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IIPOI'HO3 OBPA30OBAHNS
B3BELLIEHHO¥ ASPO30JIbHOY YT'OJIBHO! IIBIJIU
ITPY1 MEXAHUYECKUX BO3IENCTBUSX.
Yacrp 1. BIUSIHUE CTPYKTYPhBI YIVIEN
PA3HO¥ CTAIUU METAMOP®U3MA
HA MEXAHUYECKOE ITIOBEJIEHUE
IIPY LIUKJINYECKOM HATPYXEHUU

C.A. 3nuwrenH’, EJ1. Koccosuy', M.I. Munun', H.H. lo6pskosa’, [I.W. laBpunosa’
THUTY «MUCuC», Mocksa, Poccus, e-mail: e.kossovich@misis.ru

Annomauyus: TTpoBeneHo McciieoBaHue MeXaHMYEeCKUX CBOVCTB YIVIEH HA MMUKPOYPOBHE U
XapakTepa UX paspylIeHys TPy IUK/IMYeCKOM HarpyskeHuu. [IpouHOCTD yryiein B 1ieJIoM yBesu-
YMBAETCS C YBeJMUEHMEM CTaguy Metamopdmama. [Ijis1 paccMOTpeHHbIX 06pasiioB yIJiel Mo-
CJie 9KCIIEPUMEHTOB 10 LIMKIMYECKOMY HAaHOMHIEHTMPOBAHWIO U OLIEHKM HOBOTO IapameTpa

compaction OPU/IV BBISIBJICHBI TPV OCHOBHBIX XapaKTepa PaspyLIeHNsI: «JIOKa/IbHbI», «B 06beMe»
u «1epexofHast 3oHa». OTHeceHue yriiei K TPyInamM B COOTBETCTBUHU C XapaKTePOM paspyiiie-
HUS He OolpenensieTcs: craguein Mmeramopdusma. OgHako mapaMmeTp E. psction JIMHENHO YBeJIN-
YMBAETCSI C POCTOM OTHOIIEHUS A0 aMOP(HOTO yIjiepoaa K KpUCTa/UIUTHOMY (rTapameTp S),
PAaCCUMTAaHHOIO C MCIOIb30BAHMEM PAMaHOBCKOM CIieKTpockomuu. «IlepekioueHne» MexIy
TPYIIaMu IPOUCXOAUT, Koraa S mocturaer 1. Takum 06pa3oMm, Iy U3 TPYIIIbI «JIOKAJIbHOE
paspyliieHe» XapakTepusyloTcs npeobiafaHneM KPUCTaUIMUeCKOro YIiepoa B BelecTBe
BUTPUHNTA, YIJIM U3 IPYIIIbI «paspyliieHne B 00beme» — 3TO YIu ¢ peobiafaniem amopdHo-
ro ymiepona. YIjiv U3 IPYIIIIbI «IIepeXofHast 30Ha» XapaKTepu3yTCst PABHBIM COOTHOIIEHNEM
aMOp(HOro M KPUCTA/UIUTHOTO YIJIEPOa B BUTPUHHUTE.

Kntouesvte cnoea: yronab, aHTpaAIlUT, METAaaHTPAIUT, CTamus MeTamopdusma, paspylleHue,
IIUKINYECKOe HAaHOMHIEHTUPOBaHue, PaMaHOBCKasl CIEKTPOCKOMNMsI, aMOP(HbIE COeMMHEHNST
yIJiepoza, KpUCTa/UIUTHBIE COMHEHNST YTITIepOa.
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Prognosis of fine airborne coal dust formation at mechanical effects.
Part 1. Effects of structure of different rank coals
at their mechanical behavior at cyclic loading

S.A. Epshtein’, E.L. Kossovich', M.G. Minin', N.N. Dobryakova', D.I. Gavrilova'

' National University of Science and Technology «MISiS», Moscow, Russia,
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Abstract: An investigation has been performed aimed at characterization of coals mechanical
properties at micro scale and modes of their crushing under cyclic loading. Strength of coals
generally increases with rank. Three principal types of s crushing mode have been revealed for
the considered range of coals’ samples tested by means of cyclic nanoindentation and evalu-
ation of new Ecompaction parameter; «local», «bulk» and «transition zone». Attribution of coals
to groups in accordance with the crushing mode does not depend on their rank. But, ECompaction
parameter linearly increases with the amorphous-to-crystalline carbon ratio (parameter S) cal-
culated with help of Raman spectroscopy. The ‘switching’ between the crushing modes occurs
when S reaches 1 sharp. Thus, coals from the «local crushing» group are characterized by crys-
talline carbon predomination in vitrinite matter, «bulk crushing» group of coals are those with
amorphous carbon predomination. The coals from «transition group» have been characterized

by equal share of amorphous and crystalline carbon in their vitrinites.

Key words: coal, anthracite, metaanthracite, rank, crushing, cyclic nanoindentation, Raman
spectroscopy, amorphous carbon, crystalline carbon.
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Introduction

Coal dust emission is one of the most
hazardous processes that occur at coal mi-
ning and processing industries. It is wide-
ly known that fine airborne coal dust is
able to be dispersed in air and stay there
for a considerably long time terms [1, 2].
This feature of airborne coal dust rea-
sons for its inhaling by the workers, and,
consequently, leads to formation and de-
velopment of different dangerous health
damages [3—5]. Also, when dispersed in
air, the fine airborne coal dust is able to be
transported with air flows at considerable
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distances with further settling at soils and
waters and serving as a hazardous pollut-
ant (including hazardous microelements)
[1, 5, 6]. Coal dust is no less dangerous
in terms of potentially dangerous gas-dy-
namic phenomena (explosions) [2, 7].

In a view of above, the issues of coals’
propensity to fine airborne dust formation
are relevant. Traditionally, coals’ propen-
sity to fine airborne dust formation is as-
sociated with their mechanical properties
and proneness to crushing under external
effects. Initially, the relevant studies were
dedicated to finding the principle mecha-



nical properties of coals that may affect
the dust formation processes during coals
extraction. This included hardness, densi-
ty and porosity of coal matter [8], aver-
age compressive strength [9], Hardgrove
grindability [10—12], etc. Tight connec-
tion of the latter with the amount of releas-
ing airborne dust allowed the researchers
to look for some features of coals’ struc-
ture that are responsible for high or low
proneness to fine dust release at mechani-
cal impacts. These features included rank
[10, 13, 14] and maceral composition [10,
13, 15]. Although petrographic composi-
tion of coals was proved to have some
effects on their proneness to fine dust for-
mation, the data is rather controversial (for
more details, see [10, 13, 15] indicating
on different types of macerals and micro-
litotypes that are responsible for airborne
dust generation). It mostly determines the
grindability and amount of fine classes of
particles, but not fine enough to be rela-
ted to airborne dust. On the other hand,
the amount of airborne dust formed dur-
ing coal crushing has an increasing trend
with coal rank [16—18], although with a
rather high distortion of data for the range
of middle-rank bituminous coals [16].

Modern ideas on interconnections be-
tween coals mechanical properties and
their propensity to crushing with fine air-
borne dust formation are based on the as-
sumption that the defects initiation and
growth occurs firstly at nano- and micro-
scales [19, 20]. Therefore, the mechanical
properties of coals should be studied at the
corresponding scales. Based on these as-
sumptions, independently, authors of [21,
22] have proposed that micro- and nanoin-
dentation of coals as brittle materials leads
to their destruction in the contact zone
with formation of a core of finely crushed
material. Processes of airborne coal dust
formation at coal crushing were prelimi-
narily studied by means of cyclic nanoin-
dentation [23, 24].

In the view of above, the aim of the
current paper is to establish the intercon-
nections between coals mechanical prop-
erties at low scales and their crushing
features (modes) that lead to fine airborne
dust formation during external mechani-
cal effects at them (e.g. during mining or
transshipment).

Materials and methods

Coals samples

For experiments, 17 hard coals from
Kuznetsk and Pechora coal basins and four
anthracites from Donetsk and Gorlovsky
coal basins and Omsukchansk coal field
were used. Characteristics of coals are pre-
sented in Table 1. In addition, metaanthra-
cite was used originating from the same
coal coal field (Omsukchansk).

The sample set is represented by 17 hard
coals with a wide range of vitrinite reflec-
tance (from 0.56 up to 1.89%). In general,
coals’ petrographic composition is repre-
sented by prevalence of vitrinite contents.
The exception is coals #830 and 825 that
are characterized by prevailing of inerti-
nite (58 and 64% Vol., respectively). An-
thracites #857 and 871 are characterized
by the close petrographic composition
and vitrinite reflectance (the highest in the
range of anthracites and metaanthracite
##1, 2, 10, 857 and 871). Anthracite #10
and has considerably higher rank in com-
parison with metaanthracite #2.

In order to carry out the experiments on
nanoindentation and Raman spectroscopy,
the particulate blocks of run-of mine coals
were prepared similar to ISO 7404-2:2009.
To this end the samples were used as de-
scribed in section 2.2. An epoxy resin was
used as a binder providing the lack of in-
trusion of it into the coal grains.

Tests on nanoindentation and Raman
spectroscopy were carried out on vitrinite
as on maceral, which is the most suscep-
tible to changes in mechanical properties
with increasing rank [25].
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Table 1

Characteristics of coals
XapakTepucTukm yrnen

# Coal type Origin Petrographic composition, % Vol. | Ro.r, % (vit-

Vit I L rinite reflec-

(vitrinite) |(intertinite) | (liptinite) | tance index)
824 hard coal Kuznetsk basin 61 36 4 0.56
827 hard coal Kuznetsk basin 75 22 3 0.61
829 hard coal Kuznetsk basin 68 28 4 0.61
4" hard coal Kuznetsk basin 70 20 10 0.65
873 hard coal Kuznetsk basin 75 23 0.85
580 hard coal Pechora basin 921 7 0.89

pechora basin,
581 hard coal pack potentially prone 86 13 1 0.92
to sudden outbursts
518 hard coal Kuznetsk basin 56 42 2 0.95
830 hard coal Kuznetsk basin 41 58 1 1

828 hard coal Kuznetsk basin 49 51 0 1.05
826 hard coal Kuznetsk basin 63 35 2 1.09
822 hard coal Kuznetsk basin 52 48 0 111
517 hard coal Kuznetsk basin 48 52 0 1.13
825 hard coal Kuznetsk basin 36 64 0 1.15
516 hard coal Kuznetsk basin 67 33 0,0 1.65
839 hard coal Kuznetsk basin 69 31 0 17
823 hard coal Kuznetsk basin 65 35 0 1.89
1 anthracite Omsukchansk coalfield n/d” n/d n/d 2.57
2 | metaanthracite | Omsukchansk coalfield n/d n/d n/d 3.28
10 anthracite Donetsk basin 91,0 9,0 0 3.58
857 anthracite Gorlovsky basin 68 32 4.14
871 anthracite Gorlovsky basin 67 33 4.25

“n/d - not determined

" Italic font denotes the coals that have been used in the sample set in paper [24].

Nanoindentation experiments

Experiments were held at Hysitron Tl
750 UBI nanotriboindenter with a built-in
surface analyzer (scanning probe micros-
copy) and TriboScan software for automa-
ted experimentation and data processing.

Nanoindentation was performed at the
surfaces occupied by vitrinite and charac-
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terized by optical uniformity and absence
of a pronounced relief and defects. The
roughness of the selected sites determined
by scanning probe microscopy did not ex-
ceed 0.5 pm.

Two types of nanoindentation experi-
ments were applied. Quasi-static nanoin-
dentation experiments were carried out on



selected sites (at least two for each of
the samples) by grid technique In total, at
least 36 indentations were carried out on
each of the selected sites. The value of the
maximum load was selected individually
for each of the coals in accordance with
the method described in [19]. A trapezoi-
dal protocol was used as a loading scheme:
5 seconds — loading to the maximum
value, 2 seconds — exposure under maxi-
mum load, 5 seconds — unloading (at a
speed corresponding to the loading one).

The results of these experiments in-
cluded:

e contact modulus of elasticity E, de-
termined in accordance with the Bulychev-
Alekhin-Shorshorov dependence [26] by
the slope of the initial part of the unload-
ing branch;

e damage index, Rw. It characterizes
the ability of a brittle material to fracture.
Its choice is due to the fact that it was pre-
viously established that coals are a brittle
material that can be crushed under low
loading values (during nanoindentation)
[22]. The damage index is determined ba-
sed on the ratio of the hysteresis loop area
of the loading-unloading curve, which is
being built automatically by the nanohard-
ness equipment, to the total work of the
forces on loading the sample [27].

Cyclic nanoindentation experiments were
performed in accordance with the previ-
ously developed technique [28]. A twelve-

12000
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28000
£
56000 |
<
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2000
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Table 2

Assignment of cycles number

and peak load P__

CooTHeceHue HOMepa LMKa Harpy>XeHns
M BeIMUMHbI MaKCMManbHOJ Harpysku P

X

Cycle # P BN
1 10
2 170
3 500
4 1000
5 1700
6 2600
7 3700
8 5000
9 6400
10 8100
11 10 000
12 12 000

stage cyclic loading mode was chosen,
with the peak loading value increasing ex-
ponentially from 0.01 to 12 mN. The load-
ing protocol for each cycle was similar to
the one used in quasi-static experiments.
The graphical representation of the load-
ing mode is given in Fig. 1. The cycles
numbers and the corresponding peak load
are shown in Table 2.

The results of the cyclic nanoindenta-
tion were processed in accordance with
the approach shown in [24, 29]. That is,

|

0 10

20 30 40

Depth (nm)

Fig. 1. Loading mode for the cyclic nanoindentation experiments
Puc. 1. Pexxum HarpysxeHusi py 3KCNEPUMEHTAX MO LMKIMHECKOMY HaHOMHAEHTMPOBAHMIO
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for each of the samples, a set of data was
obtained on the values of the modulus of
elasticity and the damage index for eight
separate cyclic loadings performed at dif-
ferent zones occupied by vitrinite. The data
were averaged separately for each cycle,
and the standard deviation of the values
was also calculated (it did not exceed 5%
of the average for both the elastic moduli
and the damage indices).

In the current paper, only the numeri-
cal data has been further discussed. It in-
cluded the values of the elastic modulus
obtained by quasistatic nanoindentation
(E) and cyclic indentation after the tenth
cycle of loading (E10), as well as the cor-
responding damage indices Rw (after qua-
sistatic loading) and Rw10 (after ten cy-
cles of nanoindentation).

In order to establish the influence of
the mechanical properties of coals on the
content of fine airborne dust in them, the
parameter E was calculated [23, 24].

compaction
(1)

_E-E10
compaction ~

This parameter reflects the degree of

compaction of the coal under the indent-

er during cyclic loading with increasing

Table 3

*100%

maximum load. In this case, compaction
of the coal matter occurs if E10 index ex-
ceeds the elastic modulus measured dur-
ing quasi-static nanoindentation.

Raman spectrocopy

Raman spectroscopy measurements were
carried out to investigate the structural fea-
tures of the coal samples vitrinite. To this
end, EnSpectr R532 Raman spectrometer
mounted on Olympus BX 51 microscope
was used. The spectrometer is operating
with a universal green 532 nm lazer with
resolution of 4 cm™. The laser power was
set up to 5 mW (depending on the coal
sample under study), integration time was
2 s. Measurements were performed at the
petrographic samples’ surface occupied
with optically homogenous vitrinite in
air at a room temperature. Not less than
30 measurements (each at different zone
occupied by vitrinite) were performed at
each sample. Further, the spectral data for
each of the coal was processed to obtain
the smooth spectra in the range of Raman
shift of 1000— 1800 cm™.

The structural features of vitrinite were
studied on the basis of the wide bands D
and G deconvolution into the narrower

Characteristics of the peaks for fitting the coals Raman spectroscopy data

(for more details see [24, 30-32])

XapaKTepuCcTMKM NUKOB ANSl AEKOHBOIOLMM PaMaHOBCKMX CEKTPOB yriei

(nogpo6Hee cm. [24, 30—32])

Name of | Approximate position, Characteristics Carbon com-
the peak | cm™ (Raman shift) pounds type
SL 1230 volatile hydrocarbon compounds, polyenes amorphous
D 1370 graphite lattice defects, graphite edge defects | crystalline
VR 1380 methyl groups amorphous
VL 1460 methylene groups amorphous
GR 1540 aromafir:so\t\?irtflfsszat;ba%n% rings amorphous
G 1580 perfect graphitic structures crystalline
@ | e duorsd g S i

112



ones representing different carbon com-
pounds. The model of peaks fitting used in
this work well correlates with the ones pre-
viously discussed in [30—32]. It consists
of seven bands fitted by the Lorenzian-
type peaks. The assignment of the bands
to carbon compounds is listed in Table 3.
Their attribution to crystalline and amor-
phous types of carbon compounds is based
on the discussion in [30] and subsequent
works on coal Raman spectra interpreta-
tion.

According to [24], a new parameter
has been used based on the aforemen-
tioned Raman bands deconvolution. It is
the ratio of amorphous to crystalline car-
bon compounds in vitrinite. The areas (A)
of the peaks of the corresponding bands
are used. The sum of areas of peaks as-
signed to the amorphous form of carbon
(S is calculated by eq. (2).

amorphous)
S —ASL+AVR+AVL+AGR. (2)

amorphous

And the sum of areas of peaks assigned
to crystalline form of carbon (Scrystal) by

eg. (3).

Then, the ratio of amorphous to crys-
talline carbon compounds in coal vitrinite
is found by eq. (4).

S
S — amorphous . (4)

crystal

Statistical analysis of the results re-
vealed the error of S parameter evaluation
not exceeding 0.5%.

Results and Discussion

The results of measurements of the
mechanical properties of coals’ vitrinites
at microscale by quasi-static and cyclic
nanoindentation are presented in Table 4.

Coals differ in the value of the modulus
of elasticity. Its highest values are noted
for anthracites. For hard coals, their elastic
moduli are in general increasing with rank,
but with high degree of distortion (Fig. 2).
E10 values differ from those measured by
quasi-static nanoindentation, namely, for
some coals they increase, for some — de-
crease, and there are several cases when
they do not change.

It is interesting to note that the shape

S ..=AD+AG+AG2. (3) of the P-h curve is variant with respect to
y the coal rank (see Fig. 3). Indeed, it could
16,00 r
E.GPa mE OEI10
14,00 1 0O
12,00 1
S -
10,00 1
S ®
O .........
8,00 P u
N i
@.::-‘5 """" O
6,00 ' @ (.) n
O
4,00 . . . )
0 1 2 3 4 Ror % S

Fig. 2. The relationship between the values of the modulus of elasticity of coals and their rank
Puc. 2. B3aumMocBs3b Mexxay MoaynsamMu ynpyroctu yriei u ux ctagmert metamopgusma
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Table 4

Mechanical properties of vitrinites of coals determined by the methods

of cyclic and quasi-static nanoindentation

MexaHu4veckue cBosicTBa BUTPUHUTOB yrneﬁ, onpepeneHHblie MeTO4aMU
UMK/IN4eCKorom Keasmn-cratnyecKkoro HaHOMHAeHTUpPoBaHUA

Sample # Quasi-static nanoindentation Cyclic nanoindentation compaction®
E,GPa | StDev’' | Rw, % | StDev' |[E10, GPa| StDev' |Rw10, %| StDev’ %
E, GPa Rw, % E10, GPa Rw10, %
4" 4,61 0,08 33 1 5.14 0.01 29 2 -11,41
580 6,48 0,18 40 2 6.20 0.06 26 2 4,29
581 5,96 0,22 41 5 5.57 0.10 30 4 6,61
518 5,33 0,26 32 2 5.24 0.09 24 3 1,65
517 6,40 0,21 28 4 4.88 0.02 24 3 0,49
516 6,71 0,29 28 2 6.42 0.12 18 1 4,38
1 5,75 0,69 17 4 6.86 0.15 1 3 -19,27
2 7,95 0,11 1 1 8.78 0.16 1 -10,52
10 9,46 0,11 9 0 11.54 0.01 0 -22,01
822 5.84 0.64 41 6 5.76 0.24 25 3 1.31
823 5.51 0.35 30 3 6.08 0.23 28 2 -10.34
824 5.97 0.31 42 3 5.29 0.29 29 1 11.40
825 5.45 0.13 30 1 5.60 0.30 22 1 -2.72
826 5.64 0.38 32 3 5.82 0.21 25 1 -3.23
827 483 0.64 43 2 5.37 0.21 29 1 -11.37
828 7.47 1.46 38 9 6.10 0.23 28 4 18.40
829 5.82 0.14 43 2 4.67 0.27 36 6 19.74
830 5.88 0.57 34 4 5.75 0.27 21 1 2.21
839 6.52 0.73 37 10 6.56 0.91 27 6 -0.60
857 11.13 0.62 10 1 13.76 0.49 4 -23.61
871 9.63 0.37 10 3 9.64 0.37 9 1 -0.12
873 5.44 0.11 35 1 5.73 0.08 26 3 -5.32

" StDev - a standard deviation of the corresponding value.
" italic font denotes the coals that has been used previously in paper [24].

be seen that the higher the vitrinite reflec-
tance, the more the shape of P-h curve
tends to the elastic one. The qualitative
jump from elasto-plastic shapes with a pro-
nounced hysteresis loop to the almost ela-
stic one is found for anthracites. Such an
observation supports data shown in Fig. 3
on the variation of the damage index Rw
with rank.

114

Table 4 shows that the damage indi-
ces Rw10 measured after the tenth loading
cycle are lower than those obtained by a
single (quasi-static) nanoindentation Rw.
This indicates on some compaction of the
coal matter under cyclic mechanical im-
pacts with an increasing maximum load
[24]. The general descend of the damage
indices with rank growth was observed
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Fig. 3. An example of P-h curves obtained after quasi-static nanoindentation of coals of different rank: hard
coals of low (R, = 0.56%), medium (Rw =1.11%) and high (R, = 1.70%) rank (a); anthracite 857 (R, =

=4.14%) (b)
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(see Fig. 4). It well correlates with the
observations demonstrated in Fig. 3. It in-
dicates on coals structure alteration con-
nected with its compaction [33].

The obtained results indicate on the
fact that there exists no correlation be-
tween E_ . values and coal rank (see

Fig. 5). E.g., for anthracites 857 and 871
with close values of the reflection index

(4.14 and 4.24%, respectively), E_ .
varies from —23.61 to —0.12. This is
consistent with previously obtained data
[24].

It is noted that, for coals ##4, 1, 2, 10,
823, 825, 826,827,857 and 873, E .
values are negative, for coals ##580, %81,
516, 824, 828, 829 they are positive, for

coals ##517, 518, 822, 830, 839 and 871
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Fig. 6. Examples of changes in elastic moduli (stiffness) of coals during cyclic nanoindentation with increasing
peak load. Three types of crushing mode are represented: ‘local’ mode with increase in stiffness of the matter
(presumably due to formation of a core of crushed matter — ‘powder’ that is not allowing further destruction
under the indenter) (a); ‘bulk’ mode — descend of stiffness (presumably due to disintegration of coal matter
both inside the contact zone and outside it) (b); ‘transition zone’ — no alteration of stiffness is observed at
each loading cycle (c)

Puc. 6. lNpumepbl n3MeHeHUS BENMYUH MOAYEN YPYrocTy (SKECTKOCTM) Yren npyu UMKANYeCKOM HaHOMHAEH-
TUPOBaHUM C yBennYMBatoLLencs Harpy3kos. [pescTaBieHbl TPy TUMA MO XapakTepy paspyLUeHUs: «0KabHoe
paspyLueHue» — COMPOBOXAAETCS YBEUYEHNEM KECTKOCTH (MPEAnONOXKNUTENbHO BBUAY HOPMUPOBaHUS 94pa
PACKpPOLUMBLLErocs MaTepuana («ryapbi»), MPEnsSTCTBYIOLLErO AabHENLLIEMY PaspyLIEHUIO Nos BO3AEHCTBUEM
WHAeHTopa) (a); «paspyLueHue B 0obbeme» — M1aBHOE yMeHbLLIEHWE XECTKOCTH (MPeanonoxKUTeNbHO BBUAY pa3-
PYLLEHUS Yro/IbHOrO BELLECTBA Kak B 30HE KOHTAaKTa C MHAEHTOPOM, Tak v BHe ee) (6); «nepexoaHbId Tun» —
NPy KaxkKAOM MOCERYHOLLUEM LMKIIE HArPYXKEHUS HE BbISIBIEHO M3MEHEHMS XXECTKOCTM YIrO/IbHOIO BELLeCTBa (B)
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they are close to zero. Thus, in the view of
data described in [24], those coals having
with negative ECompaction are being crushed
locally (in the contact zone with the in-
denter) during cyclic nanoindentation, with
compaction of the formed fine particles,
which leads to an increase in their local-
ly measured stiffness (E10). Those with
positive EComlgaction are being crushed in bulk
(outside the zone of contact with the in-
denter).

Coals ##517, 518 822, 830, 839 and
anthracite 871, due to no alteration of their
stiffness after cyclic loading, here could be
considered as being located in the transi-
tion region, and the features of their de-
struction mode should be studied further.

The following Fig. 6 demonstrates the
alteration of coals elastic moduli values
from cycle to cycle with reference to the
typical behavior of representatives of dif-
ferent groups.

The nature of coals division into two
branches in accordance with Ewmpaction pa-
rameter could be described by the fea-
tures of vitrinite organic matter structure

25 r
20
15
10 |

(9]
T

[24]. The latter have been investigated by
Raman spectroscopy and the parameter S
was calculated in accordance with the
scheme described in [24] and section 2.3
of the current paper (see eq.(4)). Note that
is S index is greater than 1, then amor-
phous carbon predominates, if it is less
than 1, then crystalline carbon predomi-
nates. The results of calculation are shown
in Table 5. Some correlation between
E_ ... andSindexare given in Fig.7.

Ks ‘Can be seen from Fig. 7, there

is a proportional relationship between

compaction and the ratio of amorphous and
crystalline carbon compounds (S) in vit-
rinite. In this case, the transition from one
crushing mode (‘local’) to a ‘bulk’ one oc-
curs at the point when S =1.

Thus, it can be assumed that the mode
of coals crushing is determined by the ra-
tio of the fractions of crystalline and amor-
phous carbon in vitrinite. The boundary of
the transition from one type of crushing
mode to another is an equal ratio of the
shares of crystalline and amorphous carbon
(5 =1). The studied coals attributed to the

2=
R2=0,9393 ”,_...o
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Fig. 7. The relationship between the mode of crushing of coals during cyclic nanoindentation and amorphous-

to-crystalline carbon ratio in vitrinite

Puc. 7. B3anmMocBsau Mexay TUMOM Mo XapakTepy pa3pyLUeHns yro/lbHOro BeLLeCTBa npu LMKANYECKOM HaHO-
WHAEHTUPOBaHWM M COOTHOLLEHMEM aMOPHOIo U KPUCTANMTHOIO YIIEPOAa B BUTPUHUTE yrie
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‘transition zone’ group (##517, 518, 822,
830, 839 and 871) are characterized by al-
most equal shares of crystalline and amor-
phous carbon compounds in their vitrinites.

The following summarizes the obser-
vations made. There exist two principal
modes of coal vitrinite destruction under
mechanical effects. Some coals tend to
destroy locally in the contact zone (in our
case — with the indenter), whereas some
of them are being crushed in bulk. These
modes are primarily predetermined by the
vitrinite structural features, namely, the
ratio of amorphous to crystalline carbon.
If the crystalline carbon predominates,
then the crushing mode is ‘local’, and
the crushed zone serves as a preserver of
the rest matter from crushing. This leads
to ‘increase’ of stiffness of the material
and the introduced parameter ECompaction be-
comes negative. If the amorphous carbon
predominates, then coal vitrinite is being
crushed in bulk (i.e. including outside the
contact zone with the indenter). In this
case, the stiffness of the vitrinite descend
during repeating mechanical influences,
that results for E ompaction being positive.
Also, there exist hard coals and even an-
thracite whose vitrinite stiffness is not be-
ing altered during cyclic nanoindentation
with increasing peak load. They are char-
acterized by an even share of amorphous
and crystalline carbon and are referred to
a ‘transition zone’ between the crushing
modes.

Conclusions

The results have been obtained that are
in a good agreement with the known data
of other authors on the fact that, in general,
coal vitrinite strength increases with rank.
In the context of the current study, the lat-
ter is indicated by the growth of stiffness
(elastic moduli) and descend of the dam-
age indices measured by the means of na-
noindentation technique. It has been not-
ed that such a variation of coals strength

with rank is consistent for the repeatable
mechanical effects implemented by the
means of cyclic nanoindentation with in-
creasing peak load.

A parameter Ecompaction has been intro-
duced for characterization of the degree
of alteration of vitrinite mechanical prop-
erties after the repeatable impacts (cyclic
nanoindentation). It is calculated using
the values of elastic moduli measured by
quasi-static and cyclic nanoindentation af-
ter the tenth cycle of loading. The param-
eter Ecompaction reflects the mode of vitrinite
crushing under cyclic mechanical effects
and does not depend on rank for the select-
ed range of coals. The studied coals were
divided into three groups. For those coals
whose Ecompaction is negative, the crushing
mode is ‘local’ (only in the contact zone).
For those coals, whose E_ . is positive,
the crushing mode is ‘bulk’ (1.e. destruc-
tion of vitrinite matter is observed outside
the contact zone). Three hard coals and
one of the anthracites demonstrated almost
no alteration of their stiffness during cy-
clic nanoindentation (E_ . is close to
zero) and were attributed to the ‘transition
zone’ between the two modes of crushing.

The mode of coal crushing under cyclic
loading is strongly dependent on the vit-
rinite’s structure characterized by Raman
spectroscopy. The ratio of amorphous to
crystalline carbon compounds in vitrin-
ites (S) determines the values of E o paciion
parameter by linear trend. Moreover, the
‘switching’ between the crushing modes
of coals during cyclic nanoindentation oc-
curs when S reaches 1 sharp.

Coals with the ‘local’ crushing mode
are characterized by crystalline carbon
predomination in vitrinite matter. Coals
with the ‘bulk’ crushing mode are those
with amorphous carbon predomination in
vitrinite. Coals from the ‘transition zone’
have been characterized by equal share of
amorphous and crystalline carbon in their
vitrinites.
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