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ABSTRACT: Introduction. This study aims to carry out comprehensive comparative research of thermal degradation and inflam-
mation parameters of timber covered with fire resistant biological flame retardants of different chemical composition. We also 
looked at the efficiency and the action mechanism of the latter. Materials and methods. As the objects of research, the means 
were selected – phosphorase-containing water-soluble compounds of the nanoscale series, complex biocides and special bioplas-
ticizers (Agent 1) and water-soluble nanoscale diammonium hydrophosphate (Agent 2) applied to pine wood by surface treatment 
and deep impregnation methods. Results and discussion. Thermogravimetric studies of wood treated with flame retardants have 
shown that its decomposition occurs in the following temperature ranges: 30–150°C – the process of loss of moisture by wood; 
150–400°C – the effect of protective mechanisms of the compositions, as well as the process of decomposition of the main compo-
nents of wood (hemicellulose, cellulose, lignin) and the formation of a coke layer; 400–800°C – the process of gradual burnout of 
the coke layer taking into account its thermophysical characteristics up to the ash residue. It has been established that both flame 
retardants act by the mechanism of catalytic dehydration and reduce the rate of decomposition of wood from 29 to 10%/min. 
Conclusion. The features of the thermal decomposition of wood protected by two different chemical composition and method of 
its processing means are determined. The parameters of the flammability of pine wood treated with fire-protective compounds by 
surface and deep impregnation were obtained, which indicate their high efficiency, which is confirmed by the values of the coke 
residue at 400°C, the nature of DTG peaks and DSC curves. The possibility of using the obtained materials from wood for interior 
decoration and cladding of facades of buildings that meet regulatory requirements for their safe use is shown.
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INTRODUCTION

Today wooden structures are widely used for con-
struction of individual residential buildings, low-rise 

public buildings, social and cultural facilities, large span 
structures (arenas, tennis courts), sport and recreation 
centres, agricultural buildings, warehouses, etc.

Wooden buildings are made of light, cost-efficient, 
quickly reproducible, earthquake-resistant accessible 
material. Strengthening the wooden house construction 
priority requires new scientific developments, new ap-
proaches to expanding capabilities of new technologies in 
this area, etc. Wood has always been one of the most envi-
ronmentally friendly materials. According to the experts, 
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at present there is a stable demand for construction of 
houses not only from solid timber but also wooden panels.

It should be noted that timber and timber-based com-
posite materials have been used in Europe and America 
for construction of high-rise residential buildings, various 
public facilities (schools, hospitals, stadiums, shopping 
centres, etc.) for decades. Moreover, the scope of pubic 
construction from wood is significant since this material 
is environmentally-friendly and reliable.

The set of regulatory documents stipulating technical 
safety parameters for buildings, requirements, classifica-
tion and quality of all wooden elements and structures 
necessary for wooden construction play an important 
role in the modern wooden house construction devel-
opment in Russia. Providing fire, sanitary and environ-
mental safety including using fire protection methods to 
wooden building structures and cladding materials is still 
relevant [1–6].

Therefore, the interest in new efficient fire protec-
tion methods and ways to apply them is growing. These 
methods provide:
–	 strength, size stability, weather and humidity resis-

tance of wood and wooden structures;
–	 low corrosiveness;
–	 compliance with sanitary and hygienic safety require-

ments;
–	 compatibility with various types of top coats [7–17].

This study aims to carry out comprehensive compara-
tive research of thermal degradation and inflammation 
parameters of timber covered with fire resistant biologi-
cal flame retardants of different chemical composition. 
We also looked at the efficiency and the action mecha-
nism of the latter. 

MATERIALS AND METHODS

We have selected agents applied to timber using surface 
treatment and deep impregnation methods [18–19]. That 
provide biological flame protection effect in line with 
existing regulatory fire safety requirements in the form of 
mandatory certification and state sanitary and epidemio-
logical rules and norms as study subjects. 

Agent 1 is a comprehensive fire protection and biocidal 
product. It is produced from phosphorus and nitrogen 
containing water soluble compounds of the nanoscale 
series, complex biocides and special bioplasticizer ensur-
ing I (first) group of fire protection efficiency at additional 
dry salt weight of 30 kg/m3 for the deep (vacuum – pres-
sure – vacuum) impregnation method and minimum 
consumption of 380 g/m2 – for the double surface treat-
ment method

Agent 2 is a water solution of non-organic salts and 
biologically active substances with nanoscale diam-
monium hydrogen phosphate as the main component. 
It ensures I (first) group of fire protection efficiency at 

minimum additional dry salt weight of 40 kg/m3 for the 
deep (vacuum – atmosphere) impregnation method and 
minimum consumption of 400 g/m2 – for the triple sur-
face treatment method.

When studying the process of thermal oxidative degra-
dation of fire resistant agents, thermal analysis was carried 
out using METTLER TOLEDO TGA/DSC 1. The fol-
lowing methods were used: thermogravimetric (TGA), 
derivative thermogravimetric (DTGA) and differential 
scanning calorimetry (DSC). TGA and DTGA analyses 
produced sample mass and mass loss speed vs. heating 
temperature and DSC analysis – sample heat generation 
intensity at different temperatures.

For these purposes we prepared 150×60×30 mm tim-
ber samples treated with agent 1 and agent 2 using the 
deep impregnation method.

When preparing timber samples for comparative re-
search of fire protection mechanisms of impregnation 
solutions, we assumed that the impregnation solution 
usually penetrates to maximum 2 mm timber depth for 
the surface treatment method and up to 40 mm for the 
deep impregnation method depending on the technology 
and chemical components [20].

One of the main targets of the studies was to identify 
the degree of fire protection effect produced by impregna-
tion solutions at various depths from the timber surface. 
Therefore, samples were taken from each sample both 
from the surface and 10 mm deep layer. Thus, studies were 
carried out on four samples of fire resistant timber and the 
initial pine sample for comparison purposes. Properties 
of samples taken for the thermal analysis are provided in 
Table 1.

Studies were conducted in the air atmosphere at 2.5; 
5; 10 and 20°С/min heating speed in 30–800oС range.

The research looked at sample inflammation time vs. 
incident heat flow density under GOST 30402–96 Build-
ing materials. Ignitability test method. For this purpose, 
we used samples treated with Agent 1 and 2 using deep 
impregnation and surface treatment methods.

Experimental studies of critical areal heat flow density 
(CAHFD) causing inflammation for considered types of 
fire resistant pine timber were carried out using the testing 
method and measurement tools. 165×165×15 mm fire 
resistant timber sample was subject to radiant heat flow 
of 5-50 kW/m2 surface density. CAHFD was assumed to 
be the minimum value when flame combustion starts. 

RESULTS AND DISCUSSION

Fig. 1 and 2 show mass loss and mass loss speed vs. 
temperature of timber samples treated using the deep im-
pregnation method and untreated pine timber samples 
calculated using TGA and DTGA methods respectively.

Results of TGA and DTGA studies are provided in 
Table 2. Mass loss in 30–150oС range indicates the dehu-
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midification process and in 150–400oС range (main peak 
on the curve) – material degradation and coke generation 
process. The coke residue fraction was registered at 400oС, 
ash residue – at 800oС. For the main peak on DTGA 
curves of all samples maximum mass loss speed Аmax and 
process temperature Тmax are shown in 250–350oС range.

Thus, the analysis of the thermogravimetric study of 
timber treated with fire resistant solutions (see Fig. 1) 
shows that degradation happens within the following tem-
perature ranges:

1) 30–150oС – timber dehumidification;
2) 150–400oС – active range of protective mecha-

nisms, degradation of main timber components (hemi-
cellulose, cellulose, lignin) and generation of coke 
layer;

3) 400–800oС – gradual burnout of coke layer with 
account of its thermophysical properties up to ash residue.

It should be noted that the thermophysical study of 
samples from timber surface layers treated with agents 1 
and 2 using deep impregnation (samples 1-1, 2-1) shows 
that their behaviour differences are insignificant and are 
determined by the difference in resistance mechanisms 
within 150–300oС range, which is caused in its turn 
by chemical components of agents and their synergy. 
The study of samples taken from the 10 mm deep layer 
(samples 1-2, 2-2) show a difference in curves. Thus, 
the coke residue of sample 1-2 impregnated with agent 1 
almost does not change its properties, its fraction ac-
counts for 50.84% of the initial sample mass and is lit-
tle different from the coke residue value of sample 1-1 

Fig. 1. Mass loss of untreated pine timber samples and samples treated using the deep impregnation method vs. heating 
temperature calculated using TGA method

Table 1
Properties of samples for the thermal analysis

No. of sample Fire protection 
method Sampling point Sample weight, mg

1-1
Agent 1

Sample surface 11.16

1-2 10 mm distance from the surface 11.51

2-1
Agent 2

Sample surface 11.87

2-2 10 mm distance from the surface 11.06
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(50.15%). The coke residue of sample 2-2 (agent 2) 
amounted to 39.11% which is by 12.5% less compared 
to sample 2-1. It means that the sample treated with 
agent 1 using deep impregnation did not lose its fire 
resistant qualities at the 10 mm depth. On the contrary, 
the sample treated with agent 2 demonstrated significant 
efficiency reduction.

Let us look at DTGA analysis results (see Fig. 2) for 
samples 1-1 and 2-1 showing the protective mechanism 
properties of agents 1 and 2 respectively and compare 
them to the untreated timber sample. The general analysis 
of the curves and data on the main chemical components 
of agents lead to the conclusion that both fire resistant 
agents have a catalytic dehydration mechanism. Table 2 

shows that the peak of the main stage of thermal degrada-
tion is shifted from 345oС for untreated timber, by 249oС 
for timber impregnated with agent 1 and by 264oС – 
agent 2. Moreover, the DTGA curve for agent 1- treated 
timber has another peak with maximum at 190oС, which 
most likely points to the reaction of a functional additive. 
There are also two more maximums in 240–280oС range. 
The 400–800oС coke oxidation temperature range has 
three small peaks for the timber sample treated with agent 
1 – at 498, 579 and 727oС. The timber sample treated with 
agent 2 has only 2 peaks that almost coincide with those 
mentioned above – at 503 and 715oС.

Judging by the intensity of peaks observed during the 
main degradation stage, it can be concluded that un-

Fig. 2. Mass loss of untreated pine timber samples and samples treated using the deep impregnation method vs. heating 
temperature calculated using DTGA method 

Table 2
Results of the gravimetric analysis

No. of sample
Mass loss, %, 

in the temperature range, oС Residue fraction, % Main peak

30–150 150–400 Coke at 400oС Ash at 800oС Tmax, 
oС Amax, %/min

1-1 3.62 49.85 50.15 6.75 249 10
1-2 2.49 49.16 50.84 6.58 252 10
2-1 5.54 48.48 51.52 5.49 264 15
2-2 5.08 60.89 39.11 3.40 267 10

Untreated timber 5.91 71.61 28.39 1.56 345 29
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treated timber degrades 3 times faster than fire resistant 
one (degradation speed is 29 and 10%/min respectively).

When studying the efficiency of fire protection tools, 
heat generation parameters are important. DSC analy-
sis produced heat generation vs. temperature for all fire 
resistant samples and untreated timber and the volume 
of heat generated during degradation. Fig. 3 shows heat 
generation intensity vs. temperature during untreated pine 
timber degradation.

Fig. 3 shows that total heat generation amounted to 
3915 J/g and the curve has two typical maximums – at 
368°С with 11 W/g heat generation intensity and 442oС 
with 25.4 W/g heat generation intensity. The main stage 
of heat generation happens in 250–470oС range. 

Fig. 4 shows heat generation intensity vs. temperature 
during degradation of pine timber samples treated using 
the deep impregnation method.

There is insignificant difference in total heat genera-
tion for samples 1-1, 1-2 and 2-1. It falls within 4817–
4978 J/g range. Sample 2-2 has significantly higher heat 
generation – 5836 J/g which shows the reduction of the 
protective effect of agent 2 at 10 mm depth from the 
surface. Heat generation intensities largely coincide in 
samples 1-1, 1-2 and 2-1: they have one prominent heat 
generation peak around 500oС, peak intensity amounts 
to 5.4–6.0 W/g, which is approximately 5 times less than 
peak heat generation of untreated timber.

The change in the overall shape of DSC peak with 
smoothed peaks and time stretching of timber thermal 
oxidative degradation process is an important property to 
confirm the fire resistant effect of studied agents.

The heat generation temperature range for untreat-
ed timber sample is 250–470oС, which corresponds to 

11 minutes of testing. For samples with a more promi-
nent protective effect (1-1, 1-2, 2-1) the heat generation 
temperature range amounts to 200–720oС, which corre-
sponds to 25 minutes of testing. Sample 2-2 has the heat 
generation temperature range of 210–680oС and the time 
range of 22 minutes. These data correlate with the results 
of standard laboratory combustibility testing of timber 
samples treated with studied agents [21].

Thus, we can conclude that both agents are efficient 
fire protection tools that change timber thermal oxidative 
degradation process via the catalytic dehydration mecha-
nism [22]. The curves show the distinctive features of this 
mechanism for every agent. The efficiency of agents is 
proved by coke residue values at 400oС, DTGA peaks and 
DSC curves. The results have been analyzed and the most 
important numerical parameters of the thermal oxidation 
process have been calculated.

One of the main conclusions of the test is that agent 1 
completely preserves its fire resistant properties at 10 mm 
minimum depth. Thus, we can forecast higher fire resis-
tant properties and lower fire risk for wooden building 
structures treated with this agent. 

Fig. 3. Heat generation intensity vs. heating temperature 
during untreated pine timber degradation at 20oС/min 
speed

Fig. 4. Heat generation intensity vs. heating temperature 
during degradation of pine timber treated using the deep 
impregnation method at 20oС/min speed
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Fig. 5. Timber inflammation time vs. CAHFD

The results of experimental studies of CAHFD are 
presented in Fig. 5.

The experimental dependance revealed that CAHFD 
for initial pine timber samples amounts to 12.5 kW/m2. 
Surface treated timber samples inflamed at 20 kW/m2 
heat flow density. It means that they belong to different 
classification groups based on inflammation properties – 
В3(highly inflammable) and В2 (moderately inflamma-
ble). The study of samples treated using the deep impreg-
nation method showed higher resistance to the heat flow 
impact. The inflammation time for the timber sample 
treated with agent 1 at 30 kW/m2 CAHFD amounted to 
930 s, which means that it belongs to B1 inflammability 
group (inflame resistant) under GOST 30402. It is a big 
advantage for using finishing materials produced from 
timber treated using the deep impregnation method by 
a comprehensive fire resistant biocide agent based on 
phosphorus and nitrogen containing water soluble com-
pounds.

CONCLUSION

The research has produced the following results:
–	 the properties of thermal degradation of timber treated 

with two agents different in terms of chemical compo-
sition and treatment method have been determined; 

–	 the differences in the mechanism and fire resistant ef-
fect of agents applied to timber using surface treatment 
and deep impregnation methods have been identified; 

–	 the higher efficiency of the modified fire resistant 
agent 1 compared to agent 2 both for surface treatment 
and deep impregnation methods has been proved;

–	 the combustibility parameters of pine timber treated 
with biological flame retardants using surface treatment 
and deep impregnation methods have been identified. 
They prove high efficiency of these agents and the pos-
sibility to produce timber materials for interior finishing 
works and cladding of building facades that comply with 
regulatory requirements for safe application.
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