
156

© Е.Л. Коссович, С.А. Эпштейн, Ф.М. Бородич, Н.Н. Добрякова, В.А. Просина. 2019. 

ГИАБ. Горный информационно-аналитический бюллетень / 
GIAB. Mining Informational and Analytical Bulletin, 2019;5:156-172

УДК 531+620.17 DOI: 10.25018/0236-1493-2019-05-0-156-172

Взаимосвязи между неоднородностью 
распределения механических свойств 

углей на микро- и наноуровнях  
и их способностью к внезапным  

выбросам и разрушению

Е.Л. Коссович1, С.А. Эпштейн1, Ф.М. Бородич2, Н.Н. Добрякова1, В.А. Просина1

1 НИТУ «МИСиС», Москва, Россия, e-mail: e.kossovich@misis.ru
2 Университет Кардиффа, Кардифф, Великобритания

Аннотация: Внезапные выбросы угля и газа являются одними из наиболее опасных явлений 
при добыче угля. В связи с этим изучение природы этих процессов является приоритетным 
для угольной промышленности. В настоящей работе показано, что особенности структуры 
витринита каменных углей на микро- и наноуровне в значительной степени определяют их 
склонность к внезапным выбросам и образованию тонкодисперсных частиц. В качестве объ-
ектов исследования выбраны угли из разных пачек одного пласта, различающихся по потен-
циальной выбросоопасности. Для работ использовали аншлиф-брикеты исходных углей и 
углей, подвергнутых сорбции в среде диметилформамида. Показано, что способность углей 
к разрушению и образованию тонкодисперсных частиц при механическом одноосном нагру-
жении (микроиндентировании) находится во взаимосвязи с распределением их механиче-
ских свойств и дефектов, построенным по результатам автоматизированного наноиндентиро-
вания по сетке на площадках, размеры которых сопоставимы с размерами контактов между 
поверхностью образца и иглой микроиндентора. Обнаружено отсутствие взаимосвязи между 
особенностями структуры витринита углей из потенциально опасной и неопасной пачек и 
средними величинами твердости, а также ее распределением по поверхности образцов. Уста-
новлено, что для угля из потенциально выбросоопасной пачки характерна более высокая 
неоднородность распределения величин модуля упругости (как характеристики «жесткости» 
материала — способности к сопротивлению деформированию) по сравнению с углем из не-
опасной пачки. Сопоставление полученных результатов с данными об образовании трещин в 
области контакта при микроиндентировании позволяет сделать вывод о существовании тес-
ной взаимосвязи между высокой неоднородностью распределения «жесткости» витринита 
углей из потенциально выбросоопасных пачек с их способностью к разрушению при механи-
ческом нагружении. Для оценки способности углей к образованию тонкодисперсных частиц 
при механических воздействиях был использован параметр RW, вычисляемый на основе ана-
лиза диаграмм «нагружение-глубина внедрения» как отношение работы, потраченной на не-
обратимые изменения в структуре материала, в полной работе по вдавливанию при наноин-
дентировании. Обнаружено, что образцы угля из неопасной пачки характеризуются низким 
количеством включений (областей на поверхности), склонных к необратимым изменениям 
структуры, по сравнению с включениями, способными сохранять структурную целостность. 
Для углей из потенциально выбросоопасной пачки характерно равное соотношение таких 
включений. Сорбционное взаимодействие углей с диметилформамидом позволило частично 
снять внутренние напряжения, существующие в их структуре. Это дало возможность выявить 
различия в механических свойствах двух исследованных углей, обусловленные особенно
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стями структуры витринита. Представленные в работе результаты показали, что анализ рас-
пределения механических свойств по данным наноиндентирования позволяет качественно и 
количественно выявлять способность углей к разрушению и внезапным выбросам. 
Ключевые слова: уголь, механические свойства, неоднородность, тонкодисперсная пыль, 
хрупкость, сорбционное разупрочнение.
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Abstract: The outbursts of coal and gas is one of the main coal mining hazards, therefore, for the 
coal mining industry, studying of mechanisms and predisposing factors for these events is of the 
utmost importance. It is demonstrated here that the micro/nano scale structure of coal samples 
is one of predisposing factors for the coal propensity to outburst. The same is related to the coal 
propensity to crushing and formation of fine powder (dust). The results of micro/nanoindentation 
experimental studies of heterogeneity of spatial distribution brittleness and mechanical properties 
of coals at micro/nano scales are presented for samples taken from both hazardous (outburst-
prone) and non-hazardous strata (packs) of the same coal seam. The experiments were performed 
on both ‘as received’ coal samples and ones after sorption treatment by dimethylformamide. The 
latter treatment allowed to partially discharge the internal stresses that exist in the coal samples. 
The mapping the indentation results enabled us to reveal the actual heterogeneity of distribution 
of mechanical properties at nanoscale. It has been confirmed that hardness of coals at micro- and 
nanoscale is not an informative parameter for characterization of their propensity to destruction. 
It was established that higher heterogeneity of stiffness could be a reason to formation of multiple 
cracks at coals after microhardness tests. The part of energy spent for the irreversible changes in 
the material structure within the total work of indentation is the parameter indicating clearly the 
propensity of coal samples to crushing and formation of fine powder (dust). Coal samples from the 
non-hazardous packs have a low ratio of inclusions prone to irreversible changes of the structure 
and those prone to keeping their structural integrity, while the ratio is about a unity for samples 
from the hazardous packs. Thus, there is a natural distinction of the mechanical properties be-
tween two coal samples having similar origin and rank but different in their proneness to instanta-
neous outbursts.
Key words: coal, mechanical properties, heterogeneity, fine dust, brittleness, sorption-induced 
strength degradation
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Introduction
Sudden ejections of very fine coal dust 

and gas from a seam could occur at any 
time during open and underground min-
ing. Being spontaneous and, in some cas-
es, lasting for a considerable timespan, 
this outburst phenomenon may release up 
to several tons of coal dust mixed with ex-
plosive gas [1—4]. This may lead not only 
to losses of the mining equipment, but it 
can also cause fatalities [4]. The coal dust 
itself is a significant threat both to the 
safety of people and to the environment 
[1, 2]. The fine coal dust can also appear 
during mining, storage, transportation and 
processing of coals. The coal dust parti-
cles whose sizes are less than 10—25 µm 
[5,6] are especially dangerous as the dust 
is able to stay in the air for a long period of 
time [7]. It is argued in [7] that the span 
of dangerous sizes of coal particles should 
be extended up to 75  µm. Because the 
aerosol dust can be transported in the 
air for rather long distances, the areas 
outside the sanitary protective zones of 
enterprises and cargo ports may be also 
affected by negative impacts of coal dust 
[2].

As predisposing factors for the outburst 
phenomena, the following reasons are 
pointed out in the literature: stress condi-
tions and tectonics, geological conditions, 
gas stored inside the coal matter, some 
other structural and mechanical proper-
ties of coal (see, e.g. [3, 4, 8—11]). Mainly 
the related papers consider coal as a 
rather homogenous material and provide 
the results on the mechanical fracturing 
tests at large scales [12]. These studies 
concentrated mainly at coals propensity 
to fracture under external and internal 
(caused by internal gas flow) stresses [13]. 
There are just few papers reported on high 
effects of coals microstructure (macerals 
composition) on outbursts hazards [14—
16]. However, it has been recently shown 
that coals vitrinite structural heterogeneity 

has a vast impact on the coal propensity 
to outburst [17]. 

The aim of this paper is to demonstrate 
that the spatial heterogeneity of micro/
nano scale mechanical properties of coal 
components, namely, the components of 
the vitrinite macerals group, is correlated 
with the propensity of coals to outbursts 
and crushing, and in turn to coal dust for-
mation. The heterogeneity of mechanical 
properties of coals includes the variation 
in elastic moduli, hardness and other 
mechanical characteristics at nanoscale. 
The heterogeneity causes the initiation 
and further development of fractures and 
partitioning of coal samples. To justify this 
assumption, it was proposed to perform a 
set of experimental studies that include a 
grid nanoindentation of vitrinite regions of 
coal samples along with further analysis 
of the obtained maps of distributions of 
the mechanical properties. The samples 
were taken from the same coal seam; they 
have the similar rank; however they differ 
because they were taken from hazardous 
(outburst-prone) and non-hazardous stra-
ta (packs).

Materials and Methods
Samples selection and characterization
Two hard coal samples originated from 

Vorkuta coalfield (Vorkutinskaya mine) we- 
re taken for the studies. As it has been men-
tioned above, these samples are from the 
same seam, but they belong to packs that 
differ by the outburst hazard degree: the 
coal #1 from lower pack (it was not prone 
to outbursts); and the coal #2 originates 
from an outburst-prone section of the up-
per pack. The coal #2 is characterized by 
relatively higher value of vitrinite reflec-
tance index (RO,r = 0.924%Vol.) in compari-
son with the coal #1 (RO,r  =  0.885%Vol.) 
[17]. According to [17], the packs of the 
coals #1 and #2 were related to differ-
ent genetic types with respect to vitrinite 
reduction (including the degree of hetero-
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geneity of internal vitrinite structure): the 
coal #1 was referred to IV genetic type (op-
tically homogenous), whereas the sample 
originated from the pack potentially prone 
to outbursts was related to II genetic type 
(heterogenous vitrinite structure).

For further features of sorption-induced 
strength decay of these coals, we address 
the reader to the results presented in [17]. 
Sorption-based impacts at these coals 
also lead to rather different surface deg-
radation (destruction). The interaction with 
dimethylformamide of the coal #1 having 
a rather homogenous structure of vitrinite, 
led to a clear visibility on the sample sur-
face of a grid-like net of relatively straight 
fractures with pronounced directions of 
propagation (see Fig. 1, a). The interac-
tion with dimethylformamide of the coal 
#2 having a highly heterogenous structure 
of vitrinite, led to drastic alteration of its 
surface with formation of chips and frac-
tures without any ordered fracture pattern 
(Fig. 1, b). 

It is worth to mention that the sorption 
treatment of the coals led to significant 
changes of their supramolecular structure. 
This, in turn, could possibly lead to partial 
discharge of the residual stresses that are 
usually being found in coals matter. On 
the other hand, the residual stresses may 

highly affect the measured mechanical 
properties and the experimental force-dis-
placement (P–h) curves of nanoindenta-
tion tests [18, 19], hence we can assume 
that the sorption treatment enabled us 
to study the natural heterogeneity of me-
chanical properties of coals that are not 
affected by the residual stresses. 

In the current studies, for each of the 
coals, two types of samples were prepared: 
(i) ‘as received’ and (ii) ‘treated by dime- 
thylformamide’. First, the coal particles 
whose sizes were in the range of 3—5 mm 
were taken from each of the packs. Then 
metallographic specimens were prepared 
from the particles [20]. The micro- and na-
noindentation tests were performed using 
regions of vitrinite maceral group of these 
specimens. Vitrinite was selected for the 
tests because it reflects the principal me-
chanical properties of coals [21]. Actually, 
if a coal is considered as a natural organic 
composite material, then this maceral may 
be treated as the matrix of the composite 
[22]. Because the sorption treatment re-
vealed a number of fractures of sample vit-
rinite surfaces, the micro- and nanoinden-
tation tests of the samples were performed 
on undamaged regions in order to avoid 
possible errors in measurements due to 
the neighboring fractures. 

Fig. 1. Surface of the considered coal samples after dimethylformamide treatment: the coal #1 of IV 
genetic type taken from the non—hazardous pack (a); the coal #2 of II genetic type with respect to 
vitrinite reduction taken from outburst—prone pack (after [17]) (b)
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Micro- and nanoindentation techniques
Microhardness tests were performed in 

accordance with the standard techniques 
[23, 24]. PMT-3 device [25] was used ac-
companied by MMS ‘Microhardness’ soft-
ware and video camera for obtaining the 
images of the resulting imprints and evalu-
ation of microhardness. The load applied 
to the indenter was 200 mN. Sets of inden-
tation tests of vitrinite maceral group were 
performed (each set involved not less than 
30 indents). After each indentation test, 
the shape of the remaining imprint was an-
alyzed for the presence of different types 
of fractures. The results of microhardness 
tests have been already described in [17] 
and they are not repeated here. 

Nanoindentation experiments were per- 
formed at Hysitron TI  750 instrumental 
indentation setup. The experimental pro-
cedure was fully described in [21, 26]. 
Tests were performed at homogenous re- 
gions occupied by vitrinite macerals group. 
At least two regions were selected at each 
sample. Automated grid indentation pro-
cedure was applied at zones of 50x50 mi-
crons, there were not less than 36 indents 
at each of the selected zones. The dis-
tance between the indents was not less 
than 8 µm. 

Elastic contact moduli (E, GPa) and hard-
ness values (H, MPa) were measured. Also, 
a statistical parameter R was calculated  
for each of the indentation experiments. 
This parameter was used in [21, 26] as 
a measure of the irreversible changes in 
coals matter after mechanical impacts. 
The characteristics of these parameters re-
garding their meaning are described below 
in the next section. Further, automatic grid 
processing was done using MS Excel soft-
ware and maps describing the mechani-
cal properties variations at the selected 
regions were plotted for each of the ex-
periment.

Physical meanings of the nanoinden-
tation parameters and interpretation

The depth-sensing indentation techni- 
ques mean that both the external load (P) 
and the displacement of the indenter (h) 
are continuously recorded. The unload-
ing branch of the ‘load-depth of indenta-
tion’ curve is usually used to evaluate the 
contact modulus of the sample. A typical 
shape of the P–h curve is shown in Fig. 2 
for the ‘as received’ sample of the coal 
#1. It is worth mentioning that the full P–h 
curve contains a large amount of infor-
mation on the materials response to the 

Fig. 2. Typical P-h curve obtained by indentation of the ‘as received’ sample of the coal #1
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external mechanical actions. Typically, the 
P–h curve contains two branches, where 
the former describes the loading, and the 
later describes the unloading processes. 
These branches usually do not coincide 
forming the so-called hysteresis loop. The 
latter shows the existence of the dissipat-
ed energy that has led to the irreversible 
changes of the material structure (plastic 
deformation). On the other hand, brittle 
materials also appear to have a hysteresis 
loop. In this case, it is referred to brittle 
crushing of material under the applied 
load either on the sample surface or be-
neath the surface [27].

Recently, it has been shown that coals 
tend to crush during depth-sensing inden-
tation [26, 28]. Let us remind that the pa-
rameter RW was introduced [21, 26] as a 
ratio of the hysteresis loop area (the en-
ergy that was spent on irreversible defor-
mations in the material) to the total load-
ing work (the total area below the loading 
branch of the P–h curve). It is worth men-
tioning that RW parameter is the quantity 
that could be directly measured by the 
experiments. This ratio could be treated 
as a share of work that was introduced 
for the irreversible changes in the mate-
rial structure in the total work used for its 
deformation. Because this parameter is 
tightly connected with the hysteresis loop, 
for brittle materials it could be treated as 
a quantitative measure for coals propen-
sity to crushing: the higher is the value of 
RW, the more the material is prone to deg-
radation and formation of fine powder in 
the region of its contact with indenter tip. 

Other values, such as the elastic con-
tact modulus and hardness, may be evalu-
ated in accordance with a more advanced 
analysis of the P–h curves. The elastic 
contact modulus is connected to the ma-
terials stiffness [29, 30], i.e. the materials 
resistance to deformations. Similar mean-
ing has hardness, which is a measure of 
the resistance to plastic deformations. It 

has been shown recently that coals hard-
ness should not be considered as the ma-
terial constant because coals may crush 
into fine powder at indentation loading 
[26, 28]. Therefore, one should be espe-
cially careful when discussing the micro- 
and nanohardness of coals measured by 
the standard techniques. 

The consequence of formulae for de-
termination of the elastic modulus is as 
follows. In 1975 the Bulychev-Alekhin-
Shorshorov relation (BASh) relation was 
derived [31] 

S dP dh E a E A� � �/ /* *2 2 � 	 (1)

where S is the stiffness or the inclination 
of the displacement-load curve (see 
Fig. 2), a is the characteristic size of the 
contact zone, A is the area of the contact 
region and E* is the contact (reduced) 
elastic modulus. Within the framework of 
the Hertz contact theory, E* is determined 
as a combination of elastic moduli Ei, Es 
and Poisson's ratios νi, νs  for indenter 
(with index i) and sample (index s) through 
relation (2)
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contact modulus of the indenter.
The basic relation for hardness value 

H is given as
H
P
A

= max 	 (4)

where Pmax is the peak force applied to 
the surface by indenter.

It could be seen that both relations (3) 
and (4) are based on determination of the 
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contact are. A between the sample and 
the indenter. The aforementioned quanti- 
ty is traditionally estimated by procedure 
described in [32, 33]. The estimations are 
based on the value of the contact depth. 
On the other hand, as it was noted in [26, 
34], the approximations from [32, 33] do 
not take properly into account the plastic 
distortions of the sample surfaces and, 
consequently, the procedure introduces 
additional inaccuracy of measurements 
of hardness and elastic moduli during in-
dentation. Therefore, that the mechanical 
characteristics obtained have to be treat-
ed rather carefully because the contact 
area between the indenter and the sam-
ple is measured with inaccuracies.

Results and discussion
Features of microscale fracturing of 

selected coals 
As it has been already mentioned [17], 

the coals samples have different charac-
teristic shapes of imprints. Namely, the 
coal #1 selected from non-hazardous 
pack, has rather ‘plastic’ imprints with 
lack of fracturing out of the contact zone 
(see Fig. 3, a), whereas the coal sample #2 
originated from the outburst-prone pack 
shows rather brittle behavior with a large 
number of fractures either inside and 
coming outside the contact region (see 
Fig. 3, b).

Heterogeneity of maps of nanoscale 
hardness

First, it is worth mentioning that the 
average diagonal of the imprints after mi-
croindentation was about 32 µm, and the 
side of the zone where the nanoindenta-
tion grid tests were performed was 50 µm. 
This allows to conclude that the sizes of 
the contact region of microindentation and 
the zone of grid nanoindentation were of 
the same order of magnitude. Therefore, 
nanoindentation tests and mapping of 
their outcomes enabled us to investigate 
the heterogeneity of the distributions of 
hardness values across a region compara-
ble with the plastic imprint obtained in the 
microhardness tests.

Fig. 4 shows typical maps of hardness 
values distribution across the selected 
regions. It could be seen that the average 
hardness of the coal #2 from a potentially 
outburst-prone pack is lower than the aver-
age hardness of the coal #1. Standard de-
viations for both coals are similar indicat-
ing the similarity of hardness values distri-
bution heterogeneity (see Fig. 4, a, c).

Dimethylformamide treatment of these 
coals led to the following. Average hard-
ness values have become similar for both 
of the samples, with their standard devia-
tion decrease for the coal #2. On the other 
hand, maps of hardness distribution are 
rather similar for the both coals.

Fig. 3. Typical shapes of imprints after microhardness tests of the ‘as received’ coal samples: the 
coal #1 (a); the coal #2 (b)
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The above outcomes lead to the con-
clusion that the nanoscale hardness could 
not be used as an informative parameter 
for characterization of coals vitrinite brit-
tleness or be employed for prediction of 
the fine dust formation.

Heterogeneity of the elastic modulus 
distribution extracted from nanoindenta-
tion tests

As it has been mentioned above, elas-
tic modulus is a measure of materials stiff-
ness. Hence, it follows from Fig. 5, a, c, that 
the coal #1 has a stiffer vitrinite structure 
than the coal from an outburst-prone pack 

(see the captions to Fig. 5, a, c). Moreover, 
the values of the elastic modulus have 
more homogenous distribution within the 
coal #1 in comparison with the distribu-
tion within the coal #2 (see the standard 
deviations and images in Fig. 5, a, c). In 
addition, it follows from Fig. 5, c, that the 
coal #2 contains relatively large inclusions 
having small stiffness (the large soft inclu-
sions) and small inclusions having higher 
range values of elastic modulus (the small 
hard inclusions). 

After sorption treatment, the coal #1 be-
came in average less stiff, whereas the coal 
#2 became in average stiffer (Fig. 5 b, d). 

Fig. 4. Hardness mapping: the ‘as received’ coal #1 (a); the sorption treated coal #1 (b); the ‘as 
received’ coal #2 (c); the sorption treated coal # 2 (Ha is the average hardness, StDev is the standard 
deviation of hardness) (d)
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Standard deviation of elastic modulus has 
increased in both cases. Therefore, hetero-
geneity of elastic modulus distribution has 
also increased, but in case of the coal #2 
this growth is more pronounced. In case 
of the coal #1, this distribution has re-
vealed its ‘structural’ character, i.e. there 
appeared almost rectangular clusters of 
stiffer and less stiff regions. This distribu-
tion reflects in some sense the shapes of 
fractures that have been found at its sur-
face after dimethylformamide treatment 
(see Fig. 1, a). On the contrary, coal #2 
after sorption treatment appears not to 
have any ‘structural’ heterogeneities distri-

bution for the elastic modulus. Their sizes 
have remained at the same level as for the 
‘as received’ sample (see Fig. 5 c, d). Lack 
of any pattern in elastic modulus distribu-
tion is in a good correlation with features 
of the coal #2 sorption-induced destruc-
tion of the surface (see Fig. 1, b). These 
conclusions are in agreement with our 
previous results presented in [17].

There is a plausible explanation of the 
above observations that after the sorption 
treatment, the residual stresses have be- 
en partially discharged within both of the 
coals. Hence, the tests of these samples 
reveal the differences in internal heteroge-

Fig. 5. Elastic modulus mapping: the ‘as received’ coal #1 (a); the sorption treated coal #1 (b); the ‘as 
received’ coal #2 (c); the sorption treated coal # 2 treated (Ea — average elastic modulus, StDev — 
standard deviation of elastic modulus) (d)
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neity of mechanical properties that are not 
affected by internal residual stresses.

It is natural to state that the material 
having inclusions with equal share of high 
and low stiffness is more prone to de-
struction than the one having lower range 
of the stiffness distribution. Therefore, ac-
cording to our observations on both ‘as 
received’ and sorption treated coals, the 
samples extracted from an outburst-prone 
pack are more brittle in comparison with 
the coal #1 having rather homogenous 
vitrinite structure. The latter is in a good 
correlation with the characteristic shapes 
of imprints obtained at these coals by mic- 
roindentation (see Fig. 3).

Parameter RW distribution heterogeneity
It should be reminded again that pa-

rameter RW is closely connected to coals 
propensity to degradation under mechani-
cal loading (nanoindentation). The higher 
this quantity, the larger the ductility and 
brittleness and, therefore one can assume 
that a larger amount of the crushed mate-
rial (the fine powder) could be formed in 
the contact zone under the indenter. The 
results of this parameter mapping for the 
coals #1 and #2 are shown in Fig. 6.

The average values of RW are similar 
for both coals, whereas their standard de-
viations are different, it is larger for coal 
#2 (from the outburst-prone pack) that 

Fig. 6. RW parameter mapping: a) coal #1 as received (a); coal #1 treated (b); coal #2 as received (c); 
coal #2 treated (RWa — average elastic modulus, StDev — standard deviation of RW) (d)
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indicates its higher heterogeneity de- 
gree. 

It is worth mentioning that in com-
parison with the coal #2, the coal #1 has 
rather low amount of inclusions that are 
more prone to destruction, whereas the 
‘stronger’ regions are wider, while there 
exists an equal share of stronger and less 
strong inclusions within the coal #2. This 
is again in a good correlation with the 
characteristic surface damages of these 
coals after dimethylformamide treatment 
(see Fig. 1). 

Dimethylformamide treatment of the 
selected coals led to the following chang-
es. The coal #1 average RW value showed 
a significant growth indicating an increase 
of its ductility, whereas the standard devia-
tion drastically decreased showing the ho-
mogeneity of its distribution (see Fig. 6, b). 
The coal #2 demonstrated also the growth 
of RW average value, but its distribution 
has become even more heterogenous (see 
Fig. 6, d). The less strong inclusions have 
also increased in size, whereas the strong-
er ones became smaller.

The observations on RW parameter dis-
tribution for the considered coals indicate 
the differences between their propensity 
to destruction and formation of fine pow-
der (dust).

Connections between heterogeneity 
of mechanical properties distribution at 
nanoscale and microhardness imprints 
shapes after sorption treatment

All the observations shown above now 
allow us to explain some features of frac-
turing of the dimethylformamide treated 
coals after microhardness tests. Fig.  7 
shows the typical shapes of imprints.

It could be seen that after dimethylfor-
mamide treatment, shapes of the coal #1 
imprints have not changed significantly, 
only few radial cracks coming out of the 
imprint corners were formed. On the other 
hand, the coal #2 imprints after sorp-
tion treatment have drastically changed, 
namely, having internal damage, long ra-
dial cracks from the imprint corners and 
lateral cracks neighboring the sides of the 
contact region. 

Increase of heterogeneity of stiffness 
and RW values distribution at nanoscale 
for the coal #2 after sorption treatment 
has led to significant damage within the 
contact zone and the neighbouring region.

Dimethylformamide treatment allowed 
to reveal the following. The coal from the 
outburst-prone pack is characterized by ve- 
ry high natural heterogeneity of its mecha- 
nical properties measured at nanoscale, 
leading to drastic damage of its surface 

Fig. 7. Typical shapes of imprints after microhardness tests of coal samples after sorption treatment: 
the coal #1 (a); the coal #2 (b)
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after microhardness tests. Coal from the 
non-hazardous pack is found to have 
rather homogenous distribution of RW pa-
rameter and ‘structural’ distribution of its 
stiffness (elastic modulus) leading to for-
mation of only a few radial fractures after 
microindentation.

It could be concluded that dimethylfor-
mamide treatment of coals having similar 
origin, type and rank, however having dif-
ferent propensity to instantaneous out-
bursts enabled us to conduct a deeper 
analysis of the heterogeneity of their me-
chanical properties at nanoscale. This 
may be explained that such processing 
of coals led to partial discharge of the re-
sidual stresses that exist in the coals. The 
latter revealed the natural (structurally-in-
duced) differences between their internal 
mechanical properties. 

Conclusions
In accordance with the investigation 

shown in the article, the following conclu-
sions could be made.

1. It has been demonstrated that the 
ability of coals to create fine dust during 
mechanical interactions with hard instru-
ments may be correlated with the hetero-
geneity of distributions of their mechani-
cal properties (the local elastic modulus 
and hardness) obtained from nanoscale 
indentation tests. The maps of the distri-
butions may be obtained by analysis of 
the automatic grid indentation of polished 
coal surfaces. In addition, mapping of 
parameter RW defining the share of work 
that was introduced characterizing the ir-
reversible changes in the material struc-
ture in the total loading work. Regarding 
the brittleness of coals, this parameter 
could be treated to be closely connected 
with the degradation (destruction) at in-
dentation.

2. Experiments were performed at 
coals from hazardous with respect to sud-
den coal and gas outbursts and non-haz-

ardous packs of one coal seam. The test-
ed samples included ‘as received’ coals 
and those after sorption treatment by 
dimethylformamide. The latter treatment 
leads to partially discharge of the internal 
stresses existing in the coal samples and 
reveal the actual nanoscale heterogeneity 
of mechanical properties that is not af-
fected by residual stresses.

3. Hardness values distribution ap-
peared to be similar for both coals, and for 
both ‘as received’ and ‘sorption treated by 
dimethylformamide’ samples. These re-
sults confirmed our earlier statement that 
the coal nanoscale hardness is not an in-
formative parameter for characterization 
of coals propensity to destruction.

4. The coal from potentially outburst-
prone pack is characterized by relatively 
higher heterogeneity of elastic modulus 
(stiffness) distribution in comparison with 
the coal from non-hazardous pack. Higher 
heterogeneity of such a value could be a 
reason to formation of multiple cracks af-
ter microhardness tests. Whereas, for coal 
with lower heterogeneity of elastic modu-
lus distribution, the resulting imprints do 
not appear to have fractures.

5. The observations on RW parameter 
distribution for the considered coals clear-
ly indicate the differences between their 
propensity to destruction and formation 
of fine powder (dust). Coal from the non-
hazardous pack has rather low amount of 
inclusions that are more prone to irrevers-
ible changes of the structure after load-
ing, whereas the ‘stronger’ regions are 
wider. Coal originated from the hazardous 
pack is characterized by an equal share of 
stronger and less strong inclusions. This 
is in a good correlation with the character-
istic surface damages of these coals after 
dimethylformamide treatment.

6. Dimethylformamide treatment al-
lowed to reveal the natural (structurally-
based) heterogeneity of coals mechani-
cal properties at nanoscale. This made it 
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МОДЕЛИРОВАНИЕ УСТРОЙСТВА ПЛАВНОГО ПУСКА АСИНХРОННОГО ДВИГАТЕЛЯ 
(№ 1181/05–19 от 27.03.2019; 17 с.)

Дмитриева Валерия Валерьевна1 — кандидат технических наук, доцент, 
Гаврилов Алексей Анатольевич1 — студент, e-mail: alexgavrilov9614@gmail.com,
1 РГУ Нефти и газа (НИУ) им. И.М. Губкина. 

Асинхронные электрические двигатели с короткозамкнутым ротором получили широкое 
распространение. В промышленных электродвигателях пусковые токи могут достигать очень 
высоких значений, что приводит к просадкам напряжения в сети, перегрузкам подстанций и 
электропроводки. Для управления асинхронными электродвигателями обычно используется 
устройство плавного пуска (УПП). Оно объединяет функции плавного пуска и торможения, 
защиты механизмов и электродвигателей. Разработаны модели всех элементов, входящих 
в УПП. Получена полная модель тиристорного регулятора напряжения с асинхронным дви-
гателем. В  программе Simulink проведено моделирование, полученные результаты под-
тверждают адекватность модели. Результаты моделирования демонстрируют, что устрой-
ство плавного пуска асинхронного двигателя уменьшает пусковые токи, устраняет рывки в 
механических приводах, что, в конечном итоге, повышает срок службы электродвигателя. 

Ключевые слова: асинхронный двигатель, устройство плавного пуска, тиристор, система 
импульсно-фазного управления, компьютерное моделирование, Simulink.

MODELING OF SOFT STARTER FOR ASYNCHRONOUS MOTOR
V.V. Dmitrieva1, Candidate of Technical Sciences, Assistant Professor, e-mail: dm-valeriya@yandex.ru,
A.A. Gavrilov1, Student, e-mail: alexgavrilov9614@gmail.com,
1 Gubkin Russian State University of Oil and Gas, 119991, Moscow, Russia.

Asynchronous electric motors with squirrel cage rotor are widely used. In industrial electric mo-
tors, starting currents can reach very high values, which leads to voltage subsidence in the network, 
overloads of substations and electrical wiring. A soft starter is commonly used to control asynchronous 
motors. This device combines the functions of soft start and braking, protection mechanisms and mo-
tors. The article develops the model of all the elements included in the NPRM. By combining them, as 
shown in the figure, a complete model of the thyristor voltage regulator with an asynchronous motor 
is obtained.. Simulink conducted a simulation, the results confirm the adequacy of the model. The 
simulation results demonstrate that the asynchronous motor soft-start device reduces starting currents, 
eliminates jerks in mechanical drives, which ultimately increases the service life of the electric motor. 

Key word: asynchronous motor, soft-start device, thyristor, pulse-phase control system, computer 
simulation, Simulink.
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