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The Two-Step Sintering (TSS) process is a useful method to obtain sintered materials of high density and
to limit the grain growth associated with the final stage of the sintering process. One of the main advantages of this method is the lowering of the sintering temperature. The development of bulk, dense and
small grain size in the wurtzite phase of the ZnS ceramic was investigated by using a micron-sized ZnS
powder as a precursor material. The microstructure and morphology of the TSS-fabricated ZnS ceramic
pellets were observed by Scanning Electron Microscopy (SEM) and compared to those produced by the
conventional sintering process. The ZnS ceramic produced using the TSS method at 1100°C showed comparable density and a much finer microstructure (five times smaller grain size) than the ZnS ceramic produced using conventional sintering at 1250°C. It was demonstrated that the TSS process is a pressureless,
simple and cost-effective sintering method, able to deliver high density bulk, wurtzite phase ZnS ceramics
with controlled grain size.
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A commercial micron-sized ZnS powder (a mixture of 20%
cubic phase and 80% hexagonal phase) without any binder or sintering additive, was used as the starting powder. Discs with a diameter of 8 mm and a thickness of 4 mm were prepared by the uniaxial
pressing of the powder at 100 MPa, followed by cold isostatic
pressing (CIP) at 150 MPa. The green compacts were then embedded in a powder pack of the same ZnS powder and put in a graphite
crucible. The thermal treatment was performed under a flowing
nitrogen atmosphere using a graphite element furnace (Astro Thermal technology - Model 1000-4560-FP20) in a temperature
range from 900°C to 1250°C.
Two sintering processes were tested:
- the SSS process, consisting of heating the green compact up to
the selected temperature (1250°C), with a dwell time of 1 h,
followed by cooling it down to room temperature; the resulting
ceramic was named the SSS sample.
- the TSS process, in which the ZnS disc (green compact) was
heated up to a peak temperature (T1=1150°C), then the temperature was reduced to a lower value (T2=1100°C), and kept constant for 5 hours before cooling; the ceramic prepared in this
way was named the TSS sample.
The microstructure of the ZnS powder and the sintered samples
was characterized by X-ray powder diffraction using a SmartLab
Rigaku powder diffractometer, equipped with a Cu Kα radiation
source and a graphite monochromator in the diffracted beam, operated at 40 kV and 30 mA; small pieces of the ceramic samples were
ground into powder prior to taking measurements. The morphology
of the samples was investigated by scanning electron microscopy,
and two SEM instruments were used: a LEO 438 VP and a LEO
1530 (both Zeiss). The LEO1530 is a hot cathode field emission
SEM equipped with a high-resolution in-lens secondary electron
detector, a conventional secondary electron detector, a Centaurus
back Scattered detector and a XACT microanalysis unit
(OXFORD) and it was used to provide high resolution images.
The density of the produced ceramic samples was calculated
by measuring their dimensions (+/- 5 mm) and weight (+/- 0,1
mg) (geometrical density).
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Zinc Sulfide (ZnS) is an important wide band-gap II-VI semiconductor, with unique optical and electronic properties that have
found numerous applications in optoelectronic, electroluminescent
and photoelectric devices, in IR sensors, in biomedical labelling
and in photocatalysis for hydrogen production (Wang et al., 2013).
Zinc Sulfide has two structural forms: a room temperature, stable
cubic phase (zinc blende or sphalerite, c-ZnS), that transforms to a
metastable, hexagonal wurtzite phase at high temperatures (1020°C
for bulk). However, it has been shown that in its nanocrystalline
form, wurtzite ZnS is a stable material at room temperature (Wang
et al., 2005). Moreover, it has been demonstrated several times that
both phases can co-exist in the same ZnS sample (Liu et al., 2011;
Lee et al., 2018).
Wurtzite-based materials have the advantages of being cheap,
non-toxic and offering excellent opto-electrical properties. Due to
their non-centrosymmetric nature, all wurtzite crystals have both
piezoelectric and pyroelectric properties. The hexagonal wurtzite
phase of ZnS was chosen as the topic of this study, due to its pyroelectric potential in harvesting wasted thermal energy. The development of dense ceramics by the Two-Step Sintering (TSS) fabrication process was investigated, using as a precursor material a
micron-sized commercial powder of a mixture of ZnS cubic and
hexagonal phases (80% hexagonal, 20% cubic).
The TSS was chosen since it is a pressureless, simple and costeffective sintering method for obtaining very high density materials
with controlled grain growth, operating at a lower temperature than
the conventional sintering process. Another advantage of the TSS
method is the ability to provide high density materials with reduced
grain growth without any dopant or additive. It has been observed
that a fine-grained microstructure enhances the mechanical, electrical, magnetic or piezoelectric properties of ceramics, widening
their applications (Sutharsini et al., 2018; Kambale et al., 2019);
similar advantages for the pyroelectric properties of a finer-grained
ZnS wurtzite ceramic are expected. The TSS fabrication process is
also an easily scalable process which can be used to develop bulk
and dense ceramics. The TSS has been used for various materials
with the main goal of avoiding grain growth in the final stage of
sintering. Some applications of the two-step sintering method have
focused on materials where high density and small grain size are
required, e.g. the electrolytes of solid oxide fuel cells, as ceramics
based on Y2O3 and CeO2, alumina-zirconia ceramics, Ni-Cu-Zn
Ferrite and ZnO (Lóh et al., 2016). Ceramic samples with a relative
density higher than 97% of their theoretical density and a grain size
at the sub-micrometer level have also been obtained in some cases
(Pinto Ferreira et al., 2012).
In this paper, the sintering behaviour of the micron-size ZnS
powder and the development of a bulk and dense ZnS ceramic by
the conventional Single-Step Sintering (SSS) and TSS fabrication
processes were investigated. To the best of our knowledge, this is
the first time that a wurtzite ZnS ceramic has been prepared using
the TSS method without any additive or binder. As the precursor
material was a mixture of the cubic and hexagonal phases of ZnS,
one of the goals of this study is to identify the right sintering conditions in order to obtain the pure hexagonal phase of ZnS in a bulk
ceramic form. Scanning Electron Microscopy helped us to swiftly

investigate the microstructure and morphology of both the precursor powder and the prepared ceramics, and also to study the sintering behaviour of the precursor powder. In the next stage of the
NanoPyroMat project, the influence of the microstructure on the
pyroelectric properties of the ZnS wurtzite ceramic samples will be
explored.
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Results and Discussion

The microstructure of the commercial micron-sized ZnS powder (80% wurtzite, 20% sphalerite), used as the precursor material,
is displayed in Figure 1a, and its XRD pattern is shown in Figure
1b. An agglomeration of mostly spherically shaped, smooth surface
particles is shown, ranging between 100 and 300 nm in size.
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the main diffraction peaks corresponding to the wurtzite (hexagonal) phase, in agreement with JCPDS card No. 36-1450. A small
presence of a cubic ZnS structure (sphalerite, JCPDS card No. 050566) was revealed in the TSS sample, probably due to the gradual
transformation of the cubic phase to the hexagonal phase (Kim et
al., 1997). Given the XRD results, the relative density of the sintered samples was calculated using a theoretical density of the
wurtzite ZnS phase of 4.087 g cm-3 (Kim et al., 1997).
The SEM images of the fractured surfaces of the SSS sample
are presented in Figure 2a (1250°C, t=0) and Figure 2b (final sample, after sintering at 1250°C for t = 1 h). The SEM observations
provide a clear insight into the microstructure changes, as the
porosity decreases greatly after the sintering step; however, the
final SSS sample still exhibits some residual porosity (Figure 2b).
A detailed overview of the microstructure of the SSS sample,
obtained by SEM-BSE, is provided in Figure 2 c,d. Here it is possible to observe the typical porosities along the triple grain joints
(Figure 2c), while at higher magnification (Figure 2d) the presence
of some higher atomic number material within the porosities and
grain boundaries is shown. The porosity shown in Figure 2c was
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Preliminary tests were performed, consisting of heating the ZnS
green pellets up to a specific temperature in the range 900-1250°C,
without a holding time. The effect of the applied temperature on the
densification process is shown in Figure 1c; a maximum density of
around 90% of theoretical density (T.D.) was achieved at the highest temperature of 1250°C. In the conventional SSS process, the
grain growth is accelerated due to grain boundary migration and
diffusion in the holding stage of sintering, whereas the rapid cooling before the second stage of TSS should limit the grain growth
associated with the final stage of the sintering process (Sutharsini
et al., 2018). For efficient TSS, it is generally necessary to achieve
a sufficiently high relative density of the sample (70% or greater)
after the T1 step (Chen, 2000; Chen and Wang, 2000). Once this
critical density is reached, a lower temperature, T2, is used for the
isothermal hold to achieve the final density (Pinto Ferreira et al.,
2012). On the basis of this consideration and the experimental
results reported in Figure 1c, 1150°C was the temperature chosen
as T1, while T2 was set to 1100°C with a holding time of 5 h. The
XRD patterns of the SSS (1250°C for 1 h, 93% TD) and the TSS
ceramic samples are presented in Figure 1d. Both samples show

Figure 1. (a) FEG-SEM micrograph and (b) XRD of the ZnS powder; (c) diagram density of the ceramic samples vs applied temperature
at holding time t=0; (d) XRD of both the SSS (black) and TSS (red) ceramic samples.
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observed for the SSS sample after sintering with an isothermal
holding time of 1 h.
These results confirmed that the TSS process made it possible
to obtain ceramics with density values comparable to the ceramic
obtained via the SSS process, but at a reduced sintering temperature. Moreover, this process facilitates a significant reduction in the
grain size, with the grains being up to five times smaller than those
produced by the conventional SSS process.
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measured using the software ImageJ. The results show that the theoretical open porosity is in the order of 2% with a mean Feret diameter of about 4.3 µm.
Figure 2 e,f show the morphology of the fractured TSS sample
(T1=1150°C and T2=1100°C). After the first heating stage at T1 the
grains are less than 3 mm in size, while after the second stage, following 5 h holding at T2 , they grew up to a maximum of 5 mm. The
residual porosity in this sample is only slightly greater than that

Figure 2. Microstructure, observed by SEM on fractured sintered ZnS ceramics: SSS at 1250°C and t=0 (a) and t=1 h (b), low (c) and high
(d) magnification of the SSS sample (BSE image) and TSS (T1=1150°C and T2=1100°C) at t=0 (e) and t=5 h (f ).
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A ZnS commercial powder, a mixture of the wurtzite (80%)
and sphalerite (20%) phases, was used as a precursor material.
Using the conventional pressureless sintering method (SSS) at a
sintering temperature of 1250°C and a holding time of 1 hour, the
ZnS powder transformed into a highly dense (93% TD) wurtzite
ZnS ceramic with a grain size of about 25 mm. The same precursor,
when subjected to the pressureless Two Step Sintering process
(TSS) at T1=1150°C (t=0) and T2=1100°C (t=5h), resulted in a
ceramic of comparable density (approximately 90% T.D.), but with
a grain size of approximately 5 mm. This result was a consequence
of the lower working temperature and longer sintering time applied
during the TSS process than that found in the SSS process.
The suitability of the two-step sintering process for the production of high density ZnS with a controlled grain size was thus
demonstrated. A comparable density to the conventionally sintered
ZnS ceramic was achieved, but with a much finer microstructure.
Considering that obtained ZnS ceramic is a wurtzite-based material, whose pyroelectric properties have not yet been properly studied, we believe that the TSS method, although requiring further
testing, could be an excellent tool to obtain fine grained wurtzite
with a minimal presence or perhaps total, absence of sphalerite.
Therefore, we plan to optimize the TSS process for ZnS wurtzite
ceramic production and investigate in more detail the relationship
between the microstructure and the pyroelectric response of the
ceramic produced.
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