bark content is about I% by weight. The potential for using large 
amounts of bark as a raw material for MDF and the effect of bark content on panel properties are still 
unknown. 
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4 Effect of wood acidity on UF resin gel time 
4.1 Materials and Methods 

All measurements were done in general agreement with the specified standards and protocols. Precision 
levels were in accordance with the technical requirements. 

4.1.1 Preparation of samples 

The UF resin used in this study was MDF-302, supplied by Borden Chemical Inc. (Canada). Resin 
properties are summarized in Table 4.1. The catalyst used was a I 0% NH4Cl solution. 
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Table 4.1 Properties of MDF-302 resin 

Description value 
Solid content(%) 65 
Viscosity (cps) 220 
pH 7.85 
Gravity 1.286 

Eight types of less-desirable raw materials, shown in Table 4.2, used in this study include hybrid poplar 
bark, red pine bark, white spruce bark, 6-year-old hybrid poplar tops with bark, red pine commercial 
thinnings without bark, 6-year-old hybrid poplar commercial thinnings without bark, 1 0-year-old hybrid 
poplar commercial thinnings without bark, and white spruce commercial thinnings without bark. 

Table 4.2 Type and coding of raw materials 

Type of raw material 
White spruce thinnings without bark 
White spruce thinnings with bark 
Red pine thinnings without bark 
Red pine thinnings with bark 
1 0-year-old poplar without bark 
6-year-old poplar without bark 
Poplar top with bark 
Poplar bark 

code 
ws 

WSB 
RP 
RP 
P10 
P6 
PT 
PB 

Raw material chips for each sample were air-dried for two weeks and ground into particles by passing 
them through a No. 9 mesh screen (2 mm in diameter). Particle classification for each sample was done 
with a No. 40 mesh screen (0.425 mm in diameter) and a pan. Furnish remaining on the mesh screen was 
used for measuring pH, buffer capacity, and gel time ofUF resin mixed with these raw material powders. 

4.1.2 pH value and buffer capacity measurement 

Raw material chips for each sample were air-dried for two weeks and ground into particles by passing 
them through a No. 9 mesh screen (2 mm in diameter). Classification of the particles and refined fibres 
for each sample was done with a No. 40 mesh screen (0.425 mm in diameter) and a pan. Furnish 
remaining on the mesh screen was used for measuring pH and buffering capacity. Aqueous extracts were 
prepared by refluxing 25 g of dry wood furnish in 200 ml of distilled water for 20 minutes after the 
boiling point was reached. For each sample, two replicates were prepared. After refluxing, the mixture 
was filtered through a filter paper using a vacuum. The aqueous extract was diluted to 500 ml and cooled 
to room temperature before titrating. All pH and buffering capacity measurements were made with a 
Corning Pinnacle 530 pH meter. Prior to each titration, the pH meter was calibrated with standardized 
buffer solutions (pH 7 and 4 ). After calibration, 100 ml of extract solution were pi petted into a 200 ml 
beaker; the initial pH of the solution was recorded, then the solution was titrated to a pH of 3 (for alkaline 
buffering capacity) or 8 (for acid buffering capacity) with nominal 0.025 N H2S04 or 0.025 N NaOH 
solution. For each titration, two replicate measurements were done. Thus, the initial pH value for each 
sample was the average of eight measurements, while each buffering capacity value (mmol/1 wood 
extractives) was the mean of four measurements. It can be expressed as follows: 

Absolute acid buffer capacity = acid buffer capacity - alkaline buffer capacity 
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Also, we defined the relative acid buffer capacity as the efficiency of acid buffering capacity compared to 
alkaline buffering capacity in a solution. It can be described as follows: 

Relative acid buffer capacity = acid buffer capacity I alkaline buffer capacity 

4.1.3 Gel time measurement 

All gel time measurements were made with a Sunshine Gel Time Meter. The effects of various materials 
and catalyst contents on gel time of UF resin were investigated by mixing 0.3 g of dry powdered raw 
material, 5 g of liquid UF resin, and 0.1 % to 0.5% (solid NH4Cl weight based on dry weight of UF) of 
N~Cl solution in a 15 x 150 mm test tube and heating it in a 100°C glycerine solution. Two replicate 
measurements for each sample were made. 

4.2 Results 

As shown in Table 4.3, pH and buffer capacity varied depending on the type of raw material used. Barks 
showed lower pH values and higher acid and alkaline buffer capacities than wood of the same species. 
Material made from softwood species had lower pH values than hardwood species. For poplar species, 
I 0-year-old poplar wood had a higher pH value and a lower acid buffer capacity than 6-year-old poplar 
wood; tops and barks had lower pH values and higher buffer capacities than poplar wood. 

Table 4.4 lists the gel time of UF resins mixed with different raw materials and with varying catalyst 
contents. The higher the catalyst content, the shorter the UF resin gel time. Ten-year-old poplar wood 
prolonged the gel time of UF resin regardless of catalyst content, while the effects of other materials on 
gel time depended on catalyst content. At lower levels of catalyst content (:~0.2%), the addition of raw 
materials decreased gel time compared with UF resin alone, whereas the addition of raw materials 
increased gel time at higher catalyst content levels (>0.3%). 

Table 4.3 pH and buffer capacity of raw materials 

Acid buffer Alkaline buffer Absolute acid buffer 
Sample pH capacity capacity (mmol/1) capacity 

(mmol/1) (mmol/1) 
ws 4.79 0.44 0.69 -0.25 

WSB 4.76 1.74 1.18 0.56 
RP 4.72 0.41 0.64 -0.23 

RPB 4.55 1.31 0.96 0.35 
PIO 6.85 0.17 1.64 -1.47 
P6 6.17 0.33 1.2 -0.87 
PT 5.28 1.54 1.94 -0.40 
PB 5.05 4.14 4.69 -0.55 

I. Absolute acid buffer capacity= acid buffer capacity - alkaline buffer capacity 
2. Relative acid buffer capacity= acid buffer capacity I alkaline buffer capacity 

-Relative acid 
buffer capacity 

0.64 
1.47 
0.64 
1.36 
0.10 
0.27 
0.79 
0.88 

6of69 



Properties of MDF in Relation to Wood Rbre Characteristics and Processing 

Table 4.4 Gel time of UF resin mixed with raw material and catalyst 

Catalyst content Gel time ofUF mixed with raw material(s) 

(%) ws WSB P10 P6 PT PB RP RPB UF 

0.1 584 558 1888 1583 1331 848 605 521 1727 
0.2 285 270 499 427 376 358 298 260 469 
0.3 224 221 269 254 251 248 231 214 229 
0.4 196 193 225 215 210 210 200 185 182 
0.5 186 186 200 196 194 190 188 165 157 

4.3 Discussion 

4.3.1 Effect of buffer capacity on pH 

No relationship between pH value and acid or alkaline buffer capacity was found in this study. However, 
pH value correlated strongly to absolute acid buffer capacity and relative acid buffer capacity. From the 
definition, absolute acid capacity or relative acid capacity should be represented by the final [H'] in the 
solution. The higher the absolute or relative acid buffer capacity, the higher the [H+] in the solution. Thus, 
pH values decrease with increased absolute acid buffer capacities or relative acid buffer capacities, as 
shown in Figures 4.1 and 4.2. 
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Figure 4.2 Relationship between pH value and relative acid buffer capacity 

4.3.2 Effect of catalyst content on resin gel time 

It is well known that UF resin is an acid catalyzed curing resin. The acidity of UF resin increases with 
increased catalyst content, which results in a higher cure rate. Thus, gel time was expected to decrease 
with increased catalyst content. As Figure 3 shows, gel time decreases dramatically when catalyst content 
is greater than 0.2%. This could be due to the pH of UF resin being brought down to a critical point as 
catalyst and raw materials were added, which consequently accelerated the curing rate of the UF resin. 
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Figure4.3 Relationship between catalyst content and gel time of UF resin as affected by 
raw material type 

The effect of raw materials on resin gel time was significant at lower catalyst content levels (:$0.2%), but 
became insignificant at higher catalyst content levels (>0.2%). At lower catalyst contents, the acidity of 
the raw material was the main source of catalyst in the resin mixture system, while with increased catalyst 
content, the primary source of acid catalyst became N~CI. The ten-year-old poplar wood has very low 
absolute acid buffer capacity, and thus has a very high absolute alkaline buffer capacity. Therefore, when 
added to UF resin, it reduced the catalytic effect of the acid catalyst, resulting in a longer gel time than 
with UF resin alone. 

All materials in this study, except for the 1 0-year-old poplar, resulted in shorter gel times at lower levels 
of added catalyst (:$0.25%) and in longer gel times at higher catalyst contents (>0.30%) compared to UF 
resin alone. The following factors may account for this phenomenon. With an increase in the catalyst 
content from 0 to 0.2%, the pH ofUF resin mixed with forest raw materials decreased to the critical point, 
while the pH of UF resin without forest powder remained alkaline. Thus, the curing reaction of UF resin 
mixed with forest powder materials occurred more quickly than with UF resin alone. However, by 
increasing the catalyst content to around 0.25%, the pH of UF resin (without forest powder) was reduced 
to the critical point and resulted in a comparable resin-curing rate. With further increases in catalyst 
content (>0.30%), the curing reaction of UF resin became more rapid. When dry wood powder was 
introduced into UF resin, some of the water in the resin was absorbed by the powder. As a result, the 
viscosity of the UF resin increased, leading to reduced diffusion and mobility of UF resin molecules. 
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Therefore, the curing rate of UF resin mixed with forest raw material is lower than that ofUF resin alone 
at higher catalyst content levels. 

4.3.3 Effect of pH on resin gel time as affected by catalyst content 

Figure 4.4 represents the effect of raw material acidity (pH) on the gel time of UF resin as affected by 
catalyst content. As shown in this figure, there is a linear relationship between gel time and the pH values 
of raw materials. The slope of the regression line varies depending on the added catalyst content. The less 
catalyst added, the steeper the slope of the regression line. In other words, the effect of the pH value of 
raw materials on the gel time is significant with less catalyst added, while the effect becomes insignificant 
with increased catalyst content. 

4.3.4 Effect of buffer capacity on resin gel time 

In this study, no relationship was found between resin gel time and acid or alkaline buffer capacity. 
However, a strong relationship exists between resin gel time and absolute acid buffer capacity and relative 
acid buffer capacity. The relationship between absolute acid buffer capacity, as well as relative acid 
buffer capacity, and resin gel time as affected by catalyst content are shown in Figures 4.5 and 4.6. Resin 
gel time decreased significantly with increased absolute acid buffer capacity and relative acid buffer 
capacity. 
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4.4 Conclusions 

The pH of raw materials correlates with absolute acid buffering capacity and relative acid buffering 
capacity, but is independent of acid buffering capacity and alkaline buffering capacity. Both raw material 
and catalyst content affect UF resin gel time. The effect of raw material acidity on UF resin gel time is 
significant at lower levels of catalyst (<0.2%), but is insignificant at higher levels of catalyst content 
(>0.2%). Linear relationships exist between resin gel time and pH value, absolute acid buffering capacity, 
and relative acid buffering capacity. 
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5 UF resin curing behaviour as affected by wood acidity 
and catalyst content 

5.1 Materials and methods 

5.1.1 Raw materials 

The raw materials used in this study are shown in Table 4.2. These materials were poplar (Populus) bark 
(PB), red pine (Pinus resinosa) bark (RPB), white spruce (Picea g/auca) bark (WSB), 6-year-old poplar 
tops with bark (PI), red pine commercial thinnings without bark (RP), 6-year-old poplar commercial 
thinnings without bark (P6), 1 0-year-old poplar commercial thinnings without bark (P10), and white 
spruce commercial thinnings without bark (WS). The commercial UF resin used was MDF-302 resin for 
medium density fibreboard from Borden Chemical Inc. (Canada). The catalyst used was a 10% NH4Cl 
solution. 

5.1.2 pH value and buffering capacity measurement 

The procedure used for measuring pH and buffering capacity is described in 4.1.2. 

5.1.3 DSC sample preparation 

Raw material chips for each sample were air-dried for two weeks and ground into particles by passing 
them through a No. 9 mesh screen (2 mm in diameter). Particle classification for each sample was done 
with a No. 40 mesh screen (0.425 mm in diameter) and a pan. The powder in the pan was used for this 
study. For determining the effect of catalyst content on UF resin curing behaviour, 10 levels of catalyst 
content (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1, 1.5, and 3% based on dry weight) were used to prepare specimens 
for DSC. To study the effects of wood materials on UF resin curing behaviour, samples were prepared by 
mixing UF resin with various wood powders and N~Cl solution homogeneously according to the dry 
solid weight ratio in the experimental design (UF:Wood: NI-4Cl = 1:1:0.003). 

5.1.4 DSC measurement 

The prepared samples were placed between an aluminum cup and a lid. The setup was sealed tightly to 
increase the contact area between the sample and the pan and to prevent a collapse of the pan at high 
pressure. The hermetic pan maintained the moisture content inside the pan during DSC scanning. The 
sealed pan was placed into a T A Instruments DSC-291 0 pressure cell and pressurized to 1.6 MPa with 
nitrogen, thereby shifting water vapour temperature from 100 to 200 oc and preventing water evaporation 
in the scanning temperature range. Heating rates of 5 °C/min, 1 0 °C/min, and 15 °C/min, and a scanning 
temperature range of 20 oc to 200 oc were selected. The sample size ranged from 9.2 to 12.3 mg for the 
liquid UF resins, and from 7.11 to 8.19 mg for the wood/resin mixtures. Three replicates were conducted 
for each sample. 

5.2 Results and discussion 

5.2.1 Variations in the curing reaction behaviour as affected by catalyst content 

The curing reactions of UF resin are typically exothermic, so it was hypothesized that the reaction 
enthalpy (11/l) would simply be proportional to the degree of conversion (a) during the curing process. 
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The DSC results in Table 5.1 show that the reaction enthalpy increased substantially with increased 
catalyst content. This indicates that the final degree of conversion of the curing reaction of a UF resin is 
closely related to the catalyst content. The effect of catalyst content on the final degree of conversion of a 
curing reaction can be explained by the increase in reactivity of reactive groups due to the decreased pH 
value in the curing system. 

Table 5.1 DSC results of UF resins mixed with various catalyst contents 

Catalyst content !JH Ea Tp (OC) 
(%) 

(Jig) (kJ/mol) 5 °C/min 10 °C/min 15 °C/min 

0 - 54.8 128.1 135.5 139.4 
0.1 - 46.7 108.5 115.46 120.1 
0.2 90 43.5 95.01 102.51 107 
0.3 98.5 40.6 87.24 96.24 100.07 
0.4 110.3 37.8 86.45 95.69 99.5 
0.5 113.9 36.9 84.93 94.53 97.73 
0.7 122.2 36.4 83 .11 92.28 96.21 
1.0 134.8 36.4 82.9 91.98 96.04 
1.5 162.1 36.4 82.8 91.98 95.88 
3.0 172.3 36.4 82.55 91.98 95.49 

The endothermic reaction seen in the DSC curves after resin curing is unlikely related to vapour loss 
because the analysis was conducted under pressure. The hydrolysis of cured UF resin may have 
contributed to this endothermic phenomenon. As shown in Figure 5.1, the endothermic reaction after resin 
curing was more pronounced at both lower (s O.l %) and higher levels (>0. 7%) of catalyst content, 
whereas it was not noticeable in the range of 0.2 to 0. 7% catalyst content. These observations can be 
explained as follows: At lower levels of added catalyst, the pH value of the curing system was relatively 
high. Thus, the reaction rate was lower. However, with increased temperature, a hydrolysis reaction 
occurred, which became more intense with time. The hydrolysis reaction retards or even stops the curing 
reaction. Thus, the endothermic reaction occurred at the latter stages of the curing process. On the other 
hand, higher catalyst content resulted in lower pH values in the curing system. Much evidence exists 
showing that low pH accelerates not only the rate of cure of UF resins but also their rate of hydrolysis 
after resin curing (Allan et al 1980, de Jong and de Jonge 1953, Higuchi and Sakata 1979, Higuchi et al 
1980, Myers 1982, Mayers and Koutsky 1990, Troughton 1969). It is, therefore, of critical importance to 
add a catalyst and control hot-pressing time precisely in order to obtain optimum bond strength in panels. 
It seems that a catalyst content range of 0.2 to 0. 7% is desirable in panel manufacturing for this UF resin. 
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Figure 5.1 DSC curves of UF resin and catalyst mixture (heating rate: 10 °Cimin) 

The activation energy at the peak point of the DSC curve was calculated with the standard method of 
ASTM E698-79 (1979). This method involves a plot of log (<P/T2max) against (l ffmax), which gives a 
straight line_ <P is the heating rate and T is the peak temperature of the DSC scanning curve. The 
activation energy (Ea) is given by: 

Ea = (The slope of the line) x R 
where R is the universal gas constant (8.314 J/mol·K). 

In general, the activation energy of a catalyst/resin mixture is lower than that of the UF resin alone. 
Furthermore, the activation energy decreases with increased catalyst content in the UF curing systems at 
lower levels of catalyst content (~0.5%). However, the activation energy seemed unchanged at higher 
levels of catalyst content. Several factors may have influenced the changes in the activation energies of 
the curing systems. The variation in pH values in the curing systems is the most probable contributor. 
Since UF resin curing occurs under acidic conditions, the resulting decrease in pH in the UF curing 
system with the introduction of catalyst may have led to a decrease in the activation energy of the UF 
curing reaction. With increased catalyst content, most reaction groups will be activated. Thus, with further 
increases in catalyst content, the change of activation energy would be very limited. 

The peak temperature (Tp) is the temperature at which the conversion rate reaches a maximum during a 
dynamic scan of the reaction. The peak temperatures ranged from 82 to 128 oc for a heating rate of 
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5 °C/min, from 92 to 135 oc for a heating rate of 10 °C/min, and from 95 to 139 oc for a heating rate of 
15 °C/min. The decrease in peak temperature with increased catalyst content was significant at lower 
levels of catalyst content (:S0.3%), while no significant change occurred at higher levels of catalyst 
content (>0.3%), as shown in Figure 5.2. 

35 

30 

25 

20 

~ 1 5 

~ 
~ 10 

u:: 
n~ 
CD 05 I 

00 

-0 5 

-1 0 

-1 5 
40 

El<oUp 

Figure 5.2 

91 98-c (1) 

50 60 70 80 90 100 110 
Temperature ("C) 

120 130 

I. UF+3% catalyst 
2. UF+1 5% catalyst 
3. UF+1% catalyst 
4. UF-tO 7% catalyst 
) . UF-tO 5% catalyst 
6. UF-tO 4% catalyst 
7. UF-tO 3% catalyst 
8. UF-tO 2% catalyst 
9. UF-tO 1% catalyst 
10. UF 

140 150 160 
Universal V2 4F TA Instruments 

Peak temperature as affected by catalyst content (heating rate: 10 °C/min) 

The initiation (start) temperature (Ts) is the temperature where the curing reaction starts, and is obtained 
from the DSC curves. With a heating rate of I 0 °C/min, the start temperature of the curing reaction could 
be decreased by more than 20 oc by adding 0.1% catalyst, as shown in Figure 5.1. With further increases 
in catalyst content (>0.1% ), decreases in start temperature were very limited. 
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5.2.2 Variations in the curing reaction behaviour as affected by wood raw materials 

The DSC results ofUF resin and its mixtures with wood raw materials and 0.3% catalyst are summarized 
in Table 5.2. 

Table 5.2 DSC results of UF resin and its mixtures with wood raw materials 

sample LJJ-1 (Jig) Reduction of LJJ-1 (%) Tp(OC) Ts( 0 C) 
UF 103.78 0 95.53 65.75 
P6 93.36 10.00 100.92 69.54 
RP 92.82 10.56 97.56 66.18 
ws 86.75 16.41 98.39 65.59 
PB 83.55 19.49 101.14 65.26 
PT 83.09 19.94 103.54 69.82 

WSB 75.67 27.09 94.23 55.19 
RPB 66.77 35.66 91.56 56.55 
P10 105.73 71.89 

The reaction enthalpy greatly decreased when wood raw material was added to the curing systems of UF 
resin. This indicates that the final degrees of conversion of the curing reaction for the mixtures of UF 
resin with wood were lower than those for UF resin alone. The main factors involved could be diffusion 
control and the change in the reaction phase of the curing system (He, 2003). 

When dry wood powder was introduced into UF resin, the powder absorbed some of the water in the 
resin. As a result, the viscosity of the UF resin increased. Consequently, the diffusion and mobility ofUF 
resin molecules were reduced. Therefore, the curing reactions of UF resin may be influenced by diffusion 
at higher degrees of conversion: the mobility of the molecules and their reactive groups decrease when 
molecular weight increases, and crosslinking occurs between molecules at the latter stages of the curing 
process. 

The phase change in the curing system also affected the conversion during the curing process ofUF resin. 
When UF resin was mixed with wood, the phase of UF resin changed from a homogeneous solution to a 
heterogeneous system. As a result, the UF resin was dispersed as many droplets on the surface of the 
wood powder. These droplets could not be linked with each other, and a portion of the available 
functional groups remained unreacted. The reduction of 10 to 20% reaction enthalpy observed with the 
addition of P6, RP, WS, PB, and PT may have been due to these factors. Another major factor affecting 
the reaction enthalpy was the reaction between formaldehyde and wood extractives during the resin 
curing process. The significantly lowered reaction enthalpies of UF resin mixed with RPB and WSB may 
have been due to their content of rich extractives, such as tannin, which can react with the free 
formaldehyde in the curing system. Moreover, this decrease in free formaldehyde content in the curing 
system also reduced the degree of final conversion because formaldehyde is needed in the curing system 
to bring about the required reaction to form a crosslinked and glass-like solid (Dunky 1998). 

The pH values and buffer capacities ofUF resin mixed with wood materials may have played a role in the 
observed reaction enthalpies. However, there is no evidence that these factors have a significant effect on 
the curing enthalpy of UF resin. The DSC curves of UF resin mixed with P1o at 0.3% added catalyst 
content show that the curing rate was lower than that of UF resin mixed with other wood materials. As a 
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result, the hydrolysis reaction occurred at the latter stages of the curing process. There are two ways to 
avoid hydrolysis at the latter stages of the curing process during DSC scanning. One is to increase the 
curing reaction rate by adding the correct amount of catalyst. The other is to use a lower heating rate. 

The peak temperature (Tp) and start temperature (]',.) of UF in the presence of hardwood (poplar) were 
higher than those of UF in the presence of softwood (white spruce and red pine). The main contributors to 
this effect may have been the increased pH values of the wood/resin mixtures caused by the introduction 
of poplar powder, which pH is higher than these of softwood powders (Table 4.3). The acid buffer 
capacity of wood (estimated here by the absolute acid buffer of the wood extracts) should also be 
considered since it can also influence the change in pH value of the resin. A strong relationship was found 
between absolute acid buffering capacity and both peak temperature (Tp) and start temperature (Ts), as 
shown in Figures 5.3 and 5.4. 
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Curing peak temperature of UF resin as affected by absolute acid capacity of 
wood raw materials (heating rate: 10 °C/min) 
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Curing start temperature of UF resin as affected by absolute acid capacity of 
wood raw materials (heating rate: 10 °C/min). 

5.3 Conclusions 

Catalyst content plays a very important role in UF resin curing reaction enthalpy, activation energy, peak 
temperature, and stability of the cured resin. Reaction enthalpy increases with catalyst content. Activation 
energy and peak temperature decrease with increased catalyst contents in the range of 0 to 0.5%. Changes 
in activation energy and peak temperature with a further addition of catalyst are very limited. Both lower 
and higher catalyst contents cause hydrolysis during the latter stages of the curing process. An optimal 
range of catalyst content exists for UF resin. 
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6 Properties of MDF made with fast-growing and short
rotation hybrid poplar commercial thinnings 

6.1 Materials and methods 

6.1.1 Material collection and preparation 

Raw materials for this study consisted of 6-year-old commercial thinning tops (PT), 6-year-old poplar 
commercial thinning logs without bark, and 1 0-year-old butt logs without bark (P 1 0) from a hybrid 
family of P. balsamifera, P. deltoids, P. maximowiczii, P. nigra, and P. trichocarpa. The raw materials 
were chipped using a portable chipper. The wood chips from these three poplar materials were collected 
and then refined in the MDF pilot plant of Forintek Canada Corp. with the following consistent 
parameters: refiner rpm 2400; steam pressure 7.5x I 05 Pa; retention time 3 minutes; plate gap 0.07 mm. 
The refining was done without wax or resin injection. The target moisture content of the refined fibres, 
using a tube dryer, was 5%. 

6.1.2 Physical property evaluation of raw materials 

After being submersed in water at room temperature for one week, completely green wood chips were 
immersed in 1500 ml of water in a 3000 ml beaker. When the water level increased from 1500 ml to 2500 
ml, a volume of 1000 ml of green wood chips was obtained. Then the green chips were dried in an oven at 
I 05 ±3 oc to a constant weight. The basic density of the wood chips was calculated based on oven dry 
weight divided by green volume. Two measurements were made for each sample. 

The fibre properties were determined using the Fibre Quality Analyzer (FQA) and were performed at the 
Centre specialise en pates et papier, Trois-Rivieres, Canada. The fibre samples include refined fibres, 
obtained by thermal mechanical refining, and maceration fibres . Macerations were performed in the 
laboratory by heating wood sticks in equal volumes of glacial acetic acid and 30% hydrogen peroxide. 

Thirty-gram dry-refined fibre samples were classified using the Tyler screen system equipped with 12, 20, 
32, 48, and I 00-mesh screens and a pan. Shaking time was 15 minutes for each sample. Data for the 
screen classification was reported as the weight ratio of each fibre fraction. 

Fibre bulk density was determined by sifting dry fibres through a 5-mesh screen into a 3-1 container and 
then weighing the fibres. 

6.1.3 Chemical property evaluation of raw materials 

The main chemical properties measured include pH values and buffering capacities. Details of the method 
for evaluating pH and buffering capacity of raw materials are presented in section 4.1.2, above. The 
methods for analysing refined fibres are similar to the methods used for raw materials. For the fibres, 500 
ml of distilled water was used to moisten the fibres. Due to the large bulk volume of refined fibres and 
high capacity of water absorption, 500 ml of water was needed. 

The hot-water extraction of wood chips was conducted according to ASTM D Ill 0-84 method B. Two 
measurements for each sample were carried out. 
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6.1.4 Panel Manufacturing 

The panel processing parameters for making MDF panels are presented in Table 6.I. 

Table 6.1 Lab panel manufacturing parameters 

Processing parameter 
Target density (kg/m ) 
UF resin content(%) 
Wax content(%) 
Dimension (mm) 
Thickness (mm) 
Press temperature ( oC) 
Press time (min.) 

Condition required 
740 (with homogenous density profile) 

I2 
0.5 

480x480 
12 
I80 
7 

A 0.5% wax emulsion (wt/wt of oven dry fibre) and additional water were mixed into the liquid urea
formaldehyde (UF) resin with a mechanical agitator to dilute the resin from 65 to 40% solid content. The 
glue mixture was sprayed onto the fibres with our laboratory air flash tube blender. Then, the resinated 
fibres were manually formed into mats using a wooden frame. The mats were hot-pressed at I80 oc for 7 
minutes, including I 10 seconds press closing time, 4 minutes polymerization time, and I minute releasing 
time. The releasing stage included 5 steps in order to bring the pressure to zero. A total of 20 panels were 
made for the 5 different combinations shown in Table 6.2. 

Table 6.2 Experimental design for panel making 

Run 

I 
2 
3 
4 
5 

6.1.5 Panel property evaluation 

Fibre proportion 

P6 (100%) 
PIO (100%) 
PT (100%) 

PT (80%) + PIO (20%) 
PT(50%) + PIO (50%) 

All MDF panels were kept at 22 oc and 65% relative humidity conditions for 2 weeks before cutting. The 
specimen cutting pattern used here and in subsequent sections is shown in Figure 6.1. The IB, MOR, 
MOE, TS, and LE properties were measured in accordance with ASTM D 1037-99 and ANSI A208.2-
2002. 

21 of69 



Properties of MDF in Relation to Wood Fibre Characteristics and Processing 
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Figure 6.1 Specimen cutting pattern 

6.2 Results and discussion 

6.2.1 Physical properties of raw materials 

By comparing samples PIO and P6, it was determined that the basic density of poplar wood increases 
with the age of the tree, as shown in Table 6.3. This could be due to old poplar wood fibre having thicker 
cell walls than fibre from younger trees. The basic density of poplar tops (PT) was slightly higher than the 
density of P6. This could be due to the fact that the PT consisted of bark, which has a higher basic 
density. The refined fibres of PI 0 and P6 samples had similar fibre-size distributions, while PT fibres had 
a higher content of fines, as shown in Figure 6.2. Refined P6 fibres had the lowest bulk density, while PT 
fibres had the highest bulk density; this is due to the higher content of fines and short fibres of the PT 
fibres. These results indicate that refining parameters should be modified to suit different raw materials. 

There were no significant differences in average fibre lengths of macerated and refined fibres. This 
indicates that the effect of thermal mechanical refining on fibre length is minimal. However, the 
coarseness of refined fibres was three times that of macerated fibres. This could have been due to a higher 
content of fibre bundles and lignin in the refined fibres. 

22 ol69 



Properties of MDF in Relation to Wood Fibre Characteristics and Processing 

Table 6.3 Physical properties of raw materials 

Property P10 P6 

Basic density of wood (g/cm ) 0.32 0.30 
Bulk density of refined fibres (g/cm3

) 0.0297 0.028'7 
Average length of macerated fibres (mm) 0.54 0.54 
Average length of refined fibres (mm) 0.56 0.49 
Coarseness of macerated fibres ( mglm) 0.070 0.060 
Coarseness of refined fibres (mg/m) 0.203 0.194 
Fibre length and fibre coarseness were evaluated by FQA 
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~20.,._--------------l .... 
'§, 15 ~-------._......,.. 
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Q) 1 0 -1-- ----.-------::r--- -----l._ 
~ 

5 
01-~~~ .. ~~~~~~~~~~~~~~ 

>1.4 >0.84 >0.5 >0.3 >0.15 <0.15 

Mesh screen openning (mm) 

PT 
0.31 

0.0325 
0.50 
0.54 
0.061 
0.228 

Figure 6.2 Refined fibre size distribution, evaluated using the Tyler screen system 

6.2.2 Chemical properties of raw materials 

The chemical properties of raw materials are summarized in Table 6.4. The initial pH value of hybrid 
poplar wood seems to increase with tree age. The observed phenomenon can be explained as follows: It is 
known that most soil is acidic, which is the main reason why the pH of most wood species is about 4-5. 
However, hybrid poplar is a special species in that it can produce alkaline conditions during growth. This 
effect is magnified with time and results in higher final pH values in older trees. The hot-water solubility 
ofPlO samples was higher than that ofP6 samples. The hot-water solubility ofPT was higher than that of 
P6; this is due to PT's higher content of bark, which has a high level of extractives. 
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Table 6.4 Chemical properties of raw materials 

Property P10 P10f P6 
pH value 6.85 4.97 6.17 
Acid buffer capacity (mmol/IOOg) 0.344 0.776 0.664 
Alkaline buffer capacity (mmol/IOOg) 3.276 1.538 2.396 
1 Absolute acid buffer capacity (mmol/I OOg) -2.932 -0.762 -1.726 
2Relative acid buffer capacity 0.1 0.5 0.28 
Hot-water solubility(%) 5.5 I .45 

P6f 
4.64 
1.412 
1.312 
0.10 
1.08 

1. Absolute acid buffering capacity= acid buffering capacity - alkaline buffering capacity 
2. Relative acid buffering capacity= acid buffering capacity I alkaline buffering capacity 
3:f- refined fibre 

PT 
5.46 
3.086 
3.882 
-0.794 
0.80 
5.0 

PTf 
5.13 
1.688 
2.000 
-0.312 
0.84 

The pH values of the samples decreased significantly after refining, as shown in Figure 6.3. This could 
have been due to some chemical extractives and semi-cellulose being decomposed under high 
temperature and pressure conditions during thermal mechanical refining. The acidity of raw materials 
played a very important role in providing (or generating) the combined pH environment at the interphase 
during resin curing. Matsuda and Sano (197 I) found a negative relationship between pulp pH and the 
strength properties of dry-formed hardboard produced with UF resin. Thus, press time and temperature 
must be adjusted for the pH environment to obtain optimum bond strength. It is expected that highly 
acidic fibres (lower pH) would be better suited for attaining shorter hot-press cycles when UF resin is 
used. However, the effects of refining parameters on the pH values of raw materials need to be studied 
further. 
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6.2.3 Physical and mechanical properties of MDF panels 

The properties of MDF panels determined were IB, MOR, MOE, TS, and LE. Before IB testing, the 
specimens were scanned for density profile with the QMS Density Profile System-v 1.18a. Since IB 
failure normally occurs in the core layer of the specimen (due to lower density) and core density of the 
specimen is strongly correlated to IB, the tested IB should be converted to the same core density level 
before comparison. The procedure of conversion was described as follows: correlating the IB of each 
specimen to its core density (obtained by density profile scanning) and determining the linear 
relationships between IB and core density for each panel. These linear relationships were used to 
standardize IBs for each panel at the same core density level (740 kg/m3

). The IB values ranged from 0.98 
to 1.18 MPa, as shown in Figure 6.4. All IB values met the requirements of 130-grade type MDF 
according to ANSI A208.2-2002. 

The density of the test specimen also had a significant effect on MOR and MOE. The test values had to be 
converted to the same density level to compare the effects of raw material alone on MOR and MOE. This 
conversion was carried out by correlating the test value of each specimen to its density and determining 
the linear relationship between test values and specimen density for each panel. Using these linear 
relationships, the converted values for each panel were calculated based to density level of 740 kg/m3

. All 
MORs, except for PT, and MOEs met the requirements of 130-grade type MDF according to ANSI 
A208.2-2002, as shown in Figures 6.5 and 6.6. 
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Figure 6.4 Internal bond strength as a function of raw material type 
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Figure 6.5 Modulus of rupture as a function ofraw material type 
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Figure 6.6 Modulus of elasticity as a function of raw material type 
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P6 panels exhibited mechanical properties superior to those of other panels. Although PT panels had the 
lowest MOR, they still greatly exceeded the requirements of 120-grade type MDF according to ANSI 
A208.2-2002. 

The LE property of all panels met the requirements of the ANSI standard. However, the thickness 
swelling (TS) was higher than the requirements of the ANSI standards shown in Figure 6.7. The lower 
wax content could be the main reason causing poor TS. Another factor considered is the excess UF resin 
curing that occurred in the surface layers of panels during hot pressing. 
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Figure 6.7 Thickness swelling as a function of raw material type 

6.3 Conclusions 

Results of this study imply the following conclusions. The basic density, pH value, and hot-water 
solubility of hybrid poplar wood increase with age of the tree. The effect of refining condition on average 
fibre length is not significant, while the initial pH is drastically reduced after refining. A linear 
relationship exists between pH both absolute acid buffering capacity and relative acid buffering capacity. 
The mechanical properties (except MOR for PT) of all panels met the requirements of 130-grade type 
MDF according to ANSI A208.2-2002. The linear expansion (LE) of all panels also met the requirements. 
The insufficient wax content and excess cured surface layers of panels lead to inadequate performance in 
thickness swelling (TS). However, increasing wax content and optimizing the refining and panel making 
processes could improve the properties of MDF panels of hybrid poplar. 
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7 MDF properties in relation to wood fibre characteristics 
7.1 Materials and methods 

7 .1.1 Material collection and preparation 

Raw materials used in this study consist of commercial thinnings of four species grown in eastern 
Canada, including 6-year-old hybrid poplar (P6), white spruce (WS), jack pine (JP), and red pine (RP). 
The debarked logs were chipped using a portable chipper. The chips were then refined by the thermal 
mechanical refiner at the Forintek MDF pilot plant (Forintek Canada Corp., Quebec, Canada). The refiner 
speed was 2400 rpm, steam pressure was 7.5 xI 05 Pa, and retention time was 3 minutes. The plate gap was 
set to 0.07 mm. No wax or resin was injected during refining. The target moisture content of the refined 
fibres, using a tube dryer, was 5%. 

7.1.2 Physical property evaluation of refined fibres 

The procedures are the same as in section 6.1.2. 

7.1.3 pH and buffering capacity measurement 

The details are contained in section 6.1.3. 

7.1.4 Panel manufacturing 

The constant parameters for making MDF panels are presented in Table 6.1. A predetermined amount of 
wax emulsion (solid content 58%) and water was mixed into the liquid urea-formaldehyde (UF) resin 
with a mechanical agitator to dilute the resin from a solid content of 65% to 40%. The modified liquid UF 
resin was sprayed onto the fibres with the same process parameters using our laboratory air flash tube 
blender. Then, the prepared resinated fibres were formed into mats using a wooden frame. The mats were 
hot-pressed at 180 oc for 7 minutes, including 120 seconds press closing time in order to achieve the 
target thickness, 4 minutes polymerization time, and 1 minute releasing time. The releasing stage included 
5 steps to bring the pressure to zero. A total of 8 panels were produced with 2 replicates each. 

7.1.5 Panel property evaluation 

All MDF panels were stored at 22 oc and 65% relative humidity conditions for 2 weeks before cutting. 
Tests were conducted for IB, modulus of rupture (MOR), modulus of elasticity (MOE), thickness 
swelling (TS), and linear expansion (LE) in accordance with standard methods ASTM D 1037-99 and 
ANSI A208.2-2002. 

7.2 Results and discussions 

7.2.1 Effect of refining on the pH value of raw materials 

The acidity of raw material plays a very important role in providing (or generating) the combined pH 
environment at the interphase during resin curing. Thus, press time and temperature must be adjusted for 
the pH environment to obtain optimum bond strength. In the manufacturing of MDF products, it is very 
meaningful to reduce the pH value of raw materials by refining because the UF resin used in MDF 
production is an acid-curing adhesive. It is expected that highly acidic fibres (with lower pH) would be 
better suited for attaining shorter hot-press cycles when UF resin is used. The pH values of raw materials 
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and refined fibres are shown in Figure 7 .1. Among the species studied, jack pine had the lowest pH. This 
indicates that a shorter hot-pressing period is needed for this kind of material versus other materials. The 
pH values of wood were significantly decreased after refining. This indicates that refining conditions 
could be adjusted to suit a selected resin system in order to obtain a desirable pH for wood raw materials. 

7 ~-----------------------------------------------. 
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Figure 7.1 Effect of refining on pH of raw materials 

7.2.2 Effect of different raw material on fibre size distribution 

3.96 

JP 
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I I 

I I 
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The proportions of coarse fibres in white spruce and red pine were higher than these in other species. 
Also, poplar and jack pine fibres were shorter and had better fibre size distributions, as shown in 
Figure 7.2. The percentage of coarse fibres in white spruce and red pine was about 44% and 40% 
respectively, while it was about 18% in poplar and jack pine. The proportion of short fibres (<O.Smm) in 
poplar and jack pine was about 66% and 52%, respectively. The coarse fibre fraction should contain many 
fibre bundles and therefore should affect the mechanical properties of MDF panels. This also indicates 
that the refining parameters, especially retention time and preheater steam pressure, should be optimized 
to achieve a desirable fibre size distribution. 
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Figure 7.2 Effect ofwood species on fibre size distribution 

7.2.3 Effect of raw materials on the bulk density of refined fibres 

In general, lower bulk density results in a higher compaction ratio during hot pressing, which 
subsequently produces a stronger panel than those made with higher bulk density fibres (Suchland and 
Woodson, 1991 ). However, the reverse can occur if the proportion of coarse fibres is too high. 

Under the same refining conditions, poplar fibres were found to have the highest bulk density, following 
by jack pine, white spruce, and red pine, as shown in Figure 7.3. This indicates that there is a strong 
relationship between bulk density and the proportion of short fibres (<0.5mm), as shown in Figure 7.4. 
The higher the proportion of short fibres, the higher the bulk density. This is due to the lower level of 
bridging among short fibres as compared to long fibres. The dense structures between fibres result in a 
larger contact area between the fibres during hot pressing, which subsequently produces a greater bond 
area and results in stronger panels. On the other hand, the higher the proportion of coarse fibres, the lower 
the bulk density, as shown in Figure 7.5. This may have been due to the abundance of coarse fibres, 
which create looser structures between the fibres. 
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Figure 7.5 Bulk density as affected by proportion of coarse (>O.Smm) fibres 

7.2.4 Panel properties as affected by fibre acidity (pH} 

No relationship was found between panel MOR, MOE, TS, LE and fibre pH. However, IB was found to 
be closely related to the pH value of fibres. IB increased with increased fibre pH values, as shown in 
Figure 7 .6. UF resin is an acid-catalyzed curing resin. Different fibre pH values were expected with 
different resin curing times during hot pressing. In general, UF resin with lower pH fibres needed less 
time to cure. If a longer hot-pressing time is used to cure UF resin with lower pH fibres, the resin will be 
over-cured and will result in poor bond strength. The relationship between IB and pH indicates that the 
hot-pressing time used in this study (7 minutes) may be somewhat longer that the optimal pressing time. 
If the relationship is the reverse, hot-pressing time should be prolonged. 
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Figure 7.6 Effect of fibre pH on internal bond strength (JB) 

7.2.5 Panel properties as affected by fibre size distribution 

I . 
4.4 4.6 4.8 

Mechanical properties of panels were closely related to fibre size distribution. The higher the proportion 
of coarse fibres {>0.84mm), the poorer the mechanical properties, as shown in Table 7 .I. To achieve the 
desired mechanical properties, the proportion of coarse fibres should be kept below 20% by adjusting the 
refining conditions. No relationship was found between the proportion of coarse fibres and TS or LE. 

Table 7.1 Properties of Panels relation to proportion of coarse or short fibres 

Description IB MOR MOE TS LE Ratio of coarse fibres Ratio of short fibres 
(MPa) (MPa) (MPa) (%) (%) >0.84 mm (%) <0.5 mm (%) 

P6 1.18 28 3060 21.6 0.17 18.4 66.6 
JP 0.86 26 2715 13.2 0.25 17.4 51.8 
RP 0.95 19 1849 22.9 0.24 39.5 45.3 
ws 0.71 16 2183 24.9 0.24 43.3 43.1 

7.2.6 Panel properties as affected by wood species 

The mechanical properties of hybrid poplar MDF panels were better than those of jack pine panels, and 
the mechanical properties of jack pine panels were better than those of red pine and white spruce panels, 
as shown in Table 7.1. The mechanical properties of hybrid poplar and jack pine panels exceeded the 
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requirements of 130-grade type MDF, while the properties of red pine and white spruce panels meet the 
120-grade type MDF according the ANSI A208.2-2002 standard. The panels made from jack pine showed 
significantly lower thickness swelling (TS) than the other panels. This indicates that jack pine, as an MDF 
raw material, could have better dimensional stability. All linear expansions (LE) of panels met the 
requirements of the standard of ANSI A208.2-2002. 

7.3 Conclusions 

All species studied can be considered potential raw materials in MDF manufacturing. Hybrid poplar 
panels show better mechanical properties than the other panels, while jack pine panels exhibit better 
dimensional stability than the others. The pH values of the raw materials are dramatically reduced by 
refining. IB increases with increased fibre pH. The percentage of coarse fibre content negatively affects 
panel mechanical properties. To achieve the ideal fibre size distribution, the proportion of coarse fibres 
(>0.84 mm) should be kept under 20%. 

8 MDF properties as affected by bark fibre content 
8.1 Materials and methods 

8.1.1 Material collection and preparation 

Raw materials for this study consisted of commercial thinnings of four species grown in eastern Canada: 
I 0-year-old hybrid poplar (P), white spruce (WS), jack pine (JP) and red pine (RP). The debarked logs 
were chipped using a portable chipper. The chips were then refined by a thermal mechanical refiner at the 
Forintek MDF pilot plant (Forintek Canada Corp., Quebec, Canada). The refiner speed was 2400 rpm, the 
steam pressure was 7.5xl05 Pa, and retention time was 3 minutes. The plate gap was set to 0.07 mm. No 
wax or resin was injected during refining. The target moisture content of the refined fibres, using a tube 
dryer, was 5%. 

8.1.2 Panel manufacturing 

The constant parameters for making MDF panels are presented in Table 6.1. A predetermined amount of 
wax emulsion (solid content 58%) and water was mixed into the liquid urea-formaldehyde (UF) resin 
with a mechanical agitator to dilute the resin from a solid content of 65% to 40%. The modified liquid UF 
resin was sprayed onto fibres with consistent process parameters using our laboratory air flash tube 
blender. Then, the prepared resinated fibres were formed into mats using a wooden frame. The mats were 
hot-pressed at 180 oc for 7 minutes, including 120 seconds press closing time to achieve the target 
thickness, 4 minutes polymerization time, and I minute releasing time. The release stage included 5 steps 
to reduce the pressure to zero. A total of 24 panels were produced with 2 replicates each. 

8.1.3 Panel property evaluation 

All MDF panels were stored at 22 oc and 65% relative humidity conditions for 2 weeks before cutting. 
Tests were conducted for IB, modulus of rupture (MOR), modulus of elasticity (MOE), thickness 
swelling (TS), and linear expansion (LE) in accordance with the standard methods of ASTM D 1037-99 
and ANSI A208.2-2002. 
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8.2 Results and discussions 

8.2.1 Effect of bark content on 18 

The relationship between bark content and IB was evident from the IB values of panels made with 
different bark contents, as shown in Figure 8.1. For each species, the bark-free panel had the best IB, and 
m decreased significantly with increased bark content. The effect of bark content on the m for each 
species was quite similar. However, all ills, including those for the panels with the highest bark contents, 
met the standard requirements according to ANSI A 208.2-2002. m could be further improved by 
optimizing the hot-press process and refining conditions because m depends greatly on fibre morphology 
and resin curing efficiency during hot pressing. 
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Figure 8.1 JB as affected by wood species and bark content 

8.2.2 Effects of bark content on MOR and MOE 

JP 

Figure 8.2 shows the effect of bark content on panel MOR. Similar observations were noted for panel 
MOE, as shown in Figure 8.3. The best MORand MOE were found for the panels made of bark-free 
hybrid poplar fibre. With the inclusion of bark, the MORand MOE decreased significantly. Most MORs 
and MOEs decreased by about 40% for the panels made with 40% bark. However, in comparison with the 
ANSI standard, the MORs and MOEs still exceeded standards for the 120-grade of MDF panel. The 
exception was the MOR of red pine. The MOR and MOE properties could be further improved by 
optimizing refining and panel-making parameters. 
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8.2.3 Effect of bark content on dimensional stability 

The effect of bark content on TS was not significant, as shown in Figure 8.4. For each species, a small 
decrease in TS was found in panels with 40% bark content. Hybrid poplar panels had higher TS than the 
other species, while jack pine panels had lower TS than the other species. However, none of the panels 
met the ANSI standard with respect to TS. Insufficient wax content (0.5%) could have been one of the 
main reasons. Another factor that could have been responsible for the high TS is the excess curing of the 
UF resin that occurred in the surface layers of the panels as a result of excessive hot pressing. Water 
absorption decreased with increased bark content, as shown in Figure 8.5. The panels made from jack 
pine showed significantly lower W A than the panels made from other species. This indicates that the use 
of jack pine as a raw material may result in better dimensional stability for MDF panels. Linear expansion 
increased with increasing bark content, as shown in Figure 8.6. The effect of bark content on LE varied 
depending on species. The impact of different bark contents on LE for jack pine panels was insignificant, 
while it was significant for panels made from the other three species. However, the LE of all panels met 
the requirements according to ANSI A 208.2-2002. 
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8.3 Conclusions 

The effect of bark content on the mechanical properties of MDF panels, especially MOR and MOE, is 
more significant than it is on the physical properties such as TS, W A, and LE. With the exception of TS, 
and in one case MOR, the properties of the MDF panels studied, including the panels with 40% bark 
content, meet the ANSI standard. The required properties of MDF made with various species and bark 
contents evaluated in this study could be achieved by increasing wax content and optimizing the refining 
and panel making processes. 

9 MDF properties in relation to refining process -
optimization of refining parameters of black spruce 

tops 

9.1 Materials and Methods 

9.1.1 Material collection and preparation 

The raw material for this study was black spruce tops, which were collected from a forest in Quebec. The 
branches and leaves of the tops were cut off. The cleaned tops were chipped using a portable chipper. The 
chips were then refined by a thermal mechanical refiner at the Forintek MDF pilot plant (Forintek Canada 
Corp., Quebec, Canada) according to the experimental design parameters shown in Table 9.1. The fixed 
parameters of refining included a plate gap of 0.07 mm and a plate speed of 2800 rpm. No wax or resin 
was injected during refining. The target moisture content of the refined fibres, using a tube dryer, was 
10%. 

Table 9.1 Full factor experimental design with two factors and three levels for refining 

Run Retention timet (min.) Steam pressure p (bar) 
I 3 6 
2 3 9 
3 3 12 
4 5 6 
5 5 9 
6 5 12 
7 7 6 
8 7 9 
9 7 12 

9.1.2 Panel manufacturing 

The panel characteristics and constant parameters for making MDF panels are presented in Table 9.2. 
Refined top fibres were dried to 3% before resin blending. An amount of solid N~Cl was mixed into the 
liquid UF with a mechanical agitator. The liquid UF was diluted by adding water in order to achieve the 
moisture content (12%) ofMDF mats. The diluted liquid UF resin was sprayed onto fibres with consistent 
parameters using our laboratory blender, consisting of a rotary drum with an internal spray nozzle. Then, 
the resinated fibres were formed into mats using a wooden frame. The pre-pressed mats were hot-pressed 
at 180 oc for 5 minutes, including 1.2 minutes press closing time to achieve the target thickness, 2.8 
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minutes polymerization time, and 1 minute releasing time. The release stage included 5 steps to bring the 
pressure to zero. To follow the full factorial experimental design, a total of 18 panels for all 
9 combinations, with 2 replications, were prepared according to Table 9.1. 

Table 9.2 Constant conditions for panel making 

Processing parameter 
Target density (kglm) 
UF resin content (%) 
N~CI content(%) 
Dimension (mm) 
Thickness (mm) 
Press temperature ( oC) 
Press time (min.) 

9.1.3 Panel property evaluation 

Condition required 
750 (with homogenous density profile) 

12 
0.2 (dry mass/dry resin) 

500x500 
12 

180 
5 

All MDF panels were stored at 22 oc and 65% relative humidity for 2 weeks before cutting. The tests for 
internal bond strength (IB), modulus of rupture (MOR), modulus of elasticity (MOE), thickness swelling 
(TS), and linear expansion (LE) were conducted in accordance with the standard methods of ASTM D 
1037-99 and ANSI A208.2-2002. Before IB testing, the IB specimens were tested by density profile 
scanning. The density profile scanning was performed with the QMS Density Profile System-v 1.18a at 
Forintek Canada Corp. in Quebec. The target density profile of the panel is one with a higher density on 
the faces and homogeneous density in the core (lower than on the faces). 

9.2 Results and discussions 

9.2.1 Treatment of experimental results for statistic analysis 

The test IB values ranged from 0.49 to I .07 MPa, exceeding the requirements of the ANSI standards. The 
specimen core densities obtained from the density profile ranged from 493 to 755 kglm3

. Since the 
density of broken (core) layers strongly affects the IB, the test IB should be treated to the same core 
density level before statistical analysis. The treatment procedure was as follows: correlate each IB to the 
core density of each specimen (obtained from the density profile scanning) and determine the linear 
relationship between IB and core density for each panel, as shown in the Appendix (Figures 10.1 to 1 0.9); 
use the linear relationship to calculate the IB for each panel at a core density of 750 kglm3

• (750 is core 
density?) For example, for the first panel, the IB is about 1.39 Mpa, according to the relationship of IB 
(a) and core density (b): a= 0.0044b- 1.9068. 

The density of the test specimen also had a significant effect on MOR and MOE. It was found that linear 
relationships existed between MOR, MOE, and specimen density. Figures 9.1 and 9.2 show the examples 
of these relationships in the panels of Run 1. For run 2 to 9, please refer to Figure 10.10 to 10.25 in the 
Appendix. The test values had to be converted to the same density level in order to compare the effects of 
refining parameters on MOR and MOE. Thus, the calculated MOR and MOE of the first run were 
25.3 MPa and 1962 MPa, respectively, at the density level of 750 kglm3

, as shown in Table 9.3. The 
physical properties listed in Table 9.3, including TS, WA, and LE. 
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Table 9.3 Properties ofpanels 

Run *IB Core density *MOR *MOE Density TS WA LE 
(MPa) (kg/m3

) (MPa) (MPa) (kg/m3
) (%) (%) (%) 

I 1.39(1.07) 675 25.3(24.1) 1976(1873) 740 17.7 85.4 0.104 
2 1.41 ( 1.06) 681 26.9(23.3) 2168(1809) 723 15.8 76.7 0.134 
3 1.3(0.54) 494 28.8(21.0) 2660(1803) 662 11.4 61.7 0.132 
4 1.02(1.03) 755 25.6(23.7) 1964(1789) 734 22.6 82.1 0.100 
5 1.29(0.62) 527 27.0(20.6) 2307(1741) 672 14.3 74.2 0.126 
6 1.09(0.66) 591 24.0(23.6) 2474(2416) 746 9.6 54 0.139 
7 1.06(0.92) 686 25.2(25.8) 2025(2075) 754 18.6 77 0.100 
8 1.27(0.93) 658 25.3(24.3) 2259(2225) 740 11.8 57.4 0.123 
9 0.89(0.47) 604 18.7(18.7) 1986(1988) 750 8.9 53 0.153 

*: numbers in parentheses are tested values; numbers outside parenthesis are treated values 

9.2.2 Effect of refining parameters on IB 

The results of the analysis of variance (ANOVA) in relation to IB are presented in Table 9.4. 

Table 9.4 ANOVA table ofretention time (t) and steam pressure (p) in relation to IB 

ss df MS F 
t 0.129067 1 0.129067 11.98349 0.040589 
e 0.015022 1 0.015022 1.394773 0.322703 
p 0.006017 1 0.006017 0.558631 0.509063 
p2 0.078672 1 0.078672 7.304505 0.073619 
t X p 0.0016 1 0.0016 0.148556 0.725624 
Error 0.032311 3 0.01077 
Total SS 0.262689 8 
Var.: IB; R-sq = .85263; Adj: .60701 (ib-top.sta) two 3-level factors, 1 Block, 9 Runs; MS Residual = .015737 

Note: SS: sum of squares; df degree offreedom; MS: mean of square; F: F value; p: probability 

Table 9.4 indicates that the effect of retention time (t) on IB was significant, while the effect of steam 
pressure (p) on IB was insignificant. The second order oft and p, as well as the interaction, were all 
insignificant. Thus, retention time was more important than steam pressure. To achieve better IB, 
retention time should be precise. The effect of retention time and steam pressure on IB is shown in Figure 
9.3. The required IB (:::0.4 MPa) can be easily obtained under all conditions. However, according Figure 
9.3, the ideal refining conditions for IB are: retention time- 2.5 to 3 minutes; steam pressure - from 6.5 to 
11.5 bars. 
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Figure 9.3 IB as affected by retention time (t) and pressure (p) 

9.2.3 Effect of refining parameters on MORand MOE 
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The results of the analysis of variance (ANOVA) in relation to MORand MOE are presented in Tables 
9.5 and 9.6. 

Table 9.5 ANO VA table of retention time (t) and steam pressure (p) in relation to MOR 

ss df MS F 12 
T 23.20667 1 23.20667 16.39403 0.027129 
t2 0.5 1 0.5 0.353218 0.594136 
p 3.526667 1 3.526667 2.491366 0.212584 
p2 6.48 1 6.48 4.577708 0.121904 

txp 25 1 25 17.66091 0.024593 

Error 4.246667 3 1.415556 
Total SS 62.96 8 

Var.: MOR; R-sqr = .93255; Adj: .82013 (ib-top.sta) two 3-level factors, I Block, 9 Runs; MS Residual = 1.415556 

Table 9.5 indicates that the effects of retention time (t) and the interaction oft and pressure (p) on MOR 
were significant, while p, p 2 and r were insignificant. 
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Table 9.6 ANO VA table of retention time (t) and steam pressure (p) in relation to MOE 

ss df MS F 
T 47170.67 1 47170.67 2.137759 0.239879 
t2 9522 1 9522 0.431534 0.558134 
p 223108.2 1 223108.2 10.11119 0.050101 
p2 8064.5 1 8064.5 0.365481 0.588139 

t xp 129960.3 1 129960.3 5.889756 0.093591 
Error 66196.42 3 22065.47 

Total SS 484022 8 
Var.: MOE; R-sqr =.88185; Adj : .68494 (ib-top.sta) two 3-level factors, I Block, 9 Runs; MS Residual = 19010.51 

Table 9.6 indicates that none of the factors had a significant effect on MOE (a=0.05). However, the effect 
of steam pressure was more important than that of retention time. It is almost significant (p=0.050 I). 

Figures 9.4 and 9.5 show MORand MOE as affected by retention and pressure. 
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Figure 9.4 MOR as affected by retention time (t) and pressure (p) 
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Figure 9.4 also indicates that factor twas more important than factor p for MOR. This was probably due 
to the chemical structure of fibres is easily changed under pressure and temperature conditions. As a 
result, the mechanical properties of fibres may have been affected. Thus, to achieve a better MOR, 
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attention should be paid to retention time. The desired MOR (2:24 MPa) can be achieved if the retention 
time is less than 4 minutes, regardless of pressure used. According to Figure 9.4, the ideal refining 
conditions for MOR are: retention time- 2.5 to 3.75 minutes; steam pressure- from 8.5 to 13 bars. 
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~ 1soo 
q) 

~ 1&JO 

Figure 9.5 MOE as affected by retention time (t) and pressure (p) 

above 

However, for MOE, steam pressure was more important than retention time. To achieve the desired MOE 
(2:2400 MPa), the steam pressure must be high enough and retention time must be less than 5.5 minutes, 
as shown in Figure 9.5. According to Figure 9.5, the ideal refining conditions for MOE are: retention 
time - 2.5 to 5 minutes; steam pressure - from 10 to 13 bars. 

9.2.4 Effect of refining condition on panel dimensional stability 

The results of the statistical analysis of variance (ANOV A) for dimensional stability (TS, WA, and LE) 
are presented in Tables 9.7, 9.8, and 9.9. 
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Table 9.7 

Factor 
T 
r 
p 
p2 

txp 
Error 

Total SS 

ANO VA table of retention time (t) and steam pressure (p) in relation to TS 

ss df MS F p 
5.226667 1 5.226667 1.213493 0.351091 
4.420356 1 4.420356 1.026289 0.385637 
140.7473 1 140.7473 32.67777 0.010622 
1.422422 1 1.422422 0.330249 0.605777 

2.89 1 2.89 0.670981 0.472725 
12.92138 3 4.307126 
167.6281 8 

Var.: TS; R-sqr = .92292; Adj: .79444 (ib-top.sta) two 3-level factors, I Block, 9 Runs; MS Residual = 4.307126 

Table 9.7 indicates that steam pressure was a significant factor for thickness swelling (TS), but retention 
time was not significant. The reason could have been the decomposition of extractives and carbohydrates 
under higher steam pressure and temperature conditions leading to reduction of the hydrophilic ability of 
refined fibres. 

Table 9.8 

Factor 
t 
r 
p 
p2 

P<p 
Error 

Total SS 

ANO VA table of retention time (t) and steam pressure (p) in relation to WA 

ss df MS F p 
220.8267 1 220.8267 8.749621 0.059641 
4.908889 1 4.908889 0.194501 0.689045 
957.6067 1 957.6067 37.94241 0.008611 
0.642222 1 0.642222 0.025446 0.883395 

0.0225 1 0.0225 0.000891 0.978056 
75.71528 3 25.23843 
1259.722 8 

Var.: WA; R-sqr = .9399; Adj : .83972 (ib-top.sta) two 3-level factors, I Block, 9 Runs; MS Residual = 25.23843 

Table 9.8 shows that steam pressure was a very significant factor for water absorption (WA), but all other 
factors were insignificant. 

Table 9.9 

Factor 
T 
r 
p 
p2 

txp 
Error 

Total SS 

ANO VA table of retention time (t) and steam pressure (p) in relation to LE 

ss Df MS F p 
0.000006 1 0.000006 0.141146 0.732137 
0.000014 1 0.000014 0.334568 0.603546 
0.002400 1 0.002400 56.458288 0.004885 
0.000080 1 0.000080 1.887171 0.263174 
0.000156 1 0.000156 3.675670 0.151052 
0.000128 3 0.000043 
0.002784 8 

Var.: W A; R-sqr = .9399; Adj : .83972 (ib-top.sta) two 3-level factors, I Block, 9 Runs; MS Residual = 25.23843 

Table 9.9 shows that steam pressure was a very significant factor for linear expansion (LE), but all other 
factors were insignificant. 
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Figure 9.6 indicates that steam pressure was again more important than retention time. The lower the 
pressure used, the higher the TS obtained. To achieve required TS, the pressure should be high enough. 
So, to achieve the required TS (:::;12.5%), the steam pressure had to be higher than 10 bars, regardless of 
how long the chips were preheated (retention time). Thus, black spruce tops can be considered to be an 
idea raw material with good dimensional stability. 
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Figure 9. 7 indicates that steam pressure was again more important than retention time. The higher the 
pressure used, the lower the W A obtained. It was found that a linear relationship exists between TS and 
WA, as shown in Figure 9.8. 
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Figure 9.9 indicates that LE was less than O.I6% in all refining process conditions studied and much 
lower than the limit allowed by the ANSI A208.2-2002 standard (:::;0.3%). Thus, the limit for LE can be 
easily respected under any of the refining conditions studied. 

9.2.5 Determination of optimal refining conditions 

The ideal refining conditions for individual properties are summarized in Table 9.I 0. 

Table 9.10 Ideal refining conditions for individual properties 

Description IB MOR MOE TS WA LE 
Retention time (min.) 2.5-3 2.5-3.5 2.5-5 Any Any Any 
Steam pressure (bar) 6.5-II.5 6.5-I0.5 I0-13 IO-I3 IO-I3 

Based on all factors and taking the economic effects into consideration, the optimal refining conditions 
should be: retention time- 2.5 minutes; steam pressure - I 0 bars. The predicted panel properties, 
according the statistical software, were: IB: I.56 MPa; MOR: 28.9 MPa; MOE: 2426 MPa; TS: I2.5%; 
W A: 71.3%; LE: 0.13%. All the properties exceed the requirements of 130-grade type MDF according to 
ANSI A208.2-2002. 

9.3 Conclusions 

Steam pressure has a significant effect on MOR, MOE, TS, W A, and LE, while its on IB effect is 
insignificant. Thus, steam pressure should be considered an important factor during the refining process. 
When black spruce tops are used as a raw material for MDF, the optimal refining conditions are: retention 
time - 2.5 minutes; steam pressure - I 0 bars. The properties of panels made under these conditions were 
predicted to be: IB - I.56 MPa; MOR- 28.9 MPa; MOE - 2426 MPa; TS -I2.5%; W A- 7I.3%; and 
LE - 0.13%. Black spruce tops can be considered an ideal raw material for the manufacture of MDF 
products. 
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Relationship between panel mechanical properties and specimen density 
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Figure 10.24 MOR vs density of specimen for Run 9 
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Figure 10.25 MOE vs density ofspecimenfor Run 9 
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