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Abstract: In this study the properties of plywood manufactured from densified and non-densified
veneer sheets and alternate layers of such veneers with and without densification using low amount of
adhesive as a function of densification temperature and wood species were investigated. The plywood
panels were made from rotary-cut birch and black alder veneers using urea-formaldehyde (UF)
adhesive. Veneer sheets with thickness of 1.5 mm were subjected to the thermal-compression at three
different temperatures while keeping constant the pressure during a same time span. Five-layers
plywood panels were produced using a constant hot-pressing schedule using different amounts of
glue spread as a function of the plywood type; such as plywood made from non-densified (80 g/m?)
and densified (60 g/m?) veneers only; and combination of them (70 g/m?). The bending strength
(MOR) and the modulus of elasticity (MOE) along with the shear strength of the plywood samples
for bonding class 1 (dry conditions) have been determined. As expected bending strength of the
plywood samples increased with the increasing in density. The increase of veneer densification
temperature resulted in a gradually decrease of MOR; MOE and shear strength values for the plywood
panels made of densified veneers and mixed panels of both species. The temperature of 150 °C for
veneer densification seemed to be enough to achieve enhanced bending and bonding properties.
All plywood panels in this study were manufactured using reduced glue consumption and they
presented satisfactory properties performance for indoor applications.

Keywords: birch; black alder; densification; plywood properties

1. Introduction

Plywood has an attractive appearance of natural wood as compared to that of other wood-based
composite panels. It is mostly used for furniture manufacturing and indoor design but also it can be
used for interior and exterior building production [1,2]. The strength properties of the product along
with its dimensional stability are required in such sectors. Several factors have major influence on
the mechanical properties of plywood, especially on the bending strength (MOR) and modulus of
elasticity (MOE), namely wood species, density, structure, moisture content, number of veneer layers,
and type of adhesive and its spreading [2-7]. Various modification methods can be used to improve
the properties of such products, the thermo-mechanical densification at elevated temperatures of solid
wood is one of these methods [8-10].

It is also fact that plywood produced from compressed veneers sheets has enhanced
properties [11,12]. The combination of heat and compression is an environmentally friendly method
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and influences overall the glue line strength of the final product [13]. But a special attention should be
granted to the densification because an excessive process may cause negative effects, such as heavier
plywood and higher dimensional changes in certain conditions and lower glue bond performance [1,7].
There is a high interest to manufacture environmentally friendly engineering products by using less
adhesive spread rate [1]. Studies in this field showed that the veneer densification applied prior to
plywood manufacturing reduced (by 40%) the glue spread and pressure while the shear strength of the
finished product was improved [14-16].

In previous studies, the veneers of one [14,16-19] or two thicknesses [1] were used in
thermo-mechanical densification process to produce plywood mainly with non-densified or densified
veneers, or with densified outer layers and non-densified core.

There is little or no information on the properties of plywood when manufactured from
combinations of veneers with and without densification in one plywood structure. Therefore the
aim of this work was to evaluate the effect of veneer densification temperature and wood species
on the plywood properties made from alternate layers of densified and non-densified veneers.
The combinations of densified and non-densified veneers within the same plywood structure are
expected to generate value-added wood-based products.

2. Materials and Methods

Commercially manufactured rotary-cut veneers of birch (Betula verrucosa Ehrh.) and black alder
(Alnus glutinosa L.) native in Ukraine were used for the experiments. The veneer sheets had a
thickness of 1.5 mm and a moisture content of 7.4%. A total of 140 veneer samples with dimensions of
300 x 300 mm? were prepared for the experiments.

2.1. Veneer Densification

The densification process of the veneers was performed under laboratory conditions. A constant
pressure of 2 MPa for 3 min time span was applied at three different temperature levels of 150 °C,
180 °C and 210 °C, respectively. The moisture content of densified veneer was of about 2.2%.

2.2. Plywood Preparation

Five-layer plywood samples were manufactured from the two species under laboratory conditions.
Three types of plywood from each species were produced by employing same press parameters
including pressure, temperature and time. The glue spread varied as function of the plywood type
made of non-densified veneers (N), densified veneers (D) and mixed (M) as a combination of densified
(d) and non-densified veneers (n) within the same structure (d-n-d-n-d) as it is displayed in Table 1.

Table 1. The pressing parameters for plywood manufacturing and plywood structures.

Codification: Glue Spread, Pressure, Temperature, Pressing

2 o .
Wood Species Type og Ply?vood per Densification g/m MPa C Time, s
pecies Temperature and Variabl Constant Schedule
ariable
Plywood Symbol 18 130 270 + 60
Plywoo.d_ made of 0 N 80 —
non-densified veneers
Plywood made of
o 150
densified veneers and
densification 180 b 60
Black alder/ temperatur 210
Birch cmperature
Plywood made of
densified and 150
non-densified veneers 180 M 70
and densification 210

temperature
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Usually in practice, under industrial conditions, the glue spread ranges from 110 to 150 g/m?, as it
is recommended by the adhesive producer. But in this study the adhesive ratios were reduced almost
50% of the recommended value. Two plywood panels were manufactured for each one of the plywood
structure type.

The pressure was continuously reduced to 0 MPa for the last 60 s of the pressing
cycle. To manufacture the plywood a commercial urea-formaldehyde (UF) resin was used
(specific gravity = 1.28 g/m3, solid content = 65 + 2%, pH = 7.5 + 0.5, viscosity 1000-2500 mPa s
at 20 °C). The adhesive was prepared using UF resin, caolin (as a filler), 20% solution of NH4Cl (as
a hardener) and distilled water. The adhesive was manually applied onto one side of each uneven
veneer sheet by using a roller. The veneers were perpendicularly oriented, layer by layer, in each
plywood structure. Prior to any process step and test, both veneers with and without pre-treatment
and the produced plywood structures were kept under constant room conditions at 20 + 2 °C and
65 + 5% relative humidity for a week.

2.3. Density and Compression Ratio of the Plywood Samples

The density of all types of plywood was determined according to EN 323 standard [20].
The compression ratio CRy, of the plywood panels was calculated as shown below:

CRp = (Ty—Tp)/Ty x 100 (%) @D
in which Ty is the total thickness of all veneers (mm) and Ty, is the thickness of the panel.

2.4. Bending Strength and Modulus of Elasticity of the Plywood Samples

The bending strength (MOR) and the modulus of elasticity (MOE) have been determined according
to EN 310 standard for each plywood type [21]. To test the mechanical properties the universal testing
machine of SEIDNER type (Form + Test SEIDNER D-7940 Riedlingen West Germany) was used. The
reported results of bending properties represent the average of ten samples for each plywood type.

2.5. Shear Strength of the Plywood Samples

The shear strength of the plywood samples was measured according to EN 314-1 [22] and EN
314-2 [23] standards for the plywood bonding class 1 (dry conditions). The samples were immersed in
water at 20 + 3 °C for 24 h. The reported shear strength data represent the average of 20 samples for
each plywood batch type.

2.6. Processing of Data

All the data obtained in this study were statistically processed by employing the Minitab 17.3.1
software. Multifactorial ANOVA analysis of variance (95% CI) for the mechanical properties and the
response optimization between species for the best strength values of plywood samples were applied.

3. Results and Discussions

3.1. Thickness, Compression Ratio, and Density of the Plywood Samples

The density values along with the thickness and compression ratio of the plywood panels produced
in this study are presented in Table 2. Based on the density differences between the two wood species,
the density values for all the plywood categories made of birch veneers are higher than the values for
black alder plywood panels. The values of plywood thickness for all types of panels were lower than
the permissible values stipulated by EN 315 for thin veneers, in the range of 5.66-7.24 mm [24].
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Table 2. Thickness, compression ratio, and density of the plywood samples.

Densification Temperature and Type 0 150 180 210 150 180 210
of Plywood N D D D M M M

6.98 684 674 648 680 679 650
(0.18)* (0.11) (0.05) (0.20) (0.06) (0.02) (0.14)

Thickness, mm

Black alder
Compression ratio, % 11.1 5.0 3.7 0.3 8.8 7.5 7.7
Density. ke 6074 6089 6199 6373 6071 6150 6238
ensity, kg/m (232) (285) (21) (19.1) (238) (2L1) (14.5)
Thickness. mm 7.03 696 676 672 706 686 683
Birch ’ (0.05)  (0.04) (0.13) (0.13) (0.15) (0.12) (0.07)

Compression ratio, % 10.4 3.3 34 1.2 5.4 6.5 54

7470 8079 809.3 8282 7668 769.8  805.3
(205)  (64) (138) (7.1) (47) (3Ll (27.4)

* numbers in parenthesis are standard deviations values.

Density, kg/m3

3.2. Bending Properties of the Plywod Samples

The bending strength and the modulus of elasticity presented higher average values for birch
plywood compared to black alder plywood for each one of the panel structures under study. Interval
plots for 95% CI for the mean values of the MOR and MOE for all the plywood structures are displayed
in Figures 1 and 2, respectively. As it was expected with increasing density the values of MOR and
MOE of the plywood samples increased (Figure 3).

Interval Plot of MOR, MPa
95% ClI for the Mean

0 150 180 210
DMN DMN DMN DMN
Birch Black alder
150
140
130
g * 49
s 120 ]
o 110
S .
> 100
90 §
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Type of plywood DMN DMN DMN DMN
Densification temperature, C 0 150 180 210

Panel variable: Wood Species
Individual standard deviations are used to calculate the intervals.

Figure 1. Variation of the bending strength (MOR) of birch and black alder plywood as a function of
densification temperature of veneers prior to plywood manufacturing and the type of plywood: Made
of densified (D), non-densified (N), and mixed (M) veneers.
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Figure 2. Variation of the modulus of elasticity (MOE) of birch and black alder as a function of

densification temperature of veneers prior to plywood manufacturing and the type of plywood: Made

of densified (D), non-densified (N), and mixed (M) veneers.
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Figure 3. Relationship between the bending strength (MOR)—(a), modulus of elasticity (MOE)—(b)

and density of plywood panels.

The birch plywood N had higher average values of MOR and MOE compared to all other average
values obtained for the birch panels D made of densified veneers. A peak value for MOE of about
13,105 MPa was determined for the birch plywood at the temperature densification level of 150 °C. It

appears that the densification applied to birch veneers before plywood manufacturing did not show
any essential enhancement in terms of panel bending properties.

Similar trends were found by Bekhta et al. for beech plywood samples [1]. The MOR values of
beech plywood made of non-densified veneers presented higher values by an average of 8.2% for
the panels made of thicker veneer and by 16.4% for the panels with thinner veneer when compared
to the results for beech plywood made of non-densified veneers. The veneers undergo two times
a densification, once during the specific densification process and later in the process of plywood

manufacturing, which produced the weakening of bending strength.
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The adhesive spread, even almost 50% lower than the amount used in industry, did not show
much difference between the bending properties of the birch plywood panels made of densified veneers
or combinations of veneers with and without densification.

But in the case of black alder plywood the MOR and MOE values were higher for panels made of
densified veneers glued using a low glue spread of 60 g/m? than the ones of control non-densified
veneers glued with a spread amount of 80 g/m?.

For black alder plywood the densification process applied to veneers at the temperature levels of
150 °C and 180 °C resulted in increased values with 21.42% and 9.19% for MOR, and 6.75% and 2.28%
for MOE, when they are compared to control panel N, respectively.

Results of the samples determined in this study are comparable to those found in previous studies.
Bekhta et al. found a MOR value of 123.8 MPa for 5-ply birch plywood made of densified veneers with
cold-press using the PF adhesive at a glue spread of 135 g/m? [11]. When using the same PF adhesive at
a higher spread of 160 g/m? for the birch plywood made of densified veneers a MOR value of 161 MPa
and a MOE value of 14,883 MPa were found [25]. In the case of black alder plywood made of densified
veneers glued with UF adhesive at a spread rate of 160 g/m? a higher MOR value of 119.8 MPa when
compared to the results of the present study was achieved [26].

The results of bending properties showed that the increase of veneer densification temperature
resulted in a gradually decrease of MOR and MOE values for the plywood panels made of densified
veneers of both species. The same trend was noticed for almost all mixed panels.

For birch plywood only small differences were noticed between the MOR and MOE values of
plywood panels D compared to M for the temperature levels of veneer densification of 150 °C and
180 °C. Thus, a slight and gradual increase of about 0.08%, 3.47%, and 14.54% in MOR values was
noticed for panels M compared to panel D at the same temperature level of veneer densification,
increasing from 150 °C to 180 °C, and then to 210 °C, respectively. The highest increase of 8.42% for the
MOE value of the birch panels M from D was found at the temperature densification level of 210 °C.

For black alder plywood panels D compared to M, the MOR and MOE values subsequently
decreased and increased with slow rates for different temperature levels of veneer densification. Thus,
given the temperature densification level of 150 °C of black alder veneers, the MOR value for panel M
was 5.88% lower than the one for panel D.

But the MOR and MOE values increased with 10.98% and 13.45% from panel D to panel M at the
temperature densification level of 180 °C, respectively. No relevant changes were determined for the
black alder panels M and D at the veneer densification level of 210 °C.

The highest MOE value of 10,482 MPa was determined for black alder mixed panel M at the
veneer densification level of 180 °C.

The strength values are significantly affected by the density of the samples. Overall, very low
differences in densities and bending properties have been noticed for plywood panels D and M for both
species under study. The outer densified layer is responsible for the bending strength. In a previous
study for mixed plywood panels made of densified and non-densified beech veneers a decrease in
MOR values when compared to panels made of densified veneers was found [1]. The values for
bending strength and modulus of elasticity obtained for all the plywood structures were found higher
than the limit values for structural plywood panels.

3.3. Shear Strength of the Plywood Samples

The shear strength mean values of all plywood panels were above the limit of 1 MPa indicated
by the EN 314-2 [23]. All plywood panels manufactured in this study presented satisfactory bonding
value for indoor applications (Figure 4).

The mean shear strength value of the birch panels made of non-densified veneers N (2.40 MPa)
was found lower than that one for black alder control panels (2.98 MPa).

As regards to the other two types of panels, D and M, the shear strength values were found higher
for birch plywood than for black alder plywood when considering the same plywood structure type.
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Figure 4. Variation of the shear strength of birch and black alder plywood as a function of densification
temperature of veneers prior to plywood manufacturing and the type of plywood: Made of densified
(D), non-densified (N), and mixed (M) veneers.

In the case of birch plywood D, the densification of veneers applied prior plywood manufacturing
produced an enhancement of the bonding quality with 22.9% and 10.83% for the panels made of
densified veneers at the temperature level of 150 °C and 180 °C, while the temperature level of
densification at 210 °C did not show a better shear strength compared to birch control panel N. The
highest mean value for the shear strength of panels D of about 2.95 MPa was obtained for panels at the
densification temperature level of 150 °C.

Such results are in accordance with those found in the specialty literature. The densification
of veneers produces a smoother surface that was proved to enhance the shear strength of plywood
samples [26]. It was also proved that the adhesive spread for such smooth veneers should be lower than
for the non-densified veneers and the final product can meet the standard requirements for plywood
panels [1,26]. This statement applies to the present study as well.

In a previous work the shear strength increased from 0.77 to 3.22 MPa for beech plywood produced
from densified veneers with a UF glue spread of 110 g/m? when compared to plywood of non-densified
veneers, while for a higher glue spread of 180 g/m?, only a small increase of 12.69% was determined [1].

In terms of shear strength, values in the same range with the results in this work for birch
plywood, but with higher glue spread rates than the ones used in the current study, can be found in
the literature [11,25-27].

In the case of black alder plywood made of densified veneers no improvement in terms of shear
strength quality compared to the results for control panels was noticed.

The highest mean value for the shear strength of 2.89 MPa was obtained for panels of non-densified
veneers N and mixed panels M at the densification temperature level of 150 °C.

Overall, the shear strength values presented little differences between panels M and D for both
species, in most of the cases M was higher than D. An exception was found in the case of birch panels
M that had a lower shear strength value (2.49 MPa) compared to that one of panels D (2.95 MPa) at the
same densification temperature level of 150 °C.
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It appears that the better bonding strength of samples with mixed structure M when compared to
panels D is due to the core (n-d-n) that acts like a compact adhesive layer. The higher glue spread of
70 g/m? compared to the one in panels D (60 g/m?) gives a good bonding to the outer densified layers.

The shear strength values gradually decreased with the increase of temperature level for
veneer densification.

Increased rates of 25.3% and 26.51% of the shear strength values for birch panels M compared to
D at the densification temperature levels of 180 °C and 210 °C, respectively, were found. In the case
of black alder gradually increased rates of about 7.83%, 14.48%, and 24.24% of the bonding quality
of panels M compared to D at the densification temperature levels of 150 °C, 180 °C, and 210 °C,
respectively, were determined.

The highest mean value for the shear strength of mixed birch panels of about 3.26 MPa was found
for panels M at the densification temperature level of 180 °C, while for black alder plywood the highest
mean value was of about 2.89 MPa for control panels N.

3.4. ANOVA Analysis and Response Optimization

Multifactorial ANOVA analysis (Table 3) was applied to determine in what extent the mechanical
properties of plywood panels were influenced by the wood species, densification temperature applied
to veneer before plywood manufacturing and the type of plywood produced and pairs of these factors
as well. The analysis showed that the wood species and densification temperature along with their
interactive cumulative effect could be considered statistically meaningful for the strength properties
(p-value < 0.05), while the type of plywood presented less significance. The test statistics showed that
the densification temperature was found significant for MOR at 90% CI (p-value < 0.1). The results
showed that the wood species is not a statistically significant factor for the shear strength. Such results
are in accordance with the statements previously presented and discussed in this work.

Table 3. Multifactorial ANOVA analysis of variance for the mechanical properties (Wood species = A;
Densification temperature = B).

One-Way ANOVA Source Degrees of Adjusted Sums of Adjusted Means F-Value Value
Response Freedom (DF) Squares (Adj SS) Squares (Adj MS) P

Bending strength A 1 30,315 30,314.7 199.16 0.000
(MOl%) Do B 3 2538 846.1 5.56 0.001
! A*B 3 2361 787.0 5.17 0.002
Modulus of A 1 363,249,244 363,249,244 213.91 0.000
elasticity (MOE), B 3 11,208,650 3,736,217 2.20 0.091
MPa A*B 3 16,538,180 5,512,727 3.25 0.024
A 1 0.427 0.4272 1.05 0.306
Shear strongth (55), B 3 7.929 26431 652 0.000
a A*B 3 10.358 3.4526 8.52 0.000

In order to get the best plywood performance the manufacturing parameters need optimization.
Based on the results of this study it appears that for both species the densification of veneers applied
at 150 °C provides the best results in terms of bending properties and a good bonding quality of the
plywood panels type D and M; such properties have been achieved using a low glue consumption
of about 60 and 80 g/m?, respectively. No other temperature level higher than 150 °C is needed for
veneers densification prior to plywood manufacturing.

Table 4 presents the response optimization when selected between species to obtain the best
values predicted for the bending properties (MOR and MOE) and the shear strength of the plywood
panels. The result shows that the mixed birch panels made of non-densified and densified veneers
at the temperature level of 154.28 °C were found to have the best values of their bending and
bonding properties.
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Table 4. Response optimization between species for the maximum strength values of plywood samples.

Solution Densification Wood Type of Properties Composite
Temperature, °C Species Plywood P Desirability
) . . " MOE, Mpea Fit 12,830.8 0765479
: 1re MOR, Mpa Fit 127.384
Shear strength, Mpa Fit 2.97644 0.569985

4. Conclusions

In this study the effect of veneer densification temperature and wood species on the plywood
properties when manufactured from non-densified, densified and from alternate layers of densified
and non-densified veneers has been analyzed.

e  The bending strength and the modulus of elasticity along with overall shear strength presented
higher values for birch plywood compared to black alder plywood. They increased with the
increasing in density.

e  The densification applied to birch veneers compared to black alder presented little improvement
in terms of panel bending properties but quite significant enhancement of the bonding quality.
The densification of black alder veneer did not provide any improvement in terms of shear strength
quality of the plywood panels.

e The increase of veneer densification temperature resulted in a gradually decrease of MOR, MOE,
and shear strength values for the plywood panels made of densified veneers and mixed panels of
both species. The temperature of about 150 °C for veneer densification seemed to be enough to
provide the best values for bending and bonding properties of such panels.

e All plywood panels in this study were manufactured using reduced glue consumption and they
presented satisfactory properties performance for indoor applications. Apart of the plywood
properties performance, such an approach can provide low emissions of toxic compounds and
low costs for the finished product.

e In further studies it would be desirable to evaluate some of the other properties of such samples
including thickness swelling and water absorption would help better understanding behavior of
these panels. Also some data on surface quality evaluation of non-densified and densified veneer
sheets could help to optimize overall adhesive consumption.
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