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Preparation and isochronal sintering behaviour 
of molybdenum disulphide compound 

R. N. VISWANATH,  S. R A M A S A M Y *  
Department of Nuclear Physics, University of Madras, Madras 600 025, India 

The low-dimensional solid 2H-MoS2 has been prepared by the high-temperature solid state 
reaction technique. Different techniques such as positron annihilation, X-ray diffraction, micro- 
hardness and scanning electron microscopy have been used to study the isochronal sintering 
behaviour of this compound from room temperature to 700 ~ In the positron annihilation 
experiments, an anomaly was observed in the temperature region 400 to 500 ~ C. The presence 
and reduction of stacking fault defects, changes in the void size, breaking-up of grains and 
transcrystalline fractures during sintering were also investigated. 

1. Introduction 
Molybdenum disulphide (MoS2) belongs to the group 
of layered low-dimensional solids with well-established 
crystal structure hexagonal form determined by 
Dickinson and Pauling in 1923 [1]. Subsequently, a 
rhombohedral form of MoS2 was synthesized by Bell 
and Helfert in 1957 [2], Jellinek et al. in 1960 [3], 
Zelikman et al. in 1961 [4] and Semiletov in 196t [5]. 
The occurrence of hexagonal and rhombohedral 
forms in nature has been reported by several workers 
[6-8]. Synthesis of amorphous, hexagonal (H) and 
rhombohedral (R) molybdenum disulphide from thio- 
molybdate solution under hydrothermal conditions in 
an autoclave was reported by Arutyunyan and 
Khurshudyan [9]. The difference in the hexagonal and 
rhombohedral systems lies only in the way the MoS 2 
layers were stacked [10]. 

M o S  2 is widely used in industry as a grease or 
dispersant or in paste form because it exhibits anti- 
friction, wear, increasing load-carrying capacity, etc. 
[11]. The effect of MoS2 concentration on friction was 
investigated using a compression test, and succeeded 
in producing lower friction materials by a suspension 
of MoS2 in a light mineral oil [12]. The compaction 
behaviour of MoS2 as a function of particle size and 
applied pressure was done by Shapiro for engineering 
and metallurgical applications [13]. Single crystals of 
2H-MoS2 form were grown directly from the powder 
compound and 3R-MoS2 form by using any halogen 
gas (chlorine, bromine and iodine) as a transporting 
agent [14, 15]. The linear increase in the a-axis (parallel 
to the layer) and the non-linear increase in the c-axis 
(perpendicular to the layer) over the temperature 
range 10 to 320 K was observed by Murray and Evans 
[16]. 

A sintering technique is used in the fields of ceramics 
and powder metallurgy for industrial applications 
such as development of metallurgical tools, solar 
energy conversion materials, high melting temperature 

crucibles for crystal growth, high-quality dielectric 
and ferrite materials, etc. [17, 18]. During sintering, 
the following changes take place: (a) in the mobility of 
atoms, (b) in the contact surface between the particles, 
(c) in the mechanical properties, (d) in the nature of 
surface morphology and (e) recrystallization occurs 
[19, 20]. 

With an overall survey of the work carried out on 
M o S  2 compound as given in the above references, the 
sintering behaviour of this compound has been studied 
using different experimental techniques: (i) positron 
annihilation, (ii) X-ray powder diffraction, (iii) micro- 
hardness measurements, and (iv) scanning electron 
microscopy. 

1.1. Crystal s tructure 
MoS2 is crystalline diamagnetic semiconductor 
belonging to the large family of layer-like compounds 
having the formula TX 2, (T = transition metals, 
X = S, Se and Te) whose crystal structure results 
from the stacking of MoS2 layers. The layers are 
stacked with either one of the stacking operation 
screws or translations [21]. Depending upon the way 
in which the layers are stacked, the number of poly- 
types are formed. At present there are three types of 
two-layer structures (2H1, 2H 2 and 2T) and one type 
of three-layer structure (3R). The most common poly- 
types are the hexagonal 2H-MoS2, where the stacking 
sequence is ABAIBAB in the 1 1 ~-0 section and the 
rhombohedral 3R-MoS2, where the stacking sequence 
is ABAJBCBICAC in the 1 1 20 section (Fig. la). The 
basic form and the crystal structure of 2H-MoS2 are 
shown in Figs lb and c. In each stacking of MoS2 
layers, the molybdenum atoms are surrounded by six 
sulphur atoms forming trigonal prismatic or octahedral 
co-ordination depending upon the ionic ratios rM+/r x_ 
and fractional ionic character 

f = 1 - exp [--�88 - Xx) 21 (1) 
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Figure 1 (a) The stacking sequence of different polytypes: 2H-MoS 2 and 3R-MoS 2. (b) The basic form of 2H-MoS 2 (not 1 l 20 section). (c) The 
crystal structure of  2H-MoS 2 compound  (a = 0.316 nm, c = 0.319 nm and c' = 0.296 nm). (d) X-ray diffraction pattern of the prepared 
2H-MoS2 compound.  

where X M and Xx are the electronegativities of the 
metal (M) and chalcogen atoms (X), respectively [21]. 
The bonding between sandwich layers is comparatively 
weak, because of the presence of weak Van der Waals 
force between the layers and a strong covalent bond 
within the layer. Owing to the formation of holes in 
the weak-bonded region, any guest metal atom can be 
intercalated partially or completely [22]. 

2. Experimental procedure 
2.1. Specimen preparation 
The polycrystalline compound MoS2 was prepared 
by a high-temperature solid state reaction technique 
[23]. The starting materials of molybdenum (99.99%) 
and sulphur (99.999%) were taken in stoichiometric 
form in a silica ampoule which was sealed with 
a vacuum of 10 6torr. The preparation of the 
compound was done in two steps. In order to avoid 
non-stoichiometry and weight loss in the resultant 
compound, resistive heating furnace with" uniform 
temperature through the length of the ampoule 
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(15cm) was used. First the mixture was heated at 
500 _+ 10~ for 24h. Then the temperature was 
raised slowly to 1000~ C and held there for 192 h using 
suitable controlling systems within +_ 5 ~ C. After heat 
treatment, the furnace was cooled at a rate of 
30 ~ C h- ~. Subsequent to this no evidence was seen for 
deposition of the materials and reaction with the silica 
ampoule. The resultant compound was in the form of 
shiny plate-like powder. 

To confirm the phases present in the prepared com- 
pound, an X-ray powder diffraction pattern (CuKe 
radiation) was taken (Fig. Id) and the lines were 
indexed for both 2H-MoS2 and 3R-MoS2 systems. All 
the diffracted lines matched the reported values of 
2H-MoS2 well [24]. No evidence for other possible 
impurity phases, such a s  M o 2 8 3 ,  unreacted elements 
of molybdenum and excess sulphur was seen. 

The prepared plate-like powders were pelletized with 
a hydrostatic pressure of 6.4 kbar (I bar = 10 s Pa). The 
dimensions of the pellets were 1 cm diameter and 1 mm 
thick. Further experiments were carried out for the 
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Figure 2 Positron lifetime parameters: (a) lifetime and (b) intensity of  2H-MoS 2 specimen as a function of  isochronal sintering temperature. 

as-pelletized specimens and for specimens sintered for 
1 h at 100, 250, 300, 350, 400, 450, 500, 600 and 700 ~ C. 

2.2. Posi t ron l i fet ime techn ique  
Positron lifetimes were measured by a fast-slow 
coincidence system [25]. The resolution of the spec- 
trometer was calculated using 6~ radioactive isotope 
in the 22Na energy window. The full-width at half- 
maximum values (FWHM) of  the 6~ spectrum was 
260 psec. 

The positron source was prepared from an aqueous 
solution of 22NaC1 which was deposited on a thin foil 
(1.13mgcm -2) and folded with a like foil, and then 
sandwiched between two identical specimens. 

The lifetime experiments were carried out at room 
temperature (23 ~ C) and the data were analysed using 
the POSITRONFIT  program [26]. The source com- 
ponents were subtracted from the total spectrum 
during the analysis. The experimental data were fitted 
for two components as well as three components, after 
source corrections, using a MicroVAX II computer 
and the results were compared. In the three-term fit, 
the intensity of  the third component was less than 1% 
in all cases with large Z 2 values. Hence, for further 
discussion, results from 'the two-component fit were 
used. The lifetime parameters "el, T2, I~, I 2 and ~ as a 

function of  sintering temperatures are given in Table 
I and graphically shown in Figs 2a and b. The average 
lifetime, {, can be calculated using the relation 

I1TI + I2h 
= (2 )  

1,+12 

In the following section the positron annihilation 
results are discussed, correlating the parameters with 
the results of X-ray diffraction pattern, scanning elec- 
tron micrographs and microhardness measurements. 

T A B L E  1 Observed positron lifetime parameters z~, r2, I~, 12 
and ? at different sintering temperatures 

Sintering 7-1 "C 2 I 1 12 

temperature (psec) (psec) (%) (%) (psec) 
(~ 

27 204 406 65.45 34.55 273.79 
100 216 432 70.99 29.01 278.66 
250 23l 451 77.44 22.56 280.63 
300 229 473 78.20 21.80 282.19 
350 233 482 81.34 18.66 279.46 
400 234 484 81.56 18.44 280.10 
450 215 443 74.62 25.38 272.87 
500 220 436 74.61 25.39 274.84 
600 23l 460 79.70 20.30 277.48 
700 244 507 87.25 12.75 277.53 
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Figure 3 Scanning electron micrographs of 2H-MoS 2 specimen treated under different conditions: (a) as-pelletized, and heat treated at 
(b) 100~ C, (c) 400~ (d) 450~ (e) 500~ and (f) 600~ for l h. 

3. Results  
The prepared MoS2 powders were in the form of 
plate-like grains in different dimensions with silverish 
black colour and shiny in nature. The surfaces of the 
prepared pellets were found to be in the form of a 
uniformly polished layer and are shown in Fig. 3a. 
The occurrence of these polished surfaces was due to 
the slipping of surface particles in certain definite 
planes during the applied hydrostatic pressure. The 
formation of this type of surface on application 
of hydrostatic pressure, was due to the peculiar 
behaviour, such as anitfriction and high brittleness, of 
this kind of layered compound [27]. 

The lifetime values, ~i, were scattered over the range 
205 to 247 psec with sintering. This may be due to the 
annihilation of positrons in the perfect lattice of 
MoS2, as well as to lattice defects, such as structural 
vacancies or dislocations [28]. Thus rl represents the 
mean lifetime of both the perfect lattice, %, and struc- 
tural vacancies, zv, or dislocations, %. The values of 

the second lifetime r2 were scattered over the range 405 
to 505 psec. This component can be identified as due 
to the annihilation of positrons in extended defects 
like voids (pores) [28]. Although the bound state of e-- 
and s 2- or positronium formation cannot be com- 
pletely ruled out, the change in the parameters indi- 
cates that the annihilation in defect sites is dominant 
in our samples. This is probably because of the semi- 
conducting nature of the samples rather than ionic 
crystals where bound states are formed. The variation 
in the mean lifetime, ~, reflects the overall change in 
lifetimes and intensities due to variation in the type 
and concentration of defects [29]. 

Prior to heat treatment (i.e. in the pelletized speci- 
mens), the positron lifetime parameters are ~2 = 
405psec and I2 = 35%. Up to 400~ sintering, ~2 
values increase from 405 to 485 psec and corresponding 
I2 values decrease from 35% to 18%. Between 400 and 
500~ there is an abrupt change (anomaly) in the ~2 
and/2 values. From 500 to 700 ~ C again the r2 values 
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Figure 4 Vickers microhardness behaviour of 2H-MoS 2 
specimen using a 100g indentation load, as a function 
of isochronal sintering temperature. 

increase from 436 to 505 psec and the corresponding I 2 
values decrease from 27% to 15%. In order to find an 
explanation for the above results, the following 
experiments were carried out. 

3.1. X-ray diffraction studies 
X-ray diffraction patterns were taken for all the heat- 
treated samples in the pelletized form, in order to 
study any polymorphic phase transition (from 2H- 
MoS2 to 3R-MoS2) or structural decomposition. 
All the X-ray diffraction patterns were indexed and 
compared with the X-ray diffraction pattern of the 
as-prepared powders. These studies confirmed the 
absence of any new phases and polymorphic phase 
transition or structural decomposition. 

3.2. Scanning electron microscopy 
In order to study the grain morphology, the deformed 
thin layer formed on the surface of the pellets was 
scraped off and the images of the grains were studied 
using SEM; the results are presented in Figs 3b to f. 

The stacking of smaller plate-like grains one upon 
the other in different orientations having different 
dimensions, is shown in Fig. 3b. At and above 400 ~ C, 
the crystalline grains were broken in different directions 
and the images are shown in Figs 3c to e. At 600~ 
transcrystalline-type fractures occurred (Fig. 3f). 
These generally occur only in heavily strained materials 
and strong grain-boundary materials [30]. 

3.3. Microhardness studies 
The results of the microhardness measurements are 
presented in Fig. 4. Because these materials are highly 
brittle in nature, the microhardness measurements 
were taken with an indentation load of 100g. Above 
100 g indentation load, the materials start to fracture. 
Up to 400~ sintering, the Vicker's microhardness 
value, Hv, increases and above this temperature it 
decreases exponentially. The explanations are given in 
Section 4. 

4. Discussion 
A number of earlier positron annihilation studies on 
layered compounds, such as NbSe3, TaSe2, and 
NbSe2, show basically two lifetimes. Hantano et al. 

[31] reported 233 and 449psec in NbSe3 compound, 
229 and 492 psec in TaSe2 compound, and Dhanalak- 
shmi et al. [32] reported 207 and 441 psec in NbSe2 
compound. These lifetimes were identified as due to 
the perfect lattice and point-defect annihilation (~1) 
and void (pore)-trapped state annihilation (r2)- 

In the present sample, plate-like crystalline grains 
were formed due to prolonged heat treatment during 
the preparation of the compound. Each separate grain 
contains a large number of randomly stacked MoS2 
layers. Due to this random stacking, a large number of 
stacking fault defects were produced. The presence of 
the random stacking of crystalline grains was verified 
from a scanning electron micrograph (Fig. 3b). 

Up to 400~ sintering, the lifetime parameter ~2 
increases and above 400~ it suddenly drops. The 
microhardness value shows a peak for the sample 
sintered at 400 ~ C. Increase in the microhardness is 
due to the increase in the packing density of the pellets 
on sintering. The non-linear cell expansion and the 
change in the energy levels due to the misplacement in 
stacking of atomic MoS2 layers on heat treatment, 
have been reported [33, 34]. Due to the above changes, 
the void sizes formed in the Van der Waals region may 
also vary to a certain extent. The second lifetime 
value, ~2, observed in the present system is of the order 
of the lifetime in voids [35]. Above a certain critical 
size of the voids ( > 0.6 nm), the lifetime approaches its 
saturation value around 500psec, showing that the 
positron wave function is concentrated in the central 
part of the void which is practically empty of electrons 
[36]. In the present study there is no evidence of 
annihilation of positrons in the pores formed in the 
intergranular region, with sizes greater than the criti- 
cal value (> 0.6 nm) observed by SEM, because if the 
positrons are annihilated in this region the lifetime r2 
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must be almost a constant value. From the above 
arguments, it is felt that the increase in the ~2 value in 
the temperature region 100 to 400~ may be due to 
the reduction of the stacking fault defects. Hence the 
annihilation responsible for longer lifetime -c2, has 
occurred only in the voids of sizes less than 0.6nm 
formed in the weak Van der Waals region. The 
changes observed in % are due to the variation in size 
of the voids, which depends on the concentration of 
stacking fault defects. 

An anomaly was observed between the temperature 
region 400 and 500 ~ C. Here the ~2 value decreases, the 
12 value increases and the microhardness value starts 
decreasing. The breaking-up of grains in this tempera- 
ture region was observed by SEM (Figs 3c to e). The 
grains were broken due to: (a) the high brittleness of 
this type of materials, (b) the gradient in grain sizes 
between the surface and bulk of the pellets, (c) non- 
linear cell expansion on heat treatment, and (d) random 
stacking of atomic layers. Hence more voids of smaller 
size are formed. The reduction in ~2 and increase in/2 
in this region shows that the positrons are trapped in 
the increased number of smaller size voids. The lower- 
ing of ~ and increase of 12 in this temperature region 
shows that the size of voids is smaller than those 
present before 400 ~ C sintering. It is not clear why the 
breaking-up of grains occurs only in this temperature 
range. 

Again, above 500 ~ C, the r2 value increases, the/2 
value decreases and the microhardness value still 
decreases. In this temperature region, transcrystalline 
cracks are seen in the micrographs, which cause most 
of the indentations to slip via the cracked regions. The 
changes in the '[2 and I~ values reflects again the 
amount of imperfections (stacking fault defects) present 
in each crystalline grain. 

5. Conclusions 
The following conclusions are obtained from iso- 
chronal sintering of 2H-MoS2 compound from room 
temperature to 700 ~ C. 

1. The prepared MoS 2 compound contains many 
stacking fault defects, which occur due to the mis- 
placement in the stacking of the atomic MoS 2 layers. 

2. There is no polymorphic phase transition or 
decomposition of the compound until it is sintered at 
700 ~ C. 

3. Void size depends on the concentration of stack- 
ing fault defects and up to 400~ sintering there is a 
reduction of stacking faults with reduced void concen- 
tration of increases size. 

4. An anomaly was observed from the positron 
annihilation experiment in the temperature region 400 
to 500~ which is attributed to the breaking-up of 
grains. 

5. Above 500 ~ C, sintering results in good stacking 
of MoS2 layers but transcrystalline fracture occurs 
which reduce the microhardness. 
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