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Abstract
A model that describes the internal bond strength 

development of particle and fiber mats during the hot-
pressing process is presented in this paper. The empirical 
strength model has been integrated into a global three-
dimensional model to simulate the relevant mechanisms, 
including the heat and mass transfer and the rheological 
behavior of the mat during the hot pressing. Data gen-
erated with the integrated pressing and testing system 
(ipates) provide the basis for the empirical strength model. 
From this data, a mathematical formulation of the model 
is derived to compute the rate of internal bond (IB) devel-
opment for a given mat configuration, such as adhesive 
type and content as a function of mat density and tem-
perature. The successive calculation of the internal bond 
strength is done in both the space and time domain. The 
comparison of the model predictions with experimental 
results shows that the model is capable to predict the 
cross-sectional strength distribution in a sufficient man-
ner. Furthermore, typical parameters like pressing time 
and panel density to affect the strength development are 
reflected in the simulation results.

Introduction
During the last decades computer-based simulations 

gained importance in almost all disciplines in science 
and technology. There are various motivations for using 
simulation techniques rather than experimental inves-
tigations; from a scientific standpoint, simulation tech-
niques are used to shed light on processes that are not 
accessible (e.g., geological processes, simulation of single 
atoms), to understand complex systems, or to investi-
gate parameters that cannot be measured yet. From an 
economical point of view, simulation tools save time 
and resources compared to traditional trial and error 
approaches, e.g., for the development of new products. 
Aiming at ecologically friendly processes and products, 

simulations can be helpful to increase the efficiency of 
the material and energy usage.

Since the properties of wood-based composites are 
determined to a great extent during the hot-pressing 
process, several research groups around the world 
have developed models to simulate this process (e.g., 
Humphrey and Bolton 1989, Thoemen 2000, Carvalho et 
al. 2003, Zombori et al. 2003, Dai and Yu 2004).

The work presented in the present paper takes the 
model of Thoemen (2000) as a starting point. This model 
is based on a physical-mathematical approach with a 
set of equations being used to compute the state varia-
bles, such as temperature or gas pressure, in the space 
and time domain. With this approach the wood-furnish 
mat is considered to be macroscopically homogeneous, 
with the physical processes being described by fun-
damental laws. The global model originally consisted 
of two main modules that strongly interact with each 
other: A heat and mass transfer module (Thoemen and 
Humphrey 2006) and a rheology module describing the 
densification of the mat and the internal stress develop-
ment (Thoemen et al. 2006). A third module to describe 
the bond strength formation during hot pressing has 
been added subsequently. The global hot-pressing model 
(commercialized as Virtual Hot Press) can be used to 
simulate both batch and continuous presses. The bond 
strength formation module is described in the present 
paper. Furthermore, typical internal bond strength pre-
dictions, as well as a comparison with experimental data 
are presented.Model Development

Data Basis
The model used to compute the internal bond strength 

development is based on experimental data determined 
with the integrated pressing and testing system (ipates) 
developed by Heinemann (2004). The ipates is a min-
iature hot-pressing system with the capability to per-
form internal bond tests immediately after pressing for 
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fiber- and particle-like furnish materials. Performing the 
test at several predetermined pressing times results in a 
bond strength development curve. In order to reduce the 
required amount of particles per sample, a circular sam-
ple shape was chosen with a diameter of 100 mm. The 
setup of the ipates consists of two major units, one for 
providing the necessary pressure and thermal energy for 
the consolidation of the furnish mat and a second one for 
conducting the internal bond test. The compressive force 
is provided by a servo-hydraulic cylinder with a maxi-
mum pressure of 250 kN and a press stroke of 100 mm. 
The contact to the sample is realized with two metal 
pressing platens which also transfer the thermal energy 
from three electric heating elements each mounted in 
the upper and lower pressing blocks. During the pressing 
cycle the particle mat is encased within a Teflon-coated 
metal cylinder to prevent lateral strain during the con-
solidation. To perform the internal bond test, a commer-
cial PMDI adhesive (Ponal, Henkel AG, Germany) is used 
to glue the particle sample to the pressing platens, which 
again are connected form-fit to the pressing blocks with 
brass T-bars. To ensure that only normal stresses will 
affect the sample during the internal bond test, two car-
dan joints are mounted inside the upper and lower press-
ing blocks. For the data collection of the forces appearing 
during pressing and testing, two load cells are mounted 
inside the ipates. The load cell to collect the compres-
sive forces during pressing (maximum capacity ±250 kN, 
accuracy of 0.2 % of the nominal load) is mounted at the 
movable pressing ram. The second load cell to collect the 
tensile force during the internal bond testing (maximum 
capacity ±20 kN, accuracy of 0.2 % of the nominal load) 
is mounted to the upper cardan joint. The apparatus is 
controlled by a combined data collection and control 
system (MTS Systems, U.S.).

For measuring the temperature development in the 
center of the sample during the mat consolidation, a sec-
ond pressing cylinder is equipped with a groove to allow 
the insertion of a thermocouple.

A typical testing sequence with the ipates can be 
divided into three main steps: First, the mat forming, 
where the particles for the target mean density of the 
sample are poured into the pressing cylinder. Secondly 
the compression of the mat and curing of the adhesive 
after the pressing cylinder has been inserted into the 
pressing and testing system. The last step consists of the 
testing sequence to obtain the strength data. By repeat-
ing this process for distinct pressing times, the strength 
development for a certain set of conditions (density, 
heating temperature, adhesive type and content, particle 
type) can be plotted as shown in Figure 1.

The strength development curve shows a steep 
increase in the beginning and reaches its maximum 
at the longest pressing time. A logarithmical equation 
can be fitted to the experimental data points with the 
internal bond IB (N mm–2), the pressing time t (s) and the 
regression coefficients a and b:

 IB = a 1n(t) + b [1]

Within the present approach a logarithmical function 
is applied to keep the complexity of the model on a mod-
erate level, although an s-shaped function was found to 
describe the strength development of an adhesive best 
(e.g., Wang et al. 1996). In order to increase the perfor-
mance of the predictions, the function is not forced 
through zero. Nevertheless, the chosen type of func-
tion produces sufficient results for positive values in the 
observed time-span.

In the present work the testing procedure has been 
accomplished for selected parameters as presented in 
Table 1. In addition to the strength data, the tempera-
ture development in the panel center was measured for 
each heating temperature, density, and particle type. 
The used particle sizes have been sifted from material 
provided by an industrial manufacturer with a labora-
tory tumbling screen, with the values given in Table 1 
referring to the mesh size of the upper and lower screen. 
The particle types SL1 and SL2 represent the smaller 
particle sizes and originate from material intended for 
use in the surface layer of particleboards, whereas the 
particle type CL1 represents longer and slender particles 
that were sifted from material intended to be used in the 
core layer. Throughout the experiments, a commercial 
phenol-formaldehyde adhesive (Bakelit PF 1842HW) was 
used with an amount of 5% dry adhesive mass based on 
oven-dry wood mass. Furthermore the target moisture 
content before pressing was kept constant at 12%. To 
allow a preferably fast curing of the adhesive, the thick-
ness of the particle samples was only 5 mm.

The mat temperature is shown for the particle type 
SL1 and a sample density of 650 kg m–3 in Fig. 2. The 
correlation between the heating temperature and the 
temperature development in the center of the sample is 
clearly revealed in this figure. For heating temperatures 
of 140°C and above, a phase of almost constant tem-
perature slightly above 100°C can be detected, which is 
caused by the evaporation of water. After this plateau, 
the temperature again increases but never reaches the 
heating temperature.

Figure 1. ~ Internal bond strength development as 
obtained with ipates: density 800 kg m–3, particle type 
SL2, heating temperature 160°C.
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The experimental strength data as determined with 
the ipates point to three main effects on the strength 
development, namely the heating temperature effect on 
the IB, the density effect on the IB, and lastly the effect 
of the particle type on the IB. These three effects will be 
briefly discussed in the following section.

The heating temperature effect is displayed in Fig. 3 
for a sample density of 650 kg m–3 and the particle type 
SL1. It can be noticed that a higher heating temperature 
leads to a significantly greater IB increase, especially 
in earlier stages. With regard to Fig. 2, a ranking can be 
identified according the maximum strength level for 
each tested heating temperature. Hence, the highest 
strength levels are achieved with the highest heating 
temperature. This behavior is attributed to an acceler-
ated adhesive curing at higher temperatures, which even 
compensates for hygro-thermal softening effects due to 
the elevated temperature level during testing.

The effect of the sample density is shown for a heat-
ing temperature of 140°C and the particle type SL1 in 
Figure 4. These results show that a higher sample den-
sity leads to higher strength values, as was expected. The 
highest strength was found for the density of 800 kg m–3 
with 0.63 N mm–2. These findings can be explained by a 
more intimate contact of the individual particles to one 
another and hence to a higher number of formed bonds.

Figure 5 shows the influence of the particle type on the 
IB for a density of 650 kg m–3 and a heating temperature 
of 140°C. It was identified that bigger particles lead to 
higher strength levels than smaller ones. Consequently, 
the highest strength values were found for the particle 

type CL1 with 0.84 N mm–2. This trend can most likely 
be explained by differences in specific surface of the 
individual particle types since an equal resin content 
was applied to all particle types. As the fraction CL1 

Table 1. ~ Variable processing parameters for ipates 
experiments.

Variable parameters

Pressing time (s) 50, 90, 130, 170, 210, 250, 290, 
330

Sample density (kg m–3) 500, 650, 800
Heating temperature (°C) 80, 100, 120, 140, 160
Particle size (mm) 0.5–0.8 (SL1), 1.0–1.5 (SL2), 

2.0–3.0 (CL1)

Figure 2. ~ Temperature development in the center of the 
sample for various heating temperatures: density 650 kg m–3, 
particle type SL1.

Figure 3. ~ Internal bond strength development for vari-
ous heating temperatures: density 650 kg m–3, particle 
type SL1.

Figure 4. ~ Internal bond strength development depend-
ing on the sample mean density: heating temperature 
140°C, particle type SL1.

Figure 5. ~ Internal bond strength development depend-
ing on the particle type: heating temperature 140°C, 
density 650 kg m–3.
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shows the lowest specific surface, more resin per surface 
unit and hence higher IB values can be expected.

Model Development
For the calculation of the rate of IB development the 

three aforementioned effects on the IB are combined in a 
regression model with the ipates data as a basis. The final 
equation to calculate the rate of IB development (IB’) with 
the regression coefficients a and b is given in Eq. [2]: 

  [2]
where:

a = f(T,r)
b = f(particle type) 

with:
IB’ = Rate of IB development (N mm–2 s–1)
IB = Internal bond strength (N mm–2)
T = Mat temperature (°C)
r = Density (kg m–3)
The influence of the particle type has been accounted 

for in the regression model with two binary variables, 
depending on the used particle type. This approach leads 
to a shifting of the overall strength level by the use of a 
particular particle type with the type SL1 as the reference 
level. One important assumption made in this model is 
that the rate of IB development exclusively depends on the 
prevailing mat temperature T, the local density r and the 
IB level but holds regardless of the time. This implies that 
IB’ is not directly influenced by the previous history of the 
furnish-mat. Clearly, this empirical model is only valid for 
the materials and adhesives as tested with the ipates. 

To implement the strength module into the existing 
simulation routine, the local values of density and tem-
perature, generated as output data from the modules of 
heat and mass transfer and rheology, are subsequently 
used as input parameters for the IB calculation. The IB 
development is computed stepwise for each spatial posi-
tion as presented in Eq. [3]:

 IBt = IBt–Dt + IB’ ∆t [3]
with:

Dt = Incremental time span (s)
IBt–Dt = IB at time t–Dt
IB’ = Rate of IB as computed with Eq. 2

Model Predictions
A typical example for a simulated strength develop-

ment during the hot pressing of a particleboard is dis-
played in Fig. 6. In the outer layers of the panel the bond 
strength is predicted to increase rapidly during the early 
stage of pressing and then level off until the maximum 
of about 0.8 N mm–2 is reached at the end of the pressing 
cycle. This simulation is caused by the high temperature 
attained by the contact to the hot pressing platens and is 
advanced by the high density in these layers. Furthermore, 
it can be seen that no significant bond strength is gener-
ated in the core until a pressing time of about 150 s. After 
this time, the bond strength slowly increases up to the 
maximum strength in the core layer of approximately 
0.2 N mm–2. The final cross-sectional IB profile shows for 
the inner part of the panel a wide range of constant IB.

For a comparison of the simulated with experimen-
tally determined cross-sectional IB profiles, laboratory 
particleboards were manufactured with an adhesive 
type, adhesive content, and particle type equal to those 
conditions used for determining the data basis by means 
of ipates. The panels were cut to 50 × 50 mm2 samples 
and stored in a climate chamber with 20°C and 65% 
R.H. Prior to the IB tests, the individual samples were 
grooved at all edges to introduce a defined failure layer 
in the sample. With this procedure five different cross-
sectional positions were tested per manufactured panel 
as presented in Fig. 7.

The comparison between the model predictions and 
the experimental results for two pressing times of 320 s 

Figure 6. ~ Simulated internal bond strength develop-
ment: pressing time 320 s, particle type SL1.

Figure 7. ~ Samples with induced failure layer for the 
determination of the IB at five cross-sectional positions.
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(Fig. 8a) and 480 s (Fig. 8b) show a good agreement. The 
simulated strength profiles are somewhat lower than the 
experimentally determined ones.

Additional modelling results of the density influence 
and the influence of the particle type are presented in 
Fig. 9. As was expected, the model predictions reflect 
those effects determined with the ipates (see above). In 
addition it can be seen that the final IB profile changes 
from a shape with a flat core layer range for the lower 
density of 650 kg m–3 to a rather round shape for the den-
sity of 800 kg m–3. This change in shape is presumably 
caused by a faster temperature increase in the planes 
between the face and the center of the panel. The pre-
diction of the influence of different particle types on 
the resulting strength profile shows no big differences 
between the smaller particle types SL1 and SL2, but pre-
dicts higher strength values for the largest particle type 
CL1, which is in compliance with the results obtained 
with the ipates.

Conclusions
The development of an empirical model to predict the 

bond strength development for fiber and particle-like 
materials is presented in the paper, as well as typical sim-
ulation results and their comparison with experimental 
data. The simulation results indicate that the developed 
model is capable of predicting the bond strength devel-
opment during the hot-pressing process. Changes in the 
manufacturing parameters and their typical influences 
on the bond strength profile are predicted correctly.

The model presented in the present paper may be used 
to investigate the effects of various material and pressing 
parameters in the internal bond strength of wood-based 
panels. Above, this model provides a tool to evaluate the 
risk of delamination directly after hot pressing.
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Figure 8. ~ Comparison of simulated and experimentally 
determined cross-sectional IB profiles for two pressing 
times: density 650 kg m–3, particle type SL1.

Figure 9. ~ Simulated cross-sectional IB profiles for dif-
ferent panel mean densities (left) and different particle 
types (right): pressing time 320 s.
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