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Abstract Metal sulfides are widely used in a variety of
applications requiring high hardness and toughness. In this
study, the microstructure and mechanical properties of
chromium—chromium sulfide cermets are investigated. The
chromium—chromium sulfide cermet was manufactured
using self-propagating high-temperature synthesis, a pro-
cess where the material is created under a self-sustaining
combustion reaction between the chromium and sulfur.
This type of synthesis allows the creation of near-net shape
structures and offers the possibility of tuning material
properties and material behavior by changing the compo-
sition of the reactant. Microstructural characterization was
performed using optical microscopy, scanning electron
microscopy, and energy dispersive spectroscopy. The me-
chanical properties of the cermet (Young’s modulus,
fracture toughness, flexural strength, and microhardness)
have been measured and related to morphology and che-
mical composition of the samples. Results show that dense
cermets (about 7 % porosity) with specific structure have
been obtained. Pure CrS has a significant hardness, but its
toughness was insufficient for tool applications. However,
we found that the density and fracture toughness of the
cermets increase with the addition of Cr. The addition of Cr
also improved the flexural strength and hardness of the
cermet by 60 % and almost 38 %, respectively.
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Introduction

Engineering ceramics are attractive materials because of
their low density, high compressive strength, and hardness.
However, their use in actual applications is currently lim-
ited by their brittleness, fragility, and poor toughness. A
possible approach to toughen ceramics is the inclusion of a
metallic ductile phase. Such ceramic—-metal compounds,
called cermets, combine the hardness and stiffness of ce-
ramics with the toughness and ductility of metals [1-5].
Among cermets, metal sulfide composites are in high de-
mand in the chemical, metallurgical, and electrical indus-
tries because of their valuable characteristics such as
hardness, semi-conductivity, electroluminescence, infrared
transparency, catalytic, and magnetic properties [6-9].
Currently, metal sulfides are used for cathodes in batteries,
additives in steel production, high-temperature lubricants,
catalytic material for hydro-desulfurization, electrodes for
hydrogen fuel cells, and solar energy conversion into
electric and chemical energy [7, 10-16]. There is currently
no bulk production of chromium sulfide, however, we
know from the literature that chromium sulfide has mag-
netic properties, and already is used as a catalyst in che-
mical processes, and as a solid lubricant [7, 17-19]. Metal-
sulfur compositions, such as CrS are attractive in that they
offer the possibility of fabrication using the self-
propagating high-temperature synthesis (SHS) technique.
In a previous study, we used a new method for the
preparation of the metal-sulfur precursor charge based on
the ability to melt-cast the precursor mixture [20]. We used
SHS to produce a chromium—chromium sulfide cermet,
using the ability of the metal-sulfur mixture to support the
propagation of reactive waves. This ability, with the
properties of the reaction products (i.e., low gas evolution
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and liquid sulfide products), enable the possibility to per-
form net-shape synthesis of dense, near theoretical density
product with a relatively simple and low-cost setup [20].
This novel method simplifies the preparation of samples
with different shapes, thicknesses, and with a green density
close to the theoretical density. It also improves the quality
of the synthesized product, and homogeneity of the product
structure [1, 7, 21, 22].

While the thermochemical calculations predict near-zero
gas production for the chromium-sulfur system, the actual
cermets exhibited a large amount of porosity (about 70 %)
when synthesized at atmospheric pressure. With the var-
ious improvements to the manufacturing process, the por-
osity was reduced by an order of magnitude from 70 to 7 %
[20]. The level of porosity obtained (approximately 7 % for
the best samples) is considerably less in comparison to
samples produced by other SHS techniques and is com-
parable to the bulk form of industrially manufactured ce-
ramics [23].

In the present study, we first estimate the mechanical
properties of the fabricated cermets and evaluate the effect
of the improvements applied to the combustion manufac-
turing process (“Effect of manufacturing process” Sec-
tion). Then, we attempt to improve the toughness and other
mechanical properties of the Cr—CrS cermets by increasing
the metal content. The mechanical properties are measured
as a function of Cr:S molar ratio and the results obtained
demonstrate that the addition of Cr has a significant in-
fluence on the mechanical properties.

One of the advantages of this type of synthesis is that it
offers the possibility of tuning material properties and
material behavior by changing the reactant composition. In
particular, it is in theory possible, by systematically in-
creasing the Cr content in the precursor mixture, to tune the
final product from a brittle ceramic to a more ductile metal-
like material. In other words, the ductility of the Cr—CrS
cermet can be controlled through the variation of the Cr:S
molar ratio in the reactive mixture, enabling the cermet to
contain an excess of chromium in the final product to in-
crease ductility. Although equilibrium thermodynamic
calculations predict that 200 % excess Cr is the upper limit
on the Cr content for a self-sustained reaction to occur [24],
this study stopped at a Cr:S ratio of 4 times stoichiometric
in order to find the maximum Cr content that could be
added to the produced cermet. All thermodynamic calcu-
lations were carried out using the FactSage thermo-
chemical software [25].

Materials and manufacturing process

The preparation of the reactive mixture used in this study is
straight forward and can be explained in few steps. The

chromium powders were obtained from Atlantic Equip-
ment Engineers (NJ, USA), with a purity of 99.8 %, and
with particle size ranges of 1-5 um (CR-102) and <44 pm
(CR-103). The particle size distribution of the Cr powders,
measured with an LA-920 Horiba laser scattering particle
size analyzer shows the CR-102 and CR-103 powders had
average particle sizes, based on volume, of 3 and 26 pm,
respectively. Sulfur powder with a purity of 99.5 % was
obtained from Alfa Aesar (54981, MA, USA). The average
particle size was smaller than 150 pm (—100 mesh) but did
not influence the fabrication process, since the sulfur was
always melted to form the reactive mixture.

As a first step, samples were synthesized at atmospheric
pressure. These fabricated samples generally had high
porosity, including both micro- and macro-cracks. To re-
duce the porosity and the number of cracks that form in the
product, a modified manufacturing process was used,
which is described below.

Chromium and sulfur powders were mixed in a roller
mill with the desired mass ratio. The powder mixture was
then heated in a mantle up to a temperature slightly above
the melting temperature for sulfur (i.e., tem-
perature > 120 °C), but well below the melting tem-
perature of chromium (1907 °C). Adsorbed water, low
boiling-point impurities, and dissolved hydrogen on the
surface of powders prior to SHS, are possible sources for
impurity-generated porosity in SHS products. Due to the
high combustion temperatures, these impurities are vola-
tilized as the wave propagates through the reactants during
the SHS process. Therefore, the best way to reduce these
sources of porosity is to use highly purified initial powders
which can eliminate or significantly reduce the formation
of impurity-generated porosity, as well as vacuum de-
gassing the molten mixture to remove trapped gases before
ignition. The molten mixture of Cr and S powders was
degassed in a vacuum chamber (pressure = 95 kPa) for
about 20 min and at high enough temperature (160 °C) to
maintain sulfur in the molten state. After that, the mixture
was poured into a preheated cylindrical steel mold (2.5
inches in diameter and 4 inches in height) at a temperature
near the melting point of sulfur to prevent contact so-
lidification of the melt. Upon cooling of the reactive mix-
ture the sulfur solidified, forming a matrix of sulfur
containing well-dispersed chromium inclusions. Figure 1
contains an SEM micrograph of the reactive mixture
showing chromium particles (lighter regions) uniformly
dispersed within the solidified sulfur matrix (darker re-
gions). The solidified reactive mixture was then placed in a
pressurized reactor and ignited inside the mold under a
high-pressure inert gas (Ar) environment, by using an
electrically-heated tungsten wire embedded in the sample.

There were many micro- and macro-cracks in the first
samples produced. These cracks may be due to thermal
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Fig. 1 SEM micrograph of the reactive mixture showing chromium
particles (light tone) embedded in solidified sulfur matrix (darker
tone). The distribution of the chromium particle was uniform

shock resulting from the high cooling rate of the product
(10°-10° °C/min) and the contraction of the mixture as it
solidifies. As a result, a shrinkage defect will form when
the solidification is governed by progressive solidification
from the outer surface of the sample towards the sample
interior. Therefore, in order to prevent cracks and voids
from developing, we developed a method to cool the
samples slowly and directionally after the reaction.
Directional solidification is achieved by a one-dimensional
thermal flux along the sample axis and sufficient heat ex-
change between the sample and cooling medium. Figure 2
shows a schematic of the directional solidification method
in which a jacket of SHS mixture was cast on top of a
shallow layer of inert ceramic. This prevented heat loss
from the top of the sample, while allowing a small amount
of heat to transfer through the inert ceramic, and a greater
amount of energy to escape through the base of the steel
mold. The solidification front therefore moves in a unidi-
rectional manner from bottom to top. This modification
successfully suppressed crack formation. The self-sus-
tained flame propagated throughout the sample, producing

(a) (b) Reactive
mixture

Steel
mold

Inert
ceramic

3cm

Fig. 2 a Schematic representation of directional solidification
method, b sectional view
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the final metal sulfide product. Depending on the initial
metal/sulfur molar ratio, the amount of unreacted metal
remaining in the product varies, enabling the final product
to range from a brittle ceramic to a more ductile metal-like
material.

By igniting the sample above the liquid—vapor critical
point of sulfur and cooling the samples slowly and di-
rectionally, the cermet sample produced had a porosity
of about 7 % and no cracks were formed within the
product. After the cylindrical cermet sample was cooled
to room temperature, it was removed from the mold. The
modified manufacturing process is shown schematically
in Fig. 3.

Structural and microstructural characterization

To investigate the microstructure of the samples produced,
including the morphology, size, distribution, and compo-
sition of the different phases, the specimens were cut,
polished, and examined with scanning electron microscopy
(Hitachi S-3000N VP-SEM), optical microscopy, and en-
ergy dispersive spectroscopy (EDS). The volume fractions
of voids and the different phases within the specimens were
estimated by performing image analysis on backscattered
electron images (BSE) and optical microscopic images,
based on the ASTM E 562-02 standard test method for
determining volume fraction by systematic manual point
count [26]. By analyzing the backscattered images taken by
SEM and using a quantification feature in the Clemex
image analysis software package, the volume fractions of
different phases were extracted as statistical data. The
atomic masses of chromium, sulfur, and chromium sulfide
are significantly different from each other, and therefore
these species may be easily identified in backscattered
images.

X-ray diffraction (XRD) was used to determine the na-
ture of the different phases which were formed during the
synthesis or post-ignition process. Combustion-synthesized
products with a Cr:S molar ratio 1:1.3 were ground into
fine powders and analyzed using Cu Ka1 X-ray radiation to
assess the phase constituents. XRD analyses showed Cr and
CrS peaks (Fig. 4c).

Density

The density of the samples after the reaction was measured.
The relative density of the Cr—CrS cermets, obtained by the
Archimedes method, varied between 83 and 110 % of the
theoretical density of CrS, for an initial Cr:S molar ratio of
1.15:14:1, respectively. Additionally, the pores were
small and uniformly distributed throughout the cermets
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Fig. 3 Schematic of the
modified manufacturing process
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Fig. 4 Backscattered images of produced samples each with Cr:S regions correspond to voids; ¢ XRD pattern of samples fabricated

molar ratio equal to; a 1.15:1, and b 4:1 sample. Light regions are with Cr:S molar ratio 1:1.3
residual Cr phase, dark gray regions are chromium sulfide, and black
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Fig. 5 Density of cermets produced as a function of Cr:S molar ratio

produced. The density of Cr is higher than that of CrS and
Cr,S; and, as expected, cermet density increases from
4.04 £ 0.05 to 5.37 & 0.04 g/cm® as the Cr content was
increased from 115 to 400 %, respectively (see Fig. 5).

Microhardness

In order to measure the microhardness of the synthesized
samples, the samples were cut and fixed in epoxy, then
polished with a 3-um diamond paste, and then cleaned
with ethanol. Microhardness measurements of the matrix
of the cermets produced were made using a BUEHLER
2101 Vickers microhardometer, and the hardness test was
performed under an indentation load of 50 gf for 20 s.
Analysis points were sufficiently spaced to eliminate the
effect of neighboring indentations. Indents were made on
the porosity-free areas, and any distorted indents indi-
cating entrapped pores were discarded from the mea-
surements. An average of 10 indentations was performed
on each sample cross section and the values are reported
in Fig. 6.

Figure 6 shows that the microhardness increases with
increasing Cr content within the reactive mixture. Based on
the CrS phase diagram [27] and XRD results, the chromi-
um solute content (solid solution) of these cermets can
contribute to the hardness improvement. One-way ANOVA
exhibited a significant difference (p < 0.005) among the
tested cermet materials for the mean values of micro-
hardness. As can be seen in Fig. 6, the hardness is mea-
sured to range from 221 + 18 to 305 =+ 8 HV, for Cr:S
1.15:1 and 4:1 molar ratios, respectively. For comparison,
the hardness of annealed chromium at 1100 °C is 110 HV,
chromium that is extruded, annealed, and rolled at 400 °C
is 160 HV, 304 stainless steel is 183 HV, and 316 stainless
steel is 220 HV [3].
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Fig. 6 Hardness of cermets produced as a function of Cr:S molar
ratio

Three-point bending

For the three-point bending test, specimens were prepared
by cutting the fabricated cermet into small-sized beam-type
prisms with a length of 20 mm and rectangular cross sec-
tion of 4 x 4 and 2 x 4 mm, using a high-precision dia-
mond saw (Fig. 7a). The loading stage and sample were
placed under an optical microscope (BX-51M, Olympus,
Markham, Canada) equipped with a CCD camera
(RETIGA 2000R, Qimaging, Surrey, Canada) to capture
crack propagation, as shown in Fig. 7b, c. The quasi-static
mechanical tests were performed using a three-point
bending fixture mounted on a miniature loading stage
(Ernest F. Fullam Inc., Latham, NY). The specimens were
loaded at a rate of 0.0025 mm/s up to complete failure. For
each composition, six different test samples were used.
One-way ANOVA showed that flexural strength was sig-
nificantly affected by Cr content in fabricated cermets
(p <0.01). As can be seen from Fig. 8, the flexural
strength increases from 444 to 727 MPa as the Cr:S molar
ratio increases from 1.15:1 to 4:1, respectively. The
Young’s modulus also increases with increasing Cr content
in the cermets produced. The stiffest material achieved had
a Young’s modulus of 186 £ 14 GPa for the cermet with
Cr:S 4:1 molar ratio (Fig. 9).

Fracture toughness

Fracture toughness tests were performed using a three-
point bending fixture with a span of 16 mm, mounted on
the same miniature loading stage (Ernest F. Fullam Inc.,
Latham, NY). The loading stage and sample were placed
under an optical microscope and the specimens were
loaded at a rate of 0.0025 mm/s up to complete failure.
Samples were prepared by cutting the cermet specimen into
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Fig. 7 a Samples for three-
point bending test, b photograph
of test setup, and ¢ crack
propagation along the cermet
sample
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Fig. 8 Flexural strength of produced cermets as a function of Cr:S
molar ratio

small beam-shaped pieces with a length of 20 mm and a
rectangular cross section of 2 x 4 mm, using a high-pre-
cision diamond saw. The samples were then pre-notched
using the diamond saw. One side of the specimen was
polished and the notch was deepened and sharpened with a

4x4x20 mm

250

200}

150

100

50

Young's Modulus (GPa)

1.15:1 2:1 3:1 4:1
Cr:S Molar Ratio

Fig. 9 Young’s modulus of produced cermets as a function of Cr:S
molar ratio

razor blade. The notch depth was about 2.0 mm, which was
within 45-55 % of the width in order to comply with the
ASTM E1820-01 standard test method for measurement of
fracture toughness, as shown in Fig. 10b. For each com-
position, six different test samples were used.
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Fig. 10 a Fracture toughness of synthesized cermets as a function of Cr:S molar ratio, and b samples for fracture test

One-way ANOVA revealed a significant influence of the
Cr:S molar ratio on the fracture toughness values of the
cermets produced (p < 0.05). Figure 10a shows that in-
creasing the Cr content from a Cr:S molar ratio 1.15:1 to
4:1 improved the fracture toughness of the cermet by al-
most 75 %.

Fracture surfaces

Figure 11 shows the fractured surfaces of the flexural
samples. The microstructure of the specimens was exam-
ined using SEM on fresh fractured surfaces, containing the
remaining Cr particles and the chromium sulfide phase.
Secondary electron (SE) and backscattered electron (BSE)
images of each surface are shown in Fig. 11. The combi-
nation of these two imaging modes provides valuable and
complementary information, i.e., the SE mode focuses on
image topography, and the SE image has relatively good
resolution and provides more detail regarding the surface
morphology. In contrast, in the backscattered electron im-
age of the same fracture surface, the surface texture is less
obvious. However, a difference in contrast is now visible
between the Cr and CrS phases. Since the intensity of the
BSE signal is strongly dependent on the mean atomic
number of the compound, BSE images contain composi-
tional information, and because heavier elements with a
high mean atomic number backscatter more efficiently,
they appear brighter than lighter elements in a BSE image
[28]. Therefore, the white phase in the BSE images cor-
responds to areas of Cr which has the highest atomic
numbers, whereas the phase with a gray appearance would
be CrS which has a lower atomic number.

From an examination of Fig. 12, which shows a fracture
path in a 4:1 Cr:S molar ratio cermet, it is apparent that the
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fracture path passes directly through the Cr particles. A few
secondary cracks can be seen in some Cr particles and
these are indicative of the brittle nature of the Cr particles.
The interface plays an important role in the fracture be-
havior of cermets. If the fracture strength of the matrix is
greater than that of the Cr particles, as in this case, the Cr
particles crack when the magnitude of the local stress ex-
ceeds the particle fracture strength. This points to the fact
that particle breakage has taken place during the fracture
process and is characteristic of a strong Cr particle-CrS
matrix bond.

From a physical point of view, a certain amount of
ductility in the reinforcement can cause a significant im-
provement in the toughness of brittle matrix composites. It
has also been recognized that for achieving an improve-
ment in the fracture toughness, the matrix-reinforcement
interfacial strength is as important as the ductility of the
reinforcing phase, and the ductility of the reinforcing phase
alone is not sufficient. For example, if the interface is very
strong, a high degree of constraint can lead to a triaxial
state of stress, resulting in a brittle failure of the ductile
reinforcement. As a result, under these circumstances there
would not be a significant increase in the composite
toughness [29].

SE images show relatively featureless, flat surfaces
suggesting little or no plastic deformation. Brittle or non-
ductile (also called semi-brittle) fracture involves little or
no appreciable plastic deformation prior to failure. As can
be observed, the major toughening mechanism is the partial
plastic deformation of chromium particles.

Figure 11 shows typical features of brittle fracture sur-
faces. In this case, the origin of fracture is usually a surface
defect, i.e., porosity, micro-cracks, inclusions, angular-
shaped constituent particles, etc. A surface defect will act
as a point of stress concentration within the material. The
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Fig. 11 Fracture surface in a synthesized cermet with a Cr:S molar ratio of 4:1; a SE image, and b BSE image

Fig. 12 Fracture path in a synthesized cermet with a Cr:S molar ratio
of 4:1

presence of such points of high stress concentration will
greatly increase the possibility of brittle failure. Specially,
ceramics and glasses have very high yield strengths, and

thus very little plastic deformation takes place at crack tips
in these materials. Even allowing for a small degree of
crack blunting, the local stress at the crack tip is still in
excess of the ideal strength and is thus large enough to
literally break apart the interatomic bonds there; the crack
then spreads between a pair of atomic planes giving rise to
an atomically flat surface by cleavage. In the vicinity of
regions in these figures, brittle cleavage fracture modes
were observed. The fracture surface has a faceted mor-
phology because of the different orientations of cleavage
planes in the grains. Cleavage fracture occurs by separation
along certain crystallographic planes having low Miller
indices [29, 30].

Effect of manufacturing process
Samples synthesized at ambient pressure generally had

high porosity (as high as 70 %) with a large number of
micro- and macro-cracks. The possible sources of the
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porosity were considered and as a result the manufacturing
process was modified in order to address these issues and
minimize the porosity [20]. In the modified manufacturing
process the particle size of the reactants was considered.
Then, the molten mixture of Cr and S powders was de-
gassed in a vacuum chamber (vacuum pressure = 95 kPa)
for about 20 min and at high temperature to maintain sulfur
in a molten state. After that, it was poured into a preheated
mold to prevent contact solidification of the melt. The
solidified reactive mixture was then placed in a pressurized
reactor and ignited in a high-pressure inert gas (Ar) envi-
ronment, by using an electrically heated tungsten wire
embedded in the sample. By igniting the sample above the
liquid—vapor critical point of sulfur, and cooling the sam-
ples slowly and directionally after the reaction, the porosity
inside the produced cermets was reduced to about 7 %, and
no cracks were observed inside the cermets.

To demonstrate the effect of these improvements in the
manufacturing process, we tested one primary sample,
which had 18.6 % porosity and contained thermal cracks,
as well as one of our final samples produced which had
7 % porosity with no cracks, but with the same composi-
tion (i.e., a Cr:S molar ratio of 1.15:1). As can be seen from
Fig. 13, the cermets which were fabricated with a Cr:S
molar ratio of 1.15:1 and had 18.6 % porosity and thermal
cracks, were brittle with a flexural strain less than 1 %, and
a flexural strength of 64.55 + 2.72 MPa. In comparison,
the cermets fabricated with the same Cr:S molar ratio, but
under the modified manufacturing process, had a flexural
strain of around 2 %, and a flexural strength of
44475 £+ 160.5 MPa.

Like the flexural strength test, the same two different
samples were tested to measure fracture toughness, i.e., the
first cermet sample had 18.6 % porosity with thermal
cracks and the second cermet sample had 7 % porosity

700

600

500 |

400

300

200

Flexural Strength (MPa)

100

Cr:S 1.15:1 molar ratio Cr:S 1.15:1 molar ratio
18.6 % porosity 7% porosity
thermal cracks no cracks

Fig. 13 Flexural strength of synthesized cermets with the same Cr:S

molar ratio but a different porosity and presence of cracks (or not)
within the cermet

@ Springer

with no cracks, each with the same Cr:S molar ratio. Ac-
cording to the ASTM standard E1820-01, the fracture
toughness of the cermets was determined to be 1.61 £ 0.44
and 2.36 + 0.35 MPa m'?, respectively (Fig. 14). All the
load—deflection curves indicated that the samples behaved
linearly near the beginning of the test up to peak values,
followed by catastrophic brittle fracture of the samples.

In summary, since materials synthesized with the SHS
process typically have a porosity of at least 20 % and
contain cracks, the modifications of the manufacturing
process lead to a significant reduction in sample porosity at
the microstructural level. Furthermore, these improvements
to the sample microstructure (for the case of a Cr:S molar
ratio of 1.15:1) improved the flexural strength and fracture
toughness by 589 and 46 %, respectively.

Ashby diagrams

The Ashby charts are useful in several ways. They con-
dense a large amount of information into a compact form,
they display relations between material properties, and they
are useful for the identification of optimum materials.
Some of the mechanical properties of materials are of
primary importance, in engineering design and also in
characterizing the material. These include the material
density, strength, modulus, and toughness [31]. Therefore,
to be able to compare the synthesized Cr—CrS cermets with
other materials, the ranges of the property values for this
material have been added to some of the Ashby charts. The
extension of the bubble-shaped region for Cr—CrS cermets
reflects its range of property values, obtained by varying
the Cr content.

Many applications and designs look for strength and
stiffness at minimum weight. Therefore, one of the most

w

N

Fracture Toughness (MPa.m'/’)

o

18.6 % porosity

7% porosity
thermal cracks no cracks

Fig. 14 Fracture toughness of synthesized cermets with the same
Cr:S molar ratio but different porosity and cracks within the
cermet
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useful of all the charts is shown in Fig. 15, which shows E/p
plotted against ¢/ p. In this chart, the word “strength” refers
to yield strength for metals and polymers, fear strength for
elastomers, tensile strength for composites and woods, and
Sflexural strength (modulus of rupture) for ceramics. For all of
them, the symbol oy is used. These are measures of “me-
chanical efficiency”, which means the use of the least mass
of material to do the most structural work. Composites lie at
the upper right. They emerge as the material class with the
most attractive specific properties which is one of the reasons
for their increasing use. Ceramics have high stiffness and
strength per unit weight, but their brittleness excludes them
from much structural use. Metals are penalized because of
their relatively high densities. Cr—CrS cermets fall on the
overlap area between composites and metals which prove
that they may perform better than many metals and ceramics
in structural applications.

Figure 16 shows another Ashby chart, in which the
fracture toughness is plotted against strength. In this chart,
the qualifications for “strength” are the same as before.
The diagram has applications in selecting materials for the
safe design of load bearing structures. Materials toward the
top left have high toughness and low strength. Thus, they

yield before they fracture. Materials toward the bottom
tight do the opposite—they fracture before they yield. Cr—
CrS cermets lie on the overlap area between technical ce-
ramics and composites which shows they behave similarly
to CFRP, SiC, Al,O3, WC, B,4C, etc. in these applications.

Considering these Ashby charts for material selection, it
can be concluded that cermets produced in this study can
be used in a variety of applications. They can be used as
ballistic armors, e.g., composite armor, tank armor, bul-
letproof vests, and with a metal they can perform as hybrid
composite armors. They have the ability to be used in a
very wide range of service temperatures, especially at high
temperatures since the melting point of chromium and
chromium sulfide is higher than 1000 °C. Thus, another
application of them is as a refractory material which can be
used as heating elements and in high-temperature kilns.
They can be used instead of Ti alloys in energy extraction
because of their good corrosion resistance and ability to
perform in elevated temperature service like Ti alloys. In
addition, they have better shear strength and wear proper-
ties compared with Ti alloys which makes them suitable for
this application. As can be seen from Fig. 17, these cermets
are also cheaper than Ti alloys [31, 32].
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Fig. 15 Specific modulus E/p plotted against specific strength a¢/p [31]

@ Springer



3444

J Mater Sci (2015) 50:3434-3446

1000 A
[Fracture toughness — Strength] Cr-CrScermets g /zisns Zg:ri 000 | 190 10
» dy, _Aowaloy .- "o
e - ———"" steels .- Metal’s/
Teld before -1 _ .-~ Stainless Steels 1 o7
fracture o " W alloys
d il loysS -
100 o ‘ e — Cu alloy: P
Design N Carbon
- guide lines ST e steels
g ¥ Zinc alloys Tialloys
€ I Mg alloys <Cast 0,01
g @B 4 5 irons .
S i0d.- 1/ 0 ) Lead alloys ! Composltes
‘é ’/’ ) Leather ¢~ 3 CFRP
X K, /0, Nontechnical lonomers”. P
[odint | . g O
g s ceramics - Sié :
@ ) o IN~_ Technical
= Silicone’ - A0s " ceramics
=X elastomers B,C
[¢] i 4 N
- e
o Concrete ~ Silicon
§ Butyl rubber = Silica glass
o Flexible polymer \ > Epoxies
w , foams \ /<L Soda glass
] ~———_Polymers and
m . J Polyurethane elastomers
N Isoprene
Negprene Fracture
Foams P eld
. Rigid polymer before yie
foams MFA, 09
0.01 :
T T T T T
0.1 1 10 100 1000

Strength ¢, (MPa)

Fig. 16 Fracture toughness Klc plotted against strength a¢ [31]

The cermets produced in the present study can also
perform well in a corrosive environment since Cr corro-
sion resistance is very good. Therefore, Cr—CrS cermets
can be used in all applications which involve exposure to
seawater or heavy water, such as for parts of ships or
naval structures. They can perform as protective coat-
ings to resist corrosion from liquid metals. Therefore,
they can replace stainless steel, Ni alloys, and Ti alloys,
and furthermore the manufacturing cost of the cermet is
lower than these materials. These cermets can be used
in the petroleum industry as pipes for natural gas ex-
traction since H,S gas within natural gas is very cor-
rosive but does not degrade the Cr-CrS cermets. As a
result, they can be used in any industry that involves
the use of H,S, such as in facilities for the separation
of heavy water from normal water, wastewater treat-
ment plants, and so on. By adding additional metal to
the composition, the fracture toughness may be in-
creased. In this case, Cr—CrS cermets can replace Al
alloys and steels used in many applications such as the
aerospace and automobile industries. The Cr—CrS cer-
mets have the added attraction of having about half the
density of steel.

@ Springer

Figure 17 shows the relative cost of different materials
based on the latest version of Ashby diagram [31]. The
estimated cost of raw materials for producing 1 kg of
cermet in the laboratory is about $5-9/kg, with the range in
the cost due to differences in the Cr content. As can be
seen, in terms of price/kg, the cermet fabricated is between
glasses and ceramics (e.g., silicon carbide, alumina, tung-
sten carbide, etc.). Therefore, in some applications where
these ceramics are needed, Cr—CrS cermets can be used
instead, because they are more inexpensive, easier to form,
faster to produce, flexible in a range of properties.

Conclusions

The aim of this work was to demonstrate the production of
dense cermets from original starting powders, to evaluate
their physical and mechanical properties, and to correlate
them with the chemical composition. This paper has
demonstrated the ability of the melt-casting SHS technique
developed here to produce near theoretical density
chromium/chromium sulfide ceramic—-metal composite
(cermet) articles of a desired shape. Dense specimens with
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cost about $1/kg, special materials cost much more [31]

Cr particles embedded in a chromium sulfide network were
obtained.

The microstructure, mechanical properties, and fracture
surfaces of CrS-based cermets have been investigated and
clearly observed. Also, the influence of Cr addition on the
microstructure and mechanical properties of Cr—CrS cer-
mets has been investigated. Although thermodynamics
predicts that 200 % excess Cr is the upper limit on the Cr
content that permits a self-sustained reaction to occur, in
this study the synthesis of the cermets was demonstrated to
be possible for a Cr:S molar ratio of up to four times the
stoichiometric value.

Mechanical properties were measured as a function of
Cr:S molar ratio. Quasi-static properties demonstrate the
role of chromium addition, which leads to an overall im-
provement of the mechanical properties of the fabricated
cermets. Statistical analysis was performed using one-way
ANOVA. P values less than 0.05 were considered to be
statistically significant in all tests. The differences in means
of each group were analyzed by analysis of variance
(ANOVA) with microhardness, flexural strength and frac-
ture toughness as the dependent variables, and the Cr:S
molar ratio (chromium content) as the independent factor.
ANOVA exhibited highly significant differences among
the tested composite materials for the mean values of

microhardness (p < 0.005), flexural strength (p < 0.01),
and fracture toughness (p < 0.05).

According to the manufacturing process of Cr—CrS
cermets that we conducted and described here, it is possible
to make these cermets as functionally graded materials,
because they can be cast layer by layer with different
compositions (various Cr contents) in a mold with desir-
able final shape of the article. Harder inclusions with dif-
ferent geometries and volumes (such as boron carbide or
silicon carbide) also can be embedded into sulfide ceramics
during the SHS process making a hybrid composite with
applications as a material for ballistic armor.
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