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Abstract. Plywood and thermal-insulation boards with phenol-formaldehyde binder (PF), like other
composites for construction purposes, must have long-term strength with changing temperature and
humidity. The insufficient degree of curing of the phenol-formaldehyde binder reduces the hydrolytic stability
of the material. The aim of the study is to increase the long-term strength of materials when exposed to
changes in temperature and humidity by improving the structure formation of composites with the
introduction of modifying additives in the binder. In the work, the method of cyclic testing of materials
“soaking — freezing — thawing — drying” was used. After each cycle, the strength of the samples was
determined. Nine modifying additives to the phenol-formaldehyde binder were used — hydrogen peroxide,
metal salts, sulfosalicylic acid, dimethylglyoxime. The proportion of additives varied from 0.5 to 1.5 %.
Graphic dependences of changes in the strength of PF plywood and thermal-insulation boards from plant
waste after cyclic tests are given. Materials on a modified binder have long-term resistance to variable
temperature and humidity effects. Plywood on a phenol-formaldehyde binder with the addition of 0.5 %
sulfosalicylic acid has, after 15 test cycles, a 2.8 times higher residual strength compared to plywood on an
unmodified binder. Thermal-insulation composites from plant waste on a modified binder after cyclic tests
have a strength of 9 % higher than plates on an unmodified binder.

1. Introduction

In the work, the ability of plywood and thermal-insulation boards with a phenol-formaldehyde binder
to maintain long-term strength under temperature-humidity changes was studied. PF plywood and other
composites based on lignocellulosic fillers and a thermosetting binder for use in construction should have
increased water resistance and long-term performance under conditions of changes in temperature and
humidity. Hot cured phenolic adhesives have high water resistance, but it can only be achieved at a
sufficiently high pressing temperature. The manufacture of materials at low temperatures does not allow
the formation of a hydrolytically stable binder, this leads to a decrease in the strength of the composites.

According to Sameer F. Hamad and colleagues, the necessary degree crosslinking of the
phenol-formaldehyde oligomer can be achieved only by prolonged heating at high temperature, which is
uneconomical [1].

It is necessary to reduce the pressing temperature to increase the efficiency of the production of
plywood and boards on a phenolic binder. However, it is not only reduces the degree cure of the phenol
formaldehyde binder. According to H.D. Dibaba, in the process of curing the phenolic binder, the yield of
low molecular weight polycondensation products is difficult, which creates a porous structure of the polymer
matrix [2].

As a result, the structure of the cured phenolic polymer is weakened [3]. Moisture falling into the
adhesive layer at the boundary of the polymer and veneer or fine-grained filler causes moisture stress.
When used as building materials, plywood and boards are affected by variable factors: moisture, freezing,
heating, etc. The result is a decrease in the strength and water resistance of the material.
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With regard to PF plywood used as multi-turn formwork, a decrease in the long-term resistance of
plywood will lead to non-compliance with the requirements of regulatory documents (Russian standard
34329-2017 Formwork).

The long-term resistance of PF plywood and other building composites based on plant fillers and
phenol formaldehyde binder depends on the strength of the binder. Wood and other plant fillers are also
affected by the processes of freezing, thawing, and drying [4-8].

During freezing, the volume of water inside the lumen of plant cells increases. Pressure on cell walls
can cause microcracks in the material [9, 10].

The need to make a rational scientific and technological decision when choosing factors for the
production of plywood and heat-insulating boards with phenol-formaldehyde binders led to the goal of this
study. The study aims to ensure the long-term strength of the composites when exposed to changes in
temperature and humidity by improving the structure formation of the material with the introduction of
modifying additives in the binder.

To predict changes in the strength of wood-adhesive composites for construction purposes, such as
plywood and slabs, methods of full-scale tests or accelerated cyclic methods can be used. Field test
methods are informative and accurate. However, their disadvantages include a significant time frame for
research. The complexity and duration of field tests reduces the efficiency of decision-making on the choice
of technological effects on the material. Therefore, in world and domestic research practice, accelerated
cyclic tests are more often used, which make it possible to evaluate the performance of the material after
temperature and humidity effects.

A significant part of research in the world is aimed at studying the effect of freezing-thawing and
freezing cycles on the mechanical properties of wood-plastic composites [11-16].

The effect of freezing and heat treatment cycles on the properties of plywood and other wood
composites is not well understood.

A method for assessing the durability of wood-adhesive compositions was developed by
V.M. Khrulev and A. S. Freidin. To assess the weather resistance of glued wood and board materials, a
cyclic test regime was proposed, which included the presence of samples in water for 5 hours and drying
at 70 °C for 24 hours. Russian standard 17580 (as amended in 1972) was developed in the development
of studies.

Cyclic methods are applicable to the assessment of structural adhesive joints for wood-based
building materials [17, 18]. The results of cyclic tests allow us to evaluate the resistance of the material to
changes in temperature and humidity during operation.

2. Methods

Effect of modifying additives to the phenol formaldehyde binder (PF) on the PF-3014 resin (Russian
standard 20907-2016) on the strength for shearing plywood FSF was investigated in this work (Table 1).
Addition of each modifier ranged from 0.5 to 1.5 % by weight of the binder (in increments of 0.5 %).

Effect of the addition of sulfosalicylic acid to the PF on the strength under static bending of soft
thermal-insulating boards of the wet method of production from wood waste and flax spinning waste
compared with the dynamics of the change in the value of particle boards (PB) [19] are also presented.
Thermal-insulating boards were made with an average density of 275 kg/m?3, and the average density of
particle board was 800 kg/m3. Samples of thermal-insulating boards were dried at 100 °C to a moisture
content of 8+1 %, the particle boards were pressed at a temperature of 170 °C, a specific pressure of
2.6 MPa.

Table 1. Additives used to modify PF in the manufacture of PF plywood.

Modifier view Chemical formula
Hydrogen peroxide (3 % aqueous solution) H202
Zinc sulfate eight-water (aqueous solution) ZnS04-8 H20
Iron ammonium alum (agqueous solution) NH4Fe(S04)2:12H20
Anhydrous magnesium chloride (aqueous solution) MgCl2
Ferric chloride hexahydrate (aqueous solution) Fe Cls-6 H20
Aluminum chloride hexahydrate (aqueous solution) AICl3-6 H20
Dimethylglyoxime (in dry form) CaHsN202
Aluminum sulphate eighteen-water (aqueous solution) Al2(SO4)3-18H20
Sulfosalicylic acid two-water (aqueous solution) C7H606S-2 H20
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Five-layer plywood was made on the basis of peeled birch veneer with a nominal thickness of 1.5 mm
(Russian standard 99-2016). The veneer was pre-dried to a moisture content of (7+1) %. After forming the
package and applying the binder, hot pressing was performed in a P100-400 laboratory hydraulic press
with the following constant factors: pressing temperature — 120 °C; pressing time — 5 min; specific pressing
pressure — 1.6 MPa; binder consumption — 100 g/m?. Manufactured plywood was cooled for 24 hours, then
cut into samples for testing on shear strength.

For testing the strength of the samples used tensile testing machine R-5 (Russian standard 28840).
Adaptation to a testing machine with wedge grippers was used to determine the strength of plywood during
chipping. The arithmetic average of five duplicate experiments was taken as the test result.

According to the standard method of cyclic testing of material [18] one cycle of temperature and
humidity effects on the samples included the following operations:

e the samples were placed in a vessel, loaded and poured for 20 hours with water having a
temperature of (20£2) °C, so that they were covered with water by 2 ... 3 cm;

e wet samples extracted from water were transferred to a freezer and kept for 6 hours at a
temperature of minus (20+2) °C;

o frozen samples extracted from the freezer were laid out on the rack and left to thaw for 16 hours at
an air temperature of (20£2) °C;

e after thawing, the samples were placed in a drying chamber and kept for 6 hours at a temperature
of (6045) °C and air humidity (60 ... 75) %.

Samples of plywood passed 15 test cycles, samples of particle boards and thermal-insulating boards
— 10 cycles.

3. Results and Discussion

The results of determining the strength of plywood during chipping after each of the test cycles are
presented in Table 2 and in Fig. 1-3. Main results are presented in the figures due to the large volume of
tests, in Table 2 shows the values for control samples without modification of the binder and for samples of
plywood on a binder modified by the addition of sulfosalicylic acid.
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Figure 1. Dependences of residual shear strength, % plywood on a binder with the addition
of 0.5 % modifier after cycles of temperature and humidity:
1 —control (without modifier); 2 — hydrogen peroxide (3 % aqueous solution);

3 —aluminum chloride hexahydrate (aqueous solution); 4 — sulfosalicylic acid two-water (aqueous
solution); 5 —iron chloride Ill six-water (aqueous solution); 6 —anhydrous magnesium chloride
(aqueous solution); 7 —iron ammonium alum (agueous solution); 8 — zinc sulfate eight-water
(aqueous solution); 9 — eighteen-aluminum sulphate (aqueous solution);

10 — dimethylglyoxime (in dry form).
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Figure 2. Dependences of residual shear strength, % plywood on a binder with the addition
of 1 % modifier after cycles of temperature and humidity:
1 - control (without modifier); 2 — hydrogen peroxide (3 % aqueous solution);

3 —aluminum chloride hexahydrate (agueous solution); 4 — sulfosalicylic acid two-water (aqueous
solution); 5 —iron chloride Ill six-water (aqueous solution); 6 —anhydrous magnesium chloride
(aqueous solution); 7 —iron ammonium alum (agueous solution); 8 — zinc sulfate eight-water
(aqueous solution); 9 — eighteen-aluminum sulphate (aqueous solution);

10 — dimethylglyoxime (in dry form).
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Figure 3. Dependences of residual tensile strength, % plywood on a binder
with the addition of 1.5 % modifier after cycles of temperature and humidity:

1 - control (without modifier); 2 — hydrogen peroxide (3 % aqueous solution); 3 —aluminum
chloride hexahydrate (aqueous solution); 4 — sulfosalicylic acid two-water (aqueous solution);
5 —iron chloride Il six-water (aqueous solution); 6 —anhydrous magnesium chloride
(aqueous solution); 7 —iron ammonium alum (agueous solution); 8 — zinc sulfate eight-water
(aqueous solution); 9 — eighteen-aluminum sulphate (aqueous solution);

10 — dimethylglyoxime (in dry form).
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Table 2. Dynamics of changes in the strength of plywood chipping in cyclic tests (above the
line for samples with a modifier, below the line for control).

Cycles Shear strength, ass, MPa Residual strength,%
Before the test 2.79/2.96 —

0.5 % modifier additive
1 2.71/2.90 97.25/98.10
2 2.65/2.80 94.98/94.59
3 2.60/2.74 93.19/92.57
4 2.60/2.69 93.19/90.88
5 2.51/2.51 89.96/84.80
6 2.29/2.21 82.08/74.66
7 2.15/1.95 77.06/65.88
8 2.01/1.70 72.04/57.43
9 1.89/1.49 67.74/50.34
10 1.76/1.38 63.08/46.62
11 1.65/1.24 59.14/41.89
12 1.54/1.08 55.20/36.49
13 1.46/0.96 52.33/32.43
14 1.41/0.76 50.54/25.68
15 1.34/0.51 48.03/17.23

1.0 % modifier additive
1 3.12/2.90 98.06/98.10
2 2.89/2.80 90.88/94.59
3 2.78/2.74 87.42/92.57
4 2.68/2.69 84.28/90.88
5 2.58/2.51 81.13/84.80
6 2.39/2.21 75.16/74.66
7 2.25/1.95 70.75/65.88
8 2.14/1.70 67.30/57.43
9 1.92/1.49 60.38/50.34
10 1.83/1.38 57.55/46.62
11 1.72/1.24 54.09/41.89
12 1.62/1.08 50.94/36.49
13 1.47/0.96 46.23/32.43
14 1.39/0.76 43.71/25.68
15 1.32/0.51 41.51/17.23

1.5 % modifier additive
1 2.87/2.90 96.83/98.10
2 2.76/2.80 93.24/94.59
3 2.67/2.74 90.20/92.57
4 2.54/2.69 85.81/90.88
5 2.32/2.51 78.38/84.80
6 2.16/2.21 72.97/74.66
7 2.07/1.95 69.93/65.88
8 1.99/1.70 67.23/57.43
9 1.86/1.49 62.84/50.34
10 1.75/1.38 59.12/46.62
11 1.66/1.24 56.08/41.89
12 1.51/1.08 51.01/36.49
13 1.42/0.96 47.97/32.43
14 1.31/0.76 44.26/25.68
15 1.20/0.51 40.54/17.23
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Plywood on an unmodified phenol-formaldehyde binder after 15 test cycles has a residual strength
of less than 20 %. The reason for this is the low degree of curing of the binder at a pressing temperature of
120 °C and the presence of microvoids in the cured binder. Water penetrates micropores during testing,
freezes, evaporates, and causes hydrolytic destruction of the polymer.

One cannot disagree with G.A. Ormondroyd [20], that the adhesives used in the manufacture of wood
composites have arguably the most influence on the composites properties. The adhesives influence all
aspects of the composites, from their mechanical properties and their ability to perform in wet conditions.

With a share of modifier additives of 0.5 % by weight of the resin, plywood sulfosalicylic acid and
dimethylglyoxime give the best resistance to variable temperature and humidity effects (Fig. 1). They create
additional crosslinking units in the cured polymer network [21] and provide higher hydrolytic stability of the
binder. With a share of modifier additives of 1 % and 1.5 %, sulfosalicylic acid and dimethylglyoxime also
give the best results in increasing the residual strength of plywood after cyclic tests (Fig. 2).

Hydrogen peroxide, used by J. Sedliacik and colleagues in the study as a phenolic binder modifier
[22], in small amounts (0.5 %), a positive effect on the spreadability of the binder during the veneering of
veneer. Up to five test cycles, it positively affects the residual strength of plywood, however, with further
temperature and humidity effects, the addition of hydrogen peroxide has a lesser effect on increasing the
residual strength of plywood. Addition of hydrogen peroxide in an amount of 1 ... 1.5 % does not significantly
affect the increase in the residual strength of plywood during cyclic tests.

Addition of iron, magnesium and aluminum chlorides on average increases the residual strength of
plywood after cyclic tests, but their effect is less effective than for the addition of dimethylglyoxime and
sulfosalicylic acid.

Despite the fact that aluminum salts are traditionally considered to be phenolic binder modifiers,
aluminum sulfate showed the worst results when introduced into the adhesive composition. When the
proportion of the additive is 1.5 %, the amount of aluminum sulfate becomes redundant, the residual
strength of plywood with this modifier is lower than that of control samples.

The results of tests for static bending after cyclic effects of thermal-insulating boards with the addition
of spinning waste of flax fiber and particle boards are presented in Table 3.

Table 3. Dynamics of changes in strength under static bending thermal-insulating boards and
particle boards in cyclic tests (above the line for samples with a modifier, below the line for control).

Thermal-insulating boards Particle boards

Cycles Strength in static Strength in static

Residual strength, % Residual strength, %

bending, oi, MPa bending, ci, MPa
Before the test 0.55/0.58 25.5
1 0.53/0.57 96/98 21.1 82.5
2 0.53/0.56 96/97 18.3 71.5
3 0.52/0.53 94/91 16.0 62.9
4 0.51/0.52 93/90 13.2 51.6
5 0.49/0.51 89/88 10.5 41.0
6 0.47/0.50 85/86 7.9 31.3
7 0.47/0.48 85/84 6.0 23.5
8 0.41/0.43 74175 4.7 18.5
9 0.32/0.40 58/70 4.3 16.8
10 0.26/0.32 47/56 3.5 13.7

The addition of sulfosalicylic acid in an amount of 0.5 % to the phenol-formaldehyde binder also
increases the residual strength of soft thermal-insulating boards from wood waste and flax fiber spinning
waste (Table 3). Low-density boards have a low value of strength under static bending, however, in
comparison with more durable particle boards, thermal-insulating boards have a higher value of residual
strength after cyclic tests. It should be noted that the modification of the phenolic binder with the addition
of sulfosalicylic acid increases by 9 % the residual strength of the thermal-insulating boards after 10 test
cycles, the residual strength index for these boards is four times higher than that of particle boards with an
unmodified phenol-formaldehyde binder.

4. Conclusions

1. Plywood on a phenol formaldehyde binder with the addition of 0.5 % sulfosalicylic acid,
manufactured at a pressing temperature that does not provide a high degree of curing of the binder, has
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after 15 test cycles 2.8 times higher residual strength compared to plywood on an unmodified binder. This
allows us to predict a longer service life of plywood during operation with changes in temperature and
humidity.

2. Best results on increasing the residual strength of plywood with changes in temperature and
humidity are provided by modifiers sulfosalicylic acid and dimethylglyoxime, added in an amount of
0.5 ... 1.5 % by weight of the phenolic binder.

3. Maodification of the binder with sulfosalicylic acid for the production of soft thermal-insulating
boards of the wet method production from wood waste and non-returnable waste spinning flax, allows to
increase the residual strength of the material by 9 %.

4. Thus, the obtained experimental data make it possible to recommend the addition of
dimethylglyoxime or sulfosalicylic acid as modifiers of the phenol formaldehyde binder for lignocellulosic
materials, such as plywood and thermal-insulating boards. Modifiers will increase the residual strength of
materials used under changing temperature and humidity conditions, and therefore, will increase the life of
plywood and boards.
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