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Аннотация: Проведено исследование механических свойств углей на микроуровне и 
характера их разрушения при циклическом нагружении. Прочность углей в целом увели-
чивается с увеличением стадии метаморфизма. Для рассмотренных образцов углей по-
сле экспериментов по циклическому наноиндентированию и оценки нового параметра 
Ecompaction были выявлены три основных характера разрушения: «локальный», «в объеме» 
и «переходная зона». Отнесение углей к группам в соответствии с характером разруше-
ния не определяется стадией метаморфизма. Однако параметр Ecompaction линейно увели-
чивается с ростом отношения доли аморфного углерода к кристаллитному (параметр S), 
рассчитанного с использованием рамановской спектроскопии. «Переключение» между 
группами происходит, когда S достигает 1. Таким образом, угли из группы «локальное 
разрушение» характеризуются преобладанием кристаллического углерода в веществе 
витринита, угли из группы «разрушение в объеме» – это угли с преобладанием аморфно-
го углерода. Угли из группы «переходная зона» характеризуются равным соотношением 
аморфного и кристаллитного углерода в витрините.
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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 

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- 
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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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Nanoindentation experiments
Experiments were held at Hysitron TI 

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-

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 µm.

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

Table 1 
Characteristics of coals
Характеристики углей

# Coal type Origin Petrographic composition, % Vol. Ro.r, % (vit-
rinite reflec-
tance index)Vt 

(vitrinite)
I 

(intertinite)
L  

(liptinite)
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 2 0.85
580 hard coal Pechora basin 91 7 2 0.89

581 hard coal
pechora basin,  

pack potentially prone  
to sudden outbursts

86 13 1 0.92

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 1.11
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 1.7
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 0 4.14
871 anthracite Gorlovsky basin 67 33 0 4.25

*n/d – not determined
** Italic font denotes the coals that have been used in the sample set in paper [24].
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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:

•	 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;

•	 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-

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, 

Fig. 1. Loading mode for the cyclic nanoindentation experiments
Рис. 1. Режим нагружения при экспериментах по циклическому наноиндентированию

Table 2 
Assignment of cycles number  
and peak load Pmax
Соотнесение номера цикла нагружения  
и величины максимальной нагрузки Pmax

Cycle # Pmax, µN
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
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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 Ecompaction was calculated [23, 24].

E
E E
Ecompaction �
� 10

100* % 	 (1)

This parameter reflects the degree of 
compaction of the coal under the indent-
er during cyclic loading with increasing 

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–1. 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–1.

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

Table 3 
Characteristics of the peaks for fitting the coals Raman spectroscopy data  
(for more details see [24, 30–32])
Характеристики пиков для деконволюции Рамановских спектров углей  
(подробнее см. [24, 30—32])

Name of 
the peak

Approximate position, 
cm–1 (Raman shift)

Characteristics Carbon com-
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 amorphous carbon,  
aromatics with less than 5 rings amorphous

G 1580 perfect graphitic structures crystalline

G2 1600 disordered graphitic structures,  
surface graphitic layers crystalline
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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 
(Samorphous) is calculated by eq. (2).
S A SL A VR AVL AGRamorphous � � � � .	(2)

And the sum of areas of peaks assigned 
to crystalline form of carbon (Scrystal) by 
eq. (3).

S AD AG AGcrystal � � � 2 .	 (3)

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

S
S
S
amorphous

crystal

= .	 (4)

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 
of the P-h curve is variant with respect to 
the coal rank (see Fig. 3). Indeed, it could  

Fig. 2. The relationship between the values of the modulus of elasticity of coals and their rank
Рис. 2. Взаимосвязь между модулями упругости углей и их стадией метаморфизма
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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. 

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 

Table 4 
Mechanical properties of vitrinites of coals determined by the methods  
of cyclic and quasi-static nanoindentation 
Механические свойства витринитов углей, определенные методами  
циклическогои квази-статического наноиндентирования
Sample # Quasi-static nanoindentation Cyclic nanoindentation Ecompaction, 

%Е, GPa StDev*  
Е, GPa

Rw, % StDev* 
Rw, %

E10, GPa StDev* 
Е10, GPa

Rw10, % StDev* 
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 11 3 –19,27
2 7,95 0,11 11 1 8.78 0.16 9 1 –10,52

10 9,46 0,11 9 0 11.54 0.01 6 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 4.83 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 8 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].



Fig. 4. Dependence of coals damage indices on rank
Рис. 4. Изменение показателя нарушенности углей в ряду метаморфизма

Fig. 5. Collation of coals’ rank and compaction index
Рис. 5. Сопоставление стадии метаморфизма углей и показателя уплотнения

Fig. 3. An example of P-h curves obtained after quasi-static nanoindentation of coals of different rank: hard 
coals of low (Ro,r = 0.56%), medium (Ro,r = 1.11%) and high (Ro,r = 1.70%) rank (a); anthracite 857 (Ro,r = 
= 4.14%) (b)
Рис. 3. Типичные диаграммы «нагружение–глубина внедрения», полученные при квази-статическом нано-
индентировании углей разных стадий метаморфизма: каменный уголь низкой (Ro,r = 0.56%), средней (Ro,r = 
= 1.11%) и высокой (Ro,r = 1.70%) стадии метаморфизма (а); антрацит 857 (Ro,r = 4.14%) (б)
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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 Ecompaction 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), Ecompaction 
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, Ecompaction 
values are negative, for coals ##580, 581, 
516, 824, 828, 829 they are positive, for 
coals ##517, 518, 822, 830, 839 and 871 

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)
Рис. 6. Примеры изменения величин модулей упругости (жесткости) углей при циклическом наноинден-
тировании с увеличивающейся нагрузкой. Представлены три типа по характеру разрушения: «локальное 
разрушение» — сопровождается увеличением жесткости (предположительно ввиду формирования ядра 
раскрошившегося материала («пудры»), препятствующего дальнейшему разрушению под воздействием 
индентора) (а); «разрушение в объеме» — плавное уменьшение жесткости (предположительно ввиду раз-
рушения угольного вещества как в зоне контакта с индентором, так и вне ее) (б); «переходный тип» — 
при каждом последующем цикле нагружения не выявлено изменения жесткости угольного вещества (в)
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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
Рис. 7. Взаимосвязи между типом по характеру разрушения угольного вещества при циклическом нано-
индентировании и соотношением аморфного и кристаллитного углерода в витрините углей

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 Ecompaction 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 Ecompaction pa- 
rameter could be described by the fea-
tures of vitrinite organic matter structure 

[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 
Ecompaction and S index are given in Fig. 7.

As can be seen from Fig.  7, there 
is a proportional relationship between 
Ecompaction 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 
(S = 1). The studied coals attributed to the 
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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 Ecompaction 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 Ecompaction is positive, 
the crushing mode is ‘bulk’ (i.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 (Ecompaction 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 Ecompaction 
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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