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AHHOMayusA: BHe3anHble BbIOBPOCHI YA U ra3a ABAATCA O4HUMU U3 Hanbosee onacHbIX ABNEHUI
npu 4obblye yraa. B cBA3WN C 3TUM M3yYyeHne NPUPOAbl 3TUX NPOLLECCOB ABAACTCA MPUOPUTETHLIM
ONS YroibHOW NPOMbIWAEHHOCTU. B HacTosLel paboTe NokKasaHo, YTO 0OCOBEHHOCTU CTPYKTYpbI
BUTPUHUTA KAMEHHbIX yreid Ha MUKPO- U HAaHOYPOBHE B 3HAYWUTE/IbHOW CTeNeHU onpeaenatoT ux
CKJIOHHOCTb K BHEe3amnHbIM Bbibpocam 1 06pa3oBaHMIO TOHKOAMCNEPCHbIX YacTuL,. B KayecTBe 06b-
€KTOB MCCNeA0BaHMA BbIBPaHbl YN M3 pa3HbIX NaYeK OAHOro MaacTa, PasNMyaloWwmxcs no nNoTeH-
umnanbHoW BblbpocoonacHocTu. [na paboT Mcnonb3oBanu aHWAUG-O6PUKETbl UCXOAHbIX YIen U
yrnen, NoABeprHyTbix copbumnm B cpege aumetnndopmammaa. MNokasaHo, YTO CNOCOBHOCTb yraen
K paspyLeHmnto n 06pa3oBaHMio TOHKOAMCNEPCHbIX YACTULL, MPY MEXaHNUYECKOM OZHOOCHOM Harpy-
XeHUM (MUKPOMHAEHTUPOBAHNKM) HAaXOA4MTCA BO B3aMMOCBA3M C pacnpenesieHMem Ux mexaHuye-
CKMX CBOWCTB U AiepeKToB, NOCTPOEHHbIM NO pe3y/ibTaTam aBTOMaTU3MPOBAaHHOIO HAHOUHAEHTUPO-
BAHMA MO CETKe Ha NJIOLLAAKaX, pasMepbl KOTOPbIX COMOCTaBUMbI C Pa3MeEPaMM KOHTAKTOB MEXay
NOBEPXHOCTbIO 06pa3ua M Mo MUKpoUHAeHTopa. OBHapPY»KEHO OTCYTCTBME B3aMMOCBA3N MEXKAY
0COBEHHOCTAMU CTPYKTYPbl BUTPUHUTA YI/iel U3 NOTEHLMAIbHO ONacHOM M HEOMACHOW Mayek U
cpeaHVMMM BEANYMHAMUM TBEPAOCTH, a TaKKe ee pacnpeaeneHnem no noBepxHoctTi obpasuos. Ycra-
HOBJ/IEHO, YTO A/1A YA U3 NOTEHLMANbHO BbIBPOCOONACHOM NaykM xapakTepHa 6osee BbiCOKas
Heo4HOPOAHOCTb pacnpeaeneHua BeIMYMH MOAYAA YNPYroCcTH (KaK XapaKTEePUCTUKM «KECTKOCTU»
maTepuana — CnocobHOCTM K CONPOTUBEHUIO AeDOPMUPOBAHMIO) MO CPABHEHUIO C YINIEM U3 He-
onacHow na4yku. Conocras/ieHne NosyYeHHbIX Pe3yabTaToB € AaHHbIMM 06 06pa3oBaHMM TPELLMH B
06/1aCTN KOHTaKTa NP MUKPOUHAEHTUPOBAHUM NO3BO/IAET CAENaTb BbIBOZ O CYLLECTBOBAHMM TeC-
HOWM B3aMMOCBA3M MEXAY BbICOKOW HEOAHOPOAHOCTbIO PacnpeaeeHUsA «XKEeCTKOCTUY» BUTPUHUTA
yrnei n3 NoTeHLUMaNbHO BbIGPOCOOMNACHbIX Nayek € MX CNOCOBHOCTLIO K PaspyLLUEHMIO NPU MEXaHWU-
YeCcKOM Harpy»eHuu. Jaa oueHKM cnocobHOCTU yrael K 06pa3oBaHUI0 TOHKOAMCNEPCHBIX YacTUL,
Nnpu MexaHU4YecKnx Bo3aencTemaAx bbin ncnonb3osaH napameTp RW, BblYMCASEMbI HA OCHOBE aHa-
/IM3a AMarpamm «HarpyseHue-rnybuHa BHeApeHUA» Kak oTHoleHue paboTbl, MOTPaYeHHOMN Ha He-
obpaTMMble M3MEHEHUA B CTPYKTYpe maTepunana, B NoaAHOW paboTe No BAABAMBAHMIO MPU HAHOMH-
AeHTMpoBaHuu. OBHapyXeHo, 4To 06pasLibl YA U3 HEOMACHOM NMAYKM XapaKTEPU3YIOTCA HU3KUM
KO/IMYeCTBOM BK/toUYeHMI (06nacTeit Ha NOBEPXHOCTU), CKAOHHBIX K HEOBPaTUMbIM U3MEHEHUAM
CTPYKTYpPbI, MO CPABHEHUIO C BKIOYEHUAMMU, CMOCOBHBIMU COXPAHATL CTPYKTYPHYIO LLESIOCTHOCTb.
Ona yrnei ns noteHUManbHO BbIBPOCOONACHOM MayYkM XapaKTepHO PaBHOE COOTHOLUEHME TaKMX
BK/ItoYeHNn. CopbuMoHHOE B3auMOAENCTBUE YIen C AMMETUNDOPMAMULOM NO3BOANIO YAaCTUYHO
CHATb BHYTPEHHME HaNpPAXEHUS, CYLLECTBYOLLME B UX CTPYKTYPE. ITO 4310 BO3MOXKHOCTb BbIABUTb
pasnMuMa B MexaHMYeCKMX CBOWCTBAX ABYX MCCNELOBAHHbIX yrieil, obycnoBneHHble 0COBEeHHO
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CTAMM CTPYKTYPbI BUTPUHMTA. MpeacTaBieHHble B paboTe pesynbTaTbl NOKa3asim, YTo aHaau3 pac-
npeaeneHns MexaHU4Yecknx CBOMCTB NO AaHHbIM HAHOMHAEHTUPOBAHMUA NO3BOAET KAUYECTBEHHO U
KOJIMYECTBEHHO BbIABAATL CMOCOBHOCTb YINEM K Pa3pyLIEHMIO U BHE3arMHbIM BbiGpocam.
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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
[4, 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 ym
[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 ym. 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
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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 (F\’Qr = 0.924%Vol.) in compari-
son with the coal #1 Ry, = 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-



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 Il genetic type with respect to
vitrinite reduction taken from outburst—prone pack (after [17]) (b)

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 |l 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.
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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 Tl 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 uym.

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

160



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 R, 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 R, 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
R, 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=2Ea~2E"JA/n (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 E, E,
and Poisson's ratios v, v, for indenter
(with index i) and sample (index s) through
relation (2)

2 2

1 1-v; +1 Voo 2)
E E, E,

It follows from (2) that the basic rela-

tion for determination of the sample elas-
tic modulus E_is

*

-1

E 2\ g
Es=(1—E*j (1-v2)E" (3)

i

where E; = 1 £ > is the reduced elastic
—V

contact modulus of the indenter.

The basic relation for hardness value
His given as

H= @ (4)
A

where P 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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Fig. 3. Typical shapes of imprints after microhardness tests of the ‘as received’ coal samples: the

coal #1 (a); the coal #2 (b)

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).
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Heterogeneity of maps of nanoscale
hardness

First, it is worth mentioning that the
average diagonal of the imprints after mi-
croindentation was about 32 um, and the
side of the zone where the nanoindenta-
tion grid tests were performed was 50 ym.
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. 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)

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, ¢, that
the coal #1 has a stiffer vitrinite structure
than the coal from an outburst-prone pack

(see the captions to Fig. 5, a, ¢). 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, ¢). In
addition, it follows from Fig. 5, ¢, 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).
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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)

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-
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bution for the elastic modulus. Their sizes
have remained at the same level as for the
‘as received’ sample (see Fig. 5 ¢, 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-



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 R, distribution heterogeneity

It should be reminded again that pa-
rameter R, 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 R 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. R, parameter mapping: a) coal #1 as received (a); coal #1 treated (b); coal #2 as received (c);
coal #2 treated (R, — average elastic modulus, StDev — standard deviation of R ) (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 R, 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 R, 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 R, 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 R, 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 R, 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 R 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 R, 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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possible to find the natural diversity of the
mechanical properties of two coals having
similar origin, type and rank but different
in their proneness to instantaneous out-
bursts.

Thus, the results presented above ena-
bled us to conclude that outburst-prone
and non-hazardous coals as well as the
coals prone to creation of a large amount
of dust particles and the coals that do not

have such a property, may be qualitatively
distinguished by the heterogeneity of the
coal mechanical properties evaluated
from nanondentation tests. However, the
models for quantitative calculations of
the dust particles distributions should be
based on statistical approaches and em-
ployment of properties obtained for the
representative volume of a particular coal
pack.
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ACWMHXPOHHbIE 3N1eKTPUYECKNE ABUraTeNIn C KOPOTKO3aMKHYTbIM POTOPOM MOYYUIU LUMPOKOE
pacnpocTpaHeHue. B NpombIWIEHHbIX 3/1eKTPOABUraTeNIAX NMYyCKOBbIE TOKM MOTYT JOCTUrAaTb OYEHb
BbICOKMX 3HAYEHUI, YTO MPUBOAUT K NPOCAZKaM HaNpPAXKEHUA B CETU, Meperpyskam noacTaHumi n
3/1eKTPONPOBOAKM. [INA ynpaBAeHUA aCUHXPOHHbBIMW 3N1E€KTPOABUIaTENAMM 0BbIYHO UCMONb3YeTCA
ycTpoicTBO nnasHoro nycka (YMNM). OHo o6begmHAeT GyHKUUM NAABHOTO NyCKa U TOPMOXKEHMUS,
3aWMUTbl MEXAaHWU3MOB U 3eKTpoasuraTenei. PaspaboTaHbl Mogenn BCex INEMEHTOB, BXOAALLMX
8 YMI. NMonyyeHa nonHaAa mogenb TUPUCTOPHOTO PErynAaTopa HaNPAMXeHUA C aCUHXPOHHbIM ABU-
ratenem. B nporpamme Simulink npoBeseHo mogenvpoBaHue, NONyYeHHble pe3ynbTaTbl NOA-
TBEPXKAAOT afleKBaTHOCTb MoZenn. Pe3ynbTaTbl MOAENIMPOBAHUA AEMOHCTPUPYIOT, YTO YCTPOM-
CTBO NNABHOrO MyCKa aCUHXPOHHOTO ABUraTeNsa yMeHbLUAeT MyCKOBble TOKW, YCTPAHAET PbIBKU B
MeXaHWYEeCKMX NPMBOAAX, YTO, B KOHEYHOM WUTOTE, MOBBILLAET CPOK CAYKObI a1eKTpoABUraTens.

Kntouesole ca108a: aCUHXPOHHBIN ABUraTeNb, YCTPOMCTBO NIAaBHOrO NycKa, TMPUCTOP, CUCTEMA
UMMYNAbCHO-GA3HOro ynpaBAeHUs, KOMNbloTepHOe mogenuposaHue, Simulink.

MODELING OF SOFT STARTER FOR ASYNCHRONOUS MOTOR

V.V. Dmitrieva*, Candidate of Technical Sciences, Assistant Professor, e-mail: dm-valeriya@yandex.ru,
A.A. Gavrilov?, 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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