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kignin as binder in particle boards using high frequency heating 
Properties and modulus calculations 

A. Mathiasson, D.G. Kubat 

This paper reports the results of a study exploring the possibility 
of employing unmodified Kraft (sulphate) lignin as a binder in 
particle boards manufactured using high frequency (z7 MHz) 
heating. The mechanical parameters of the samples varied sub- 
stantially with their density. For instance, the modulus of elasti- 
city increased from 2.5 to 6a GPa when density changed from 700 
to 12oo kg/m'. Similar resuhs were obtained when replacing the 
lignin component with some thermoplastic binders (PVCAC, 
PVC, LDPE, PA n, and an acrylic copolymer). 

The water resistance of the samples was relatively low. For 
instance, a sample containing 2o% lignin and having a density of 
7oo kg/m ~ exhibited after 2 h exposure to water a thickness 
swelling of 4o%. With a similar sample containing PVCAC as 
binder, the corresponding value was 13%. It was possible to 
reduce the degree of swelling with hydrophobizing additives or 
by using acetylated wood flakes. An addition of 5% of a polyeth- 
ylene wax thus reduced the swelling of lignin bound samples to 
below 5%. Similar results were obtained with PVCAC as binder. 
Supplementary experiments were carried out with adding hollow 
microspheres (Expancel) to the material. Reduced swelling was 
recorded also in this case. 

Predictions of the modulus values based on the Halpin Tsai 
concept produced a fair degree of agreement with the experimen- 
tal data, provided the density and the binder content were suffi- 
ciently high. 

Lignin ols Bindemirtel for Sponplatten unter Verwendun9 yon 
Hochfrequenz-Erhitzun9, Eigenschaften und Berechnung des 
Moduls 
Unmodifiziertes Lignin aus dem Kraft-(Sulfat)-Aufschlul~ 
wurde zur Herstellung von Spanplatten mit Hilfe einer 
Hochfrequenzerhitzung bei 27 MHz verwendet. Die mechani- 
schen Eigenschaften der Proben variierten sehr stark 
entsprechend ihrer Dichte. Z.B stieg der E-Modul von 2,5 auf 
6,1 GPa, wenn die Dichte yon 7oo auf 12oo kg/m ~ erh6ht wurde. 
Ahnliche Ergebnisse wurden erzielt, nachdem die Lignin- 
Komponente durch einige thermoplastische Harze wie PVCAC, 
PVC, LDPE, PA i1 und ein Acryl-Copolymer ersetzt wurden. Die 
F euchtebest~indigkeit der Proben war relativ gering. So wies eine 
Probeplatte mit 2o% Ligninanteil und einer Dichte yon 7oo kg/m' 
eine Dickenquellung yon 4o% auf. Bei einer ~ihnlichen Probe, die 
PVCAC als Bindemittel enthielt betrug die Dickenquellung nut 
13%. Die Quellungseigenschaften konnten deutlich verbessert 
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werden durch Zusatz yon Hydrophobierungsmitteln. Die Zugabe 
yon 5% Polyethylen- Wachs reduzierte die Quellung der ligninge- 
bundenen Platten auf unter 5%. ~,hnliches gilt ftir PVCAC. 
Erg~inzende Untersuchungen wurden unter Zugabe yon 
Microhalloons (Expancel) durchgeftihrt. Auch damit konnte 
die Quelhmg herabgesetzt werden. Die Berechnung der 
Festigkeits-eigenschaften nach dem Halpin-Tsai-Modell 
ftihrte zu einer annehmbaren Ubereinstimmung mit den experi- 
mentellen Daten, wenn die Dichte und Harzgehalt ausreichend 
hoch waren. 

1 
Introduction 
This communication presents the results of an experimental 
study concerning the possibility of using high frequency (HF) 
heating in the production - on a laboratory scale - of particle 
board and similar wood fibre based materials. ]'he wood tlakes 
employed in this investigation are normally used in the top layer 
of conventional particle boards. 

Although boards can be formed by pressing the flakes in an 
HF field, such products are found to possess in(erior strength 
and swelling properties. As in normal production, it is therefore 
necessary to use suitable adhesives. This work is primarily con- 
cerned with the use of unmodified Kraft (sulphate) lignin as the 
bonding agent. Apart from lignin, some thermoplastic binders, 
in the first place PVC, were employed in order to improve the 
water resistivity of the wood/lignin composites. Hydrophobic 
additives were used for the same purpose, as were also acetylated 
wood flakes. Although the literature contains a relatively large 
number of reports on the use of sulphonated lignin and spent 
sulpbite liquor as binders, there appear to be no studies describ- 
ing the use of unmodified Kraft (sulphate) lignin. When such 
lignin is being employed, it is always as a reactive component 
replacing phenol in phenol-formaldehyde resins. 

The possibility of using HF heating in the manufacture of par 
ticle boards bonded with conventional thermosetting resins (UF 
or PF type) is well documented. However, the practical signifi- 
cance of this technique is limited. HF has been used for pre-heat- 
ing the boards in order to shorten the pressing time and increase 
the press capacity (Fahey 1976; Stevens and Woodson 1977). 
Some patents cover the use of HF as the sole heat source during 
the pressing operation, preferably with phenol-formaldehyde 
resin as the bonding agent (Swed. Pat. Appl. 1978, t986). 111 other 
areas of wood technology, the use of HF heating is a well estab- 
lished technology (Yavorsky 1954; Mann 1954; Estep 1954; Miller 
and Cole 1957, Miller and George 1965). This is, for instance, the 
case with gluing of veneers (Mann 1954). 

It is known that cellulose can, in principle, attract sufficient 
amount of energy to attain temperatures where it begins to 
decompose. This also applies to different wood species. The 
dielectric parameters determining the extent of heat dissipation 
in a wood sample are amply documented in the literature. In 
general, the power N dissipated in a unit volume is given by the 
formula (Kollmann 1955; Menges et al. ~98o) 
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N = 0.556 E2fc tan3 x lO ~2 Wlcm 3 (1) 

where E is the effective value of the AC voltage, f the frequency, 
the relative dielectric constant, and tan6 the loss factor. Given the 
voltage and frequency, the dissipated power is thus determined 
by the product c tan& The system electrodes/wood can be con- 
sidered as equivalent to a circuit consisting of a condenser in 
parallel with a resistance. The current through the system is the 
sum of the currents flowing through the two parts of the circuit; 
its magnitude is determined by the quantities entering Eq. (1). 

In wood, ~: and tan{5 depend on the humidity content (Lin 
1967; ]ames 1977; Nanassy 197o; Kr6ner and Pungs 1952; Trapp 
and Pungs 1956). For pine wood (Pinus silvestris), for instance, 
values o f t  ranging from about 8 to 15 have been reported when 
humidity content was increased from 15% to 45% (Kollmann 
1955). These values relate to a frequency oflo MHz. For dry birch 
wood, c amounting to 2.2 has been found at the same frequency 
increasing to 2.6 at lO.7% humidity content. On the whole, 
c values around 3 are normally recorded for various wood species 
at lO MHz and o-15% RH (Kr6ner and Pungs 1952). 

The loss factor tan6 also increases with humidity. As an exam- 
ple, we mention that tan,5 values for 3o different kinds of wood 
increase from about o.o3 to about o.o8 when the humidity con- 
tent is raised from zero to 16% (measurements perpendicular to 
fibre direction, 15 MHz) (Kollmann 1955). The above values are 
given here as illustrations only; it is not possible to depict the 
complicated interplay of the various factors affecting the dielec- 
tric parameters in terms of a few numerical figures. 

Apart from the humidity, also the temperature plays an 
important role. At constant humidity, the loss factor decreases 
significantly at elevated temperatures, for birch wood at lO MHz 
from about 0.06 to about o.ol in the range 2o-14o~ at lO% con- 
stant humidity content (Kollmann 1955). Another parameter 
influencing the dielectric behavior is the density. The value of c 
for instance, increases linearly with this quantity, the slope of~: 
vs. density lines depending on the humidity (Kollmann 1955). 

The frequency of the HF field influences the dissipated power 
in two ways, directly as evident from Eq. (1), and indirectly via its 
influence on the values of~: and tan& As known for other solids, c 
decreases with increasing frequency. In c-logf diagrams, this 
decrease, when covering sufficiently largefranges, has a sigmoid 
shape characteristic of a dispersion region. In accordance with 
this, tan3 shows a maximum. It may be noted that according to 
literature data on spruce wood and cellulose this maximum is 
located in the vicinity of the frequency used in the present case 
(27 MHz) (Kollmann 1955). 

Lignin behaves somewhat differently, since its tam5 increases 
less than for wood with frequency (from 0.o08 to o.o2 between 
300 Hz and 1o MHz). On the other hand its c value is somewhat 
higher than that of wood and cellulose, at least in the examples 
given by Kollmann (1955) and Venkateswaran (1972). 

The product c tan8 determining the material dependent 
part of the dissipated power falls with increasing temperature 
(from O.Zl to o.o36 between zo ~ and 14o~ for birch veneer). 
For a dry phenol-formaldetlyde film, used in gluing veneers, it 
shows a maximum (0.55) at about too~ (0.09 at 2o~ o.19 at 
140~ 

It thus follows that normal wood species and their con- 
stituents appear to have sufficiently high values of the product 
tan(5 in order to enable adequate heating of various composites, 
also when the adhesive agent used remains relatively inert 
towards the HF field, especially at higher initial humidity con- 
tents. 

In a separate section, we present the results of theoretical cal- 
culations of the modulus of elasticity based on the Flalpin-Tsai 
concept. At sufficiently high binder contents and densities, the 

predictions showed a fair degree of agreement with measured 
modulus values. 

2 
Experimental 

2,1 
The press 
A schematic picture of the hydraulic press used is shown in Fig. 1. 
The HF electrodes were mounted on the press platens using a 
number of cylindrical insulators (glass reinforced bakelite). The 
electrodes, made of aluminium, had a rectangular shape with the 
dimensions of the sample (95 x 45 mm). They were preheated to 
8o~ in order to reduce the temperature gradient in the board 
samples. The frequency of the HF generator (FIAB System Co., 
type FS) was 27 MHz. 

Fig. ~. Schematic picture of the hydraulic press. A - mould of PPS, B - HF elec- 
trodes, C - insulators, D - press, E - HF generator, F - heating unit 
circulating oil. 

Bild ~. Schema der hydraulischen Presse A - Werkzeug aus PPS. B - HF 
Elektroden, C - lsolatoren. D - Presse, E - HF-Generator, F - Heizung for 
den Olkreislauf 

2.2 
The mould 
The mould was designed for compression moulding of rectangu- 
lar plates, 95 • 45 ram, with varying thickness and density 
(depending on the pressure used). The frame of the mould was 
made of a high-temperature engineering plastic (polyphenylene 
sulphide, PPS, Ryton). Its inner surfaces were covered with 5 mm 
thick, hardened glass plates. The same cover was used for the 
electrode surfaces facing the sample. The role of the glass plates 
was to reduce the cooling of the sample during the HF heating 
thus diminishing the corresponding temperature gradients. 

2.3 
Materials used 
The various materials used were as follows: 

Cellulosic components 
Wood flakes (60% spruce, 30% pine, lO% birch, with bark), aver- 
age size 3 • 0.3 ram, Byggelit AB, Sweden. 
Wood flakes, spruce, laboratory made, average size 3 • 0.5 mm. 
Wood flour, spruce, sieving mesh 80, Lignitverken AB, Sweden. 
Acetylated spruce flakes, average size 3 • 0.5 mm, laboratory 
made, 16.6% weight increase. 

Bonding agents 
Kraft lignin, Indulin AT, av. particle size 4 pm, Westwaco Corp., 
USA. 



Kraft lignin, KL2, KL88, and Curan too, av. size a6 izm, Holmens 
Bruk AB, Sweden. 
PVC, emulsion type, Pevikon PE 71o, av..size 5 Izm, Norsk Hydro, 
Sweden. 
PVC-copolymer (PVCAC), 17% vinylacetate, av. size 4 ~tm, 
Aldrich Chem. Co., England. 
LDPE, type m7.o4o, density 924 kg/m 3, av. size 38o #m, Atochem, 
France. 
PA n,  Rilsan powder ES natural, av. size 3o p.m, Atochem, France. 
Acrylic copolymer latex, Mowilith DM 774, av. size o.1 llm, 
Hoechst-Perstorp AB, Sweden. 

All the bonding agents used, except the acrylic latex, were par- 
ticulate solids; they were dry-blended with the cellulosic compo- 
nent. Optical inspection showed that they provided an even cov- 
erage of the wooden flakes. 

Hydrophobing agents 
Paraffin wax, T,. 58-6o~ laboratory grade. 
Paraffin oil, purum. 
Stearic acid, T,,, 55-56~ 
Vestovax, type SH m5, av. size 2o/m~, Veba-Chemie AG, 
Germany. 

Expanding agent 
PVDC microspheres, Expancel 461 DU, av. size to !+m (ca. 40 ILna 
expanded), Expancel AB, Sweden. 

This agent was intended as a means to change the density of 
the samples. Contrary to the expectations, it did not influence 
the density or the mechanical parameters, the pressure being the 
primary factor ira this context. However, the expanding agent did 
have an effect on the swelling behaviour. 

2.4 
Compounding and sample preparation 
The components were conditioned one day at 50% RH, where- 
after they were dry-blended. In some experiments, the wood 
component was mixed with a latex emulsion, and the mixture 
dried at mo')C. When using the paraffin oil, this was added first 
to the cellulose phase, the components being added afterwards. 
Paraffin wax was melted onto the cellulose particles at 7o~'C 
before adding the remaining substances. 

The mould cavity was filled with zo g of the preblended mate- 
rial, whereafter appropriate pressure, depending on the density 
to be attained, was applied. The stamps of the mould, which also 
acted as electrodes, were preheated to 8o~ An anode current of 
3 mA was employed in the experiments, with the pressing time 
varying between 6o and a2o s, depending on the melting charac- 
teristics of the bonding agent. After the HF field had been 
switched off, the sample was allowed to cool for z min at 8o~ 
before releasing the pressure. Thereafter, the sample was taken 
out of the mould cavity. 

In the high density range, typical sample densities were 
around 12oo kg/m ~, while corresponding values for the low densi- 
ty samples were about 7oo kg/m '. 

model 565 k) according to BS 2782. The water absorption and 
swelling were measured after immersion in water at RT, by 
determining the weight and thickness increase, after 1 h, 2 h, 
24 h, and 1 week. 

3 
Results 

3.1 
Preliminary experiments with wood flour composites 
In a preliminary series of experiments, various cellulose and 
wood flour based samples containing PVC as the binder were 
prepared. Due to initial difficulties in optimizing the experimen- 
tal conditions, relatively low values of the mechanical parameters 
were obtained. It may therefore suffice to exemplify these results 
with some data obtained with pressing the 8o mesh wood flour 
with PVC, Kraft lignin and P A n  as bonding additives, Table L 
With PVC, modulus values increasing with the wood content up 
to about 80% were recorded. At higher wood contents the modu- 
lus fell markedly. The stress and strain at rupture decreased 
within the entire wood content range, thus indicating an overall 
increase in brittleness. 

Using lignin as binder in the above experiments yielded some- 
what better results. Especially interesting was the finding that the 
a+, values retained their relatively high level up to 9o% wood con- 
tent, Table ~. With polyamide u, the strength parameters were 
somewhat improved, as compared to samples containing PVC 
and lignin as binders. On the other hand, the moduh, s was slight- 
ly lower, and decreasing with increasing woodflour content, 
"Fable L The low IS values at more that 8o% wood content were 
probably due to incomplete coverage of the wood particle surface 
bythe PA i1 binder. This appears also to be the case with PVC. 

3.2 
Properties of flake board samples 
In these experiments, the properties of samples based on 
wood flakes with varying amounts  of thermoplastic binder were 
measured. The results are shown in Figs. 2-4. The hinders used 
were PVCAC, Kraft lignin, and LDPE. In the following, the 
results obtained with each of the binders will be briefly com- 
rnented. 

P VCA C 
This binder is an amorphous copolymer of vinyl chloride and 
acetate, the content of the latter component amount ing to ~7%. 

Table i. Mechanical properties of high density boards from wood flour with 
lignin, P\,'C, and PA It as hinder. Density i3oo {:~ too) kg/m ~. [S-impacl 
strength. 

Wood flour E a!, ;:,, IS 
Content, % GPa MPa % kJ/m ~ 

Lignin binder 
20 
40 
60 

2.5 80 
Testing 9o 
The samples were cut to test bars and conditioned at zo'C and I'Ve binder 
5o% RH for 48 h. The bars were subjected to conventional tensile 20 
tests (Instron, model 1193) at a cross-head speed of 5 mm/min,  60 
corresponding to a strain rate of 1.7 • lo ~ s '. The effective length 80 
of the tensile test bars was 50 mm, their width to ram. The thick- 90 

PA 11 binder 
ness varied between 3.4 and 8.0 mm, depending on density. 70 

From the stress-strain curves, the initial modulus, E, and 80 
stress and strain at rupture, G and G were evaluated. The impact 9o 
strenght, IS, was determined using a pendulum tester ([:rank, 

3.0 l0 (].4 2.2 
.t.1 18 0.6 2.9 
4.5 28 1.8 4.0 
4.3 30 2.0 4.0 
4.1 28 1.8 4.8 

2.6 38 3.7 6.2 
4.1 31 1.9 5.8 
4.2 26 2.0 5.1 
2.6 12 0.9 

2.5 39 2.0 5.8 
1.9 39 1.7 5.8 
1.5 11 0.4 4.0 
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Fig. ~. E-modulus (E) and tensile strength (0~,) vs. 
wood flake content. Binder: A - iignin; D - 
PVCAC; 0 - LDPE. Filled symbols - high density 
(12oo kg/m3), unfilled - low density (700 kg/m 3) 

Bild 2. Abh~ingigkeit des E-Moduls (E) und der 
Zugfestigkeit (Or) yon Spananteil und folgenden 
Bindemitteln: z~ - Lignin, 7) - PVCAC, 0 - LDPE. 
Augeffiltte Symbole: hohe Dichte (12oo kg/m~), 
nicht ausgefollte: niedrige Dichte (70o kg/cm 3) 

Fig. 3- Elongation at break and impact strength 
(I,) vs. wood flake content. Symbols as in Fig. 2 

Bild 3. Abh~ingigkeit der Dehnung bei Bruch (~:b) 
und der Schlagbiegefestigkeit (l,) vnm 
Spangehah. Symbole wie Bild 2 

In comparison with PVC it has an improved heat stability; it can 
also he expected to provide better bonding to cellulose than 
unmodified PVC. It was therefore chosen instead of PVC which 
had been used in the preliminary experiments with wood flour, 
Table 1. 

High density board samples (1300 kg/m 3) based on this 
binder have some appealing mechanical properties. For instance, 
both modulus, Fig. 2, and impact strength, Fig. 3, increase with 
the wood content, while ab and eb remain relatively stable. 

Fig. 4. E-modulus (left hand) and swell after 1 
week in water (right hand) vs. density of wood 
flake hoards for varying contents of PVCAC and 
for lignin at 30% concentration 

Bild 4. Abh/ingigkeit des E-Moduls (links) und der 
Quellung (rechts) yon der Plattendichte fOr ver- 
schiedene Harzgehahe und for 3o% Ligninanteil 

Figs. 2-3 also show corresponding data for samples with lower 
density 7oo kg/m3). The density apparently is an important 
factor in this context, determining not only the absolute values 
of the various mechanical parameters, but also the fashion in 
which the properties change with the composition. One finds, 
for instance, that both E and a~ are reduced when the propor- 
tion of wood flakes in the samples is increasing. The IS and ~b 
values indicate a high level of brittleness. The differences 
between the high and low density samples are summarized in 



Table 2. Mechanical properties of wood flake board samples 
using lignin and PVCAC as binder Binder Density E 

% kg/m 3 GPa 
at, G IS Swell. in water, % 
MPa % kJ/m ~ 

2 h 168 h 

Lignin 700 2.5 10.5 0.6 2.0 30 Disintegrates 
30% 
PVCAC 700 2.6 10.5 0.6 1.9 7 10 
30% 
Lignin 1200 6.1 14 0.8 3.5 35 Disintegrates 
30% 
PVCAC 1300 6.9 30.5 0.7 4.5 12 28 
30% 

Table z, which also shows corresponding values of the mecha- 
nical parameters and thickness swelling for lignin bonded 
samples. 

The increase in E with density is somewhat higher than 
proportional. All data in Table 2 relate to a wood content of 
70%. The density dependence of the modulus is further 
illustrated in Fig. 4, where results relating to samples with 
varying wood content are shown. At densities in excess of moo 
kg/m ~, the highest E values are obtained for samples with the 
lowest binder content. "['his is to be expected since the modulus 
of the wood component is higher than that of the binder. At low 
densities, on the other hand, a higher binder concentration is 
required in order to provide sufficient cohesion of the flakes. 
This explains the reduction in E at low binder contents for 
samples with relatively low densities. With regard to impact 
strength, a similar dependence on density and binder content is 
found. 

Kraft lignin (lndulin A I") 
With this binder, the mechanical parameters are nearly indepen 
dent of the wood content within the composition range covered 
by the experiments. The E and IS values are somewhat lower than 
with PVCAC, while % and G only amouut to about half the corre- 
sponding PVCAC levels, Figs. 2- 3. 

The variation of the modulus with density, and binder content 
is similar to that found for PVCAC. This follows also flom Table 2 
which shows the relevant parameter values for samples at two 
density levels. Lignin binders can be expected to show a fair 
degree of affinity to cellulose. 

Some complementary results were carried out with three 
types of kraft lignin from Holmens Bruk AB (Sweden). No major 
difference in the results (mechanical parameters, swelling) were 
noted. In the following, only the results obtained with Indulin AT 
are presented. 

LDPE 
This binder has the advantage of  a low melting point and a rela- 
tively low cost. On the other hand, its affinity to cellulose is limit- 
ed. In comparison with the other binders, LDPE produced rela- 
tively low E and % values. On the other hand, it improved the 
ductility, as reflected in the IS and ~:~, levels attained, Figs. 2-3. 

3.3 
Water uptake 
In this section, the characterization of the mechanical param- 
eters of the various samples given above is supplemented with 
data relating to their interaction with water as reflected in 
measurements of water uptake and swelling. 

Wood flour samples 
The variation of the water uptake with time of the wood 
flour/PVC samples produced in the preparatory experiments is 
shown in Fig. 5'for 2o%, 4o% and 60% wood content. As can be 
seen, the water uptake increases in that order. Corresponding 
Iignin based samples showed a similar behaviour, although the 
uptake increased with time even faster in this case. Also the 
amount of water measured in the samples was higher (8o-9o% 
for satnples containing 4o% and 6o% wood after about too h 
immersion in water). 

As with the mechanical parameters, the moulding pressure 
plays a central role here. This is illustrated in Fig. 5 where data 
for a sample (20% wood flour) moulded at somewhat lower pres- 
sure is included. The rate of water uptake was extremely high in 
this case; after about 5o h the sample disintegrated (low density, 
LD), 

Flake based samples 
The rate of water uptake for this type of material is shown in 
Table 3. 
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Fig. 5. Water uptake with time , t  wood flour/PVC 
and wood flour/lignin composites. Wood content 
2o%, 40% and 60%; density 1zoo kg/mL Curve 
marked I.D denotes a low density sample (7oo 
kg/m~; wood conten, 2o%) 

Bild 5. Wasserautnahme yon PVC und 
ligningebundencn I~,odenplatten mit }tolzanteilen 
wm 2o%, 4o% uod 60"< sowie einer k)ichte 12oo 
kg/mL Die mh I.D bezeichnete Kurve heschreibt 
das Verhahen ether Probe mit geringer Dichte 
(7oo kg/m') und zo% tiolzanteil 
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Table3. Water uptake (%) ofdifferentwood flake board compositions. 
DIS = Disintegrated 

Densi~ Binder Exposureto water 
Kg/m ~ % 

1 h 2h 24h 168h 

1200 lignin, 40% 14 20 71 DIS 
1200 " 30% 16 25 87 DIS 
1200 " 20% 21 36 113 DIS 
1200 " 10% 30 56 114 DIS 
1200 LDPE, 40% 6 8 26 DIS 
1200 " 30% 12 15 31 DIS 
1200 " 20% 13 20 49 DIS 
1200 " 10% 15 80 91 DIS 
700 PVAC, 30% 25 31 48 67 
700 " 20% 53 60 72 83 
700 " 10% 81 88 105 127 

1300 " 30% 2 3 11 25 
1300 " 20% 2 3 12 26 
1300 " 10% 8 11 32 57 

3.4 
Swelling 
The significant amounts of water taken up by the wood based 
composites are also reflected in marked swelling effects. In this 
section we report data relating to swelling in the thickness direc- 
tion upon immersion in water. Apart from samples based on the 
binders treated above, some additional agents were used. The 
swelling data are supplemented with results obtained with acety- 
lated flakes. 

Figure 6 shows the variation of the swelling degree with the 
wood content after a weeks exposure to water for the samples 
discussed above. A sample of the wood flour/PAn composites 
has also been included. Among the high density samples those 
bonded with PA~I exhibit the lowest swelling. However, low den- 
sity wood flour/PAll samples, not shown in Fig. 6, suffered from 
unusually high swelling levels, showing at the same time inferior 
mechanical properties. There was no significant difference 
between flake based samples containing LDPE and PVCAC. As 
expected, the degree of swelling increases with the wood content 
for all sample types. Lignin bonded samples, not included in 

Fig. 6, showed such a high swelling level that they disintegrated 
spontaneously after a few days immersion in water. 

Interesting was the finding that low density samples exhibited 
lower swelling degrees, as illustrated in Fig. 4 (right part) for 
wood-flake/PVCAC. This is probably due to the large amount of 
free space in such materials, allowing the fibres to expand with- 
out influencing their surroundings to the same degree as in a 
densely packed structure. 

Figure 4 shows the density dependence of the thickness 
swelling for the flake/PVCAC samples. In contrast to the mechan- 
ical parameters, lowering the density thus improves the response 
to water exposure. Reducing the binder content from 2o% to lO% 
results in a threefold increase in swelling. 

As mentioned above, the lignin containing samples were espe- 
cially susceptible to water, disintegrating after a few days of 
immersion. Lignin in itself is insoluble in water, but the bonding 
strength it conveys to the composite structure is apparently not 
sufficient to withstand the swelling pressure. Some supplemen- 
tary experiments were therefore carried out in order to improve 
the behavior of this binder. The results, reported in Fig. 7, show 
that adding stearic acid (5%) does not improve the resistance to 
water as measured by swelling. On the other hand, short-chain 
hydrocarbons, such as paraffin wax (and also Vestovax), have a 
marked positive effect, reducing the swelling to below zo% after 
z h water exposure. 

Combining a lignin content of lO% with xo% PVCAC or LDPE 
gives a marked swelling increase, approximately equivalent to 
the value obtained with lO% of either of the thermoplastic 
binders with no lignin present. On the other hand, combining the 
lignin binder with both Vestovax and Expancel has a beneficial 
effect on the swelling value which is only one third of that which 
would have been observed in a material not containing the lignin 
component. Low density samples bonded with PVCAC exhibit, as 
mentioned above, relatively limited swelling. If 5% of the binder 
is replaced by Vestovax, short-term swelling is reduced, cf. Fig. 8. 
If the replacement is for Expancel, the swelling is lower even after 
one week of immersion. However the use of Expancel only yields 
unusually high swelling values. 

Chemical modification of the wood component is a rather nat- 
ural, although not always technically feasible way to reduce its 
affinity to water. In Fig. 8 we show some results relating to acety- 
lated spruce flakes, obtained by reaction with acetic acid. Flakes 
modified in this way show less than half the extent of swelling 
recorded with lignin or PVCAC binders. 

Finally, in Fig. 8 (right) we include data for an untreated and 
acetylated flake material where the PVCAC binder has been 
replaced by an acrylate latex. Acetylation of the wood component 
provides also in this case a powerful means of reducing the 
swelling. The effect is enhanced by the high affinity of the acry- 
late phase to the acetyl groups of the modified flakes. 

Fig. 6. Variation of swelling degree with wood content for wood flake/PVCAC 
(~), wood flake/LDPE (O), wood flour/PA ll (0) samples. Filled symbols; den- 
sity 12oo kg/m 3, unfilled; 700 kg/m 3 

Bild 6. Beziehung zwischen Quellungsmag und Holzanteil fO.r die 
Holzwerkstoffe: 2) - Span/PVCAC, 0 - Span/LDPE, '21 - PA 11 - Bodenplatte. 
Ausgeffillte Symbole: 1200 kg/m~; nicht ausgef0.11te: 700 kg/m ~ 

4 
Modulus calculation 
The usefulness of theoretical models allowing the calculation of 
the mechanical parameters of fibre based composites from the 
properties and arrangement of the components has been amply 
illustrated in relevant literature. Among the theoretical tools 
used in that area, the theory of Halpin and Tsai (Halpin a984) 
stands out as especially useful, not at least due to its relative sim- 
plicity and the possibility to model composite structures with 
complex fibre arrangements. Basically, the Halpin-Ysai concept 
may appear applicable also to composite structures encountered 
in particle boards and related materials. However, available liter- 
ature contains, to our knowledge, no mention of such an 
attempt. It has to be admitted that such materials have a rather 
unusual structure, especially with regard to the low content of 
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Fig. 7- Swelling after exposure to water vs. time (log. scale) for wood flake samples for different compositions of the binder. Left: density 12oo kg/m~; right - 
7oo kg/m ~, Binder: �9 - 20% lignin, �9 - 15% Iignin + 5% stearic acid, �9 10% lignin + m% paraffin wax, �9 - m% lignin + lo% LDPE, ) - 20% lignin + 5% 
Vestovax + 5% Expancel, ,k - 5% Vestovax + 5% Expancel, ._1 1o% lignin + 1o% PVCAC, 0 - 3o% lignin 

Bild 7. Oickenquellung nach unterschiedlichen Benutzungszeiten for Spanplanen, hergestelh mit verschiedenen Bindemitteln und ZusStzen. t.inks: hohe 
Dichte (t2oo kg/m3); rechts: niedrige I)ichte (700 kg/m'). Bindemitte[: a, - 20% l..ignin, ~. - 15% kignin + 5% Stearins~iure, �9 - 1o% Lignin + m% Paraffin, �9 - 
m% Lignin + lo% LDPE, ) - 2o% Lignin + 5% Vestovax + 5% Expancel, k - 5% Vestovax + 5% Expancel, -1 - m% t.ignin + m% PVCAC, 0 - 3o% Lignin 

Fig. 8. Swelling degree vs. time (log. scale) For dif- 
ferent wood flake boards. AWF = acetylated wood 
flakes. I.eft: density 7oo kg/m~; right - 9oo kg/m ~. 
Binder: Q, - 20% PVCAC, �9 - t5% PV('AC + ~% 
Expance] , �9  I~% PVCAC + 5% Vestovax,�9 - S% 
Fxpancel,~ 2o%PVCAC(AWF), ) 2o% 
PVCAC, A - 2o% lignin (AWF), 0 -- 2o% lignin, 
V - 20% acryl latex (AWl:), n - 20% a~ryl latex. 

Bild 8. l.)ickenquelhlng nach nnterschiedli~_hen 
Benutzungszeiten ftir verschiedene Spanplatten- 
typen. AWt: = acetylierte Spiine. Links 700 kg/m~; 
rechts: 9oo kg/m'. Bindeminel: ~. - 2o% PVCAC, 
�9 - 15% PVCAC + 5% Expancel, �9 - !5% PVCAC 
+ 5% Vest{~vax, �9 5% Expancel, ~ - 2o% PVCAC 
(AWF),)  - 2o% PVCAC, ,:5. - 2o% Lignin (AWl.:), 
O - 20% Lignin, V 2o% Acry[-Latex (AWF) 
~l - 20% Acry} Latex 

the  b i n d e r  phase  which  may  r ende r  the ma t r ix  concep t  ques t ion -  
able. Despi te  these  difficult ies,  we will a t t e m p t  to apply  the  

H a l p i n - T s a i  f o rma l i sm  to the mate r ia l s  d i scussed  in the  p re sen t  
paper .  As will be seen, a fair degree  of a g r e e m e n t  with  experi-  
m e n t a l  da ta  will be ob t a ined  in cer ta in  cases,  while in o thers ,  

where  the r e q u i r e m e n t s  of the  theory  c o n n o t  be just i f ied,  differ- 
ences  will be found.  Before p roceed ing ,  we p re sen t  a b r ie f  sum-  
mary  of ear l ier  a t t e m p t s  to mode l  the elast ic p rope r t i e s  of par t i -  
cle boards .  

Hun t  (1970) appl ied  a finite e l emen t  m e t h o d  (FEM) to a layer 
of wood par t ic les  glued toge the r  with  a hypo the t i ca l  ne twork  of 

h i n d e r  e lements .  The  layer was a s s u m e d  to be isot ropic ,  wi th  the 
par t ic les  be ing  r a n d o m l y  o r i en t ed  and  hav ing  the i r  s y m m e t r y  
axes lying in the s ample  plane.  W h e n  c o m p a r i n g  the  resul t s  of  
the  ca lcu la t ions  with expe r imen ta l  da ta  ob t a ined  with samples  

special ly p r e p a r e d  in o rde r  to satisfy the  r e q u i r e m e n t s  of the  
FEM model  a fair degree  of ag reemen t  was reached.  On the  
whole,  the d i f ferences  be tween  calula ted  an d  e x p e r i m e n t a l  E 

m o d u l u s  were abou t  m %  or less ( b o a r d  f rom aspen  and  Douglas  
fir). C o r r e s p o n d i n g  d i s c r epances  for the  shea r  m o d u l u s  a m o u n t -  

ed to 15-20%. In a n o t h e r  FEM analysis ,  Lee (1977) cons ide red  the 

wood par t ic les  as e l l ipsoids  of  va ry ing  th i ckness  g lued  t oge the r  

with  the  b i n d e r  res in .  An overal l  o r i e n t a t i o n  of  the  par t ic les  was 
allowed. The  d i f ferences  be tween  p red i c t ed  and  m e a s u r e d  m o d u -  

lus values  (E, G) were d e p e n d e n t  on the  degree  of  o r i e n t a t i o n ,  
a m o u n t i n g  to 5-2o%.  The  mode l  cons i s t en t ly  o v e r e s t i m a t e d  the  

elast ic pa r ame te r s .  Harr is  (1977) used a s impl i f i ed  a p p r o a c h  
based  on ' a  n u m b e r  of r e c t angu l a r  wood  s e g m e n t s  with d i f fe ren t  
o r i e n t a t i o n s  glued toge the r  with  the b inder .  Several  layers  

could  be a c c o m m o d a t e d  in the  model .  The p red i c t i ons  were  
c o m p a r e d  with e x p e r i m e n t a l  da ta  o b t a i n e d  with b o a r d  

samples  h a v i n g  va ry ing  degrees  of  o r i en t a t i on .  The  m o d u l u s  (E) 
showed  as expec ted  a s t rong  o r i e n t a t i o n  d e p e n d e n c e .  The  differ- 

ences  be tween  theo ry  and  e x p e r i m e n t a l  m o d u l u s  (E) values  
a m o u n t e d  to a b o u t  7o% for s amp le s  with low o r i en t a t i on .  For 
more  o r i en t ed  s amp le s  the  d i s c r epances  were s o m e w h a t  sma l l e r  

(about  3o -4o%) .  W h e n  t ak ing  accoun t  of the  dens i t y  (/~) by 
c o n s i d e r i n g  the  rat io  EIp the theory  gave a fair  p i c tu re  of  the  

ac tual  p a r a m e t e r s  at the  h ighes t  o r i e n t a t i o n  only  (d i f fe rences  
of  abou t  5%). These  f igures apply  to a one - l aye r  mode l .  W h e n  
inc reas ing  the  n u m b e r  of  layers  a be t t e r  a g r e e m e n t  was ob ta i -  

ned  ( i o - 3 o %  at low o r i en t a t i on ,  5 - m %  at h igh o r i en t a t i on ) .  



Table 4. Comparison of experimental and calculated modulus values for the samples referred to in Fig. 2. The apparent density of the wood flakes in the final 
sample, p,, and their volume fraction, v I have been calculated using Eqs. (5, 6). The wood percentages given by the figures 6o-9o% are by weight. Binders 
used: PVCAC, LDPE, and lignin 
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60% 70% 80% 90% 

Theor. Exp. %Diff. Theor. E x p .  %Diff. 

PVCAC (1300 kg/m 3) 
E (GPa) 6.82 6.98 -2.3 
,0t (kg/m ~) 1291 
v t 0.709 
PVCAC (700 kg/m ~) 
E (GPa) 3.78 2.43 55.6 
& (kg/m ~) 594 
vt 0.841 
LDPE 
E (GPa) 2.18 1.94 12.4 2.87 2.70 6.3 
pt (kg/m ~) 1287 1208 
v t 0.517 0.640 
Lignin 
E (GPa) 5.87 6.19 -5.2 6.14 6.15 -0.2 
p( (kg/m ~) 1200 1117 
v~ 0.636 0.745 

Theor. Exp. %Diff. Theor. E x p .  %Difs 

7.47 7.70 -3.0 8.10 8.80 -8.0 
1284 1274 

0.808 0.905 

4.10 2.00 105.0 4.41 1.49 196.0 
629 658 

0.896 0.949 

4.01 3.20 25.3 5.34 3.68 45.1 
1293 1156 

0.740 0.878 

6.73 6.13 9.8 7.82 5.98 30.8 
1130 1227 

0.832 0.911 

Both models underestimated the actual values for weakly 
oriented samples; at high degrees of orientation the opposite 
was true. 

Apart from the references mentioned above the work done on 
modelling the mechanical properties of particle board has been 
centred on a number  of specific problems as the role of density, 
binder content etc. As a rule, such studies do not allow predic- 
tions of mechanical parameters of the board material from the 
properties and arrangement of its components.  

The Halpin-Tsai formula (Halpin 1984) is a simplification of 
the rigorous calculations of Hill (1965) and Hermans (1967), espe- 
cially suitable for engineering applications. The formula, valid 
for a completely oriented orthotropic ply under plane stress 
conditions, reads as follows 

E ,  1 + ~r/v! 
m 

E~ 1 - q v! 

where 

(2) 

ing procedure. We further assume that the binder is incompres- 
sible and that possible air inclusions are contained in the wood 
phase. For i'! and &we then obtain 

wsl& (5) 
Vf = 

N l& + (1 - wr)lpb 

and 

w! (6) 
P( = 

l/Pbo~d - (1 -- wf)lpv 

where vfand pjare the volume fraction and density of particles in 
the board, Pbo~a and Pb the density of the board and the binder, 
respectively, and % is the weight of particles in relation to the 
total weight of particles and binder. The influence of moisture 
has not been taken into account in these calculations. 
Furthermore, we assume a linear relationship between the 

(Eft ~Era)- 1 (3) 
tl - 

(Eft/E,,)+ 

with E, denoting the composite elastic modulus in the fibre (ori- Lignin 

entation) direction, E,, the matrix (binder) modulus, Ep the longi- 700 kg/m ~ 
tudinal fibre modulus, D the volume fraction of fibres, and ~ a E (GPa) 
factor depending on the fibre geometry (aspect ratio). According & (kg/m 3) 
to Halpin 0969) ~=2(1/t) should be used with flake-formed parti- vj 
cle reinforcement (1/t is the longitudinal aspect ratio, i.e. 800 kg/m" 
length/thickness). In the present study wood flakes with relative- E (GPa) 
ly small dimensions were used which precluded a direct mea- P~ (kg/m3) 
surement of their moduli in the two principal plane directions, v, 

920 kg/m ~ 
In order to apply Eq. (2) to our experimental data a somewhat E (GPa) 

different course of action was chosen. Tsai and Pagano (1968) Pr (kg/m3) 
have shown that for a ply with fibers randomly oriented in its vj 
plane the in-plane modulus is given by 1189 kg/m J 

E (GPa) 
3 5 

E = ~ E,t+ ~ E2z (4) Pt (kg/mS) 
l'r 
1255 kg/m 3 

with E,  and E~ denoting the longitudinal and transversal corn- E (GPa) 
posite moduli for a completely oriented ply. In the case of wood F5 (kg/m3) 
based boards account has also to be taken of the increased densi- v~ 
ty of the flakes due to their compression during the manufactur- 

Table 5. Experimental and calculated modulus, Pt, and v f, values for lignin- 
bound samples with varying density. Lignin content 30% by weight. Cf. 
Table 4 

Theor. Exp. %Diff. 

3.66 
576 

0.850 

4.18 
676 

0.829 

4.79 
802 

0.803 

6.14 
1117 

0.745 

6.69 
1202 

0.731 

1.97 85.8 

2.88 45.1 

3.79 26.4 

6.15 -0.2 

7.16 -9.6 



'Fable 6. Experimental and calculated modulus, pj and vtvalues for samples with varying density (underlined) containing m, 2o and 30% by weight of PVCAC, 
cf. "rabies 4 and 5 

PVCAC 10% 20% 30% 

Theor. Exp.  %Di~ Theor. Exp. %Diff. Theor. Exp. %Diff. 

694 kg/m 3 704 kg/rn ~ 743 kg/rn 3 
E (GPa) 4.41 1.49 196.0 4.10 2.00 105.0 3.93 
pf (kg/m 3) 658 629 623 
v t 0.949 0.896 0.835 

741 kglrn' 733 mglm ~ 922 kglm 3 
E (GPa) 4.71 2.11 123.2 4.27 2.26 88.9 4.86 
P1 (kg/ms) 706 658 812 
vf 0.945 0.891 0.795 

809 kg/m ~ 770 kg/nr 1070 kg/m :~ 
E (GPa) 5.14 2.31 122.5 4.48 2.58 73.6 5.62 
P r (kg/m~) 775 695 983 
v; 0.940 0.886 0.762 

872 kglm ~ 851 kglm'  1248 kglm 
E (GPa) 5,54 2.99 85.3 4.94 3.29 50.2 6.52 
Pt (kg/m~) 839 779 1209 
V~ 0.935 0.874 0.723 

919 kg/m ~ 963 kg/tn' 1338 kg/rn ~ 
E (GPa) 5.83 3.47 68.0 5.58 4,19 33.2 6.97 
p, (kg/m ~) 888 899 1333 
v, 0.932 0.857 0.703 

i 169 kg/m ~ 1297 k,g/m' 
E (GPa) 7.40 6.08 21.7 7.47 7.70 -3.0 
p~ (kg/m') 1152 1284 
I, 0.913 0.808 

1281 kg/m ~ 
E (GPa) 8.10 8.80 -8.0 
p, (kg/m ') 1274 
vt 0.905 

2.43 61.7 

4.29 13.3 

4.43 26.9 

6.12 6.5 

6.98 -0.1 
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density of the flakes and their modulus, implying that the aspect 
ratio lit appearing in Eqs. (~, 3) also changes with density. If the 
compression only amounts to a decrease in the flake thickness, it 
follows that l/t is proportional to density. We therefore set 
l i t  ~ p , .  Since the elastic moduli of the flakes were not known, 
different Er~ and E,, pairs (E,, denoting the flake modulus in the 
transversal direction) had to be tried in order to fit the theoreti- 
cal formulae to experimental data. Input values then were elastic 
moduli in longitudinal and transverse directions of a flake and 

its density (E~ 8.5 GPa, f-t, o.425 GPa, flake density 5o0 kg/nf,  
flake dimensions 2.5 x o.35 x o.35 mm). Data for the binders were 
taken from the literature (Mackenzie 1987; Cousins 1976). 

The results of our calculations are summarized in Tables 4-6. 
"Fable 4 shows the calculations and observed modulus data for 
samples containing varying amounts of the binders used, the 
observed values being those shown in Fig. z. Apart from the 
modulus the table also gives data on the calculated density of the 
wood particles in the sample, and also their volume fraction. As 
can be seen, there is a fair degree of agreement between calculat- 
ed and measured modulus values for the high density samples. 
At the highest wood contents, the theory tends to overestimate 
somewhat the modulus level for the LDPE and lignin-based 
material. On the whole, the agreement achieved through the use 
of the Halpin-Tsai approach can be said to parallel that attain- 
able by the more elaborate treatment discussed above (Hunt 

197o; Lee 1977; Harris 1977). For the low-density PVCAC based 
samples, the theory yields modulus levels far m excess of those 
observed. This is to be expected, in the first place due to air 
inclusions the effect of which is not accommodated in the 
formulae used. 

The adverse effect of increasing porosity on the applicability 
of the Halpin-Tsai approach is further illustrated by the data of 
Table 5 relating to lignin-based samples with varying density. As 

the table shows, the theory gives an excellent agreement with 
measured data at the highest densities. When the density is 
decreased, a significant overestimation of the modulus is 
obtained. In Table 6 we reproduce data relating to the modulus 
vs. density relationship for PVCAC botmd samples containing lO, 
xo and 3o% of the binder. Here again, the agreement tends to 
become significantly closer as the density increases. AI the lowest 
binder content, i.e. m%, the predicted values differ significantly 
from the measured ones, as the density decreases. This is not 
unexpected since the notion of a continuous matrix tends to 
loose its proper meaning. The data of Table 6 relating to 3o% 
binder content do trot challenge such a view. 

The data presented above provide a strong support for the 
applicability of the Halpin Tsai concept to materials consisting 
of flake-shaped particles held together by relatively small 
amounts of a binder. A natural limit to the validity range of such 
an approach is a sufficiently high density, since the effect of 
porosity is not accounted for by the theoretical formalism. Also 
with this limitation, the results obtained appear highly encourag- 
ing, especially considering the fact that the few attempts at mod- 
elling the mechanical parameters of materials of this type appear 
far too complex to be used in practice. 
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