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Summary:

In the present investigation Mo2FeB2 based cermet (KH-C50) and its
composites containing SiC fibers were sintered in two different atmospheres
namely hydrogen and vacuum. It was observed that vacuum sintered
samples have remarkably lower porosities than the hydrogen sintered ones.
Two different sintering cycles were employed for each of the atmosphere and
properties of the material were studied. Introduction of fibers in the composite
imparts shrinkage anisotropy during sintering. Fiber containing cermets have
rather poor densification and transverse rupture strength (TRS). TRS, macro
and microhardness, and boride grain size measurements were also carried
out for the cermets sintered in different atmospheres.
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1. Introduction:

Transition metal borides and their application as engineering materials have
been intensively studied and outstanding properties of borides documented
[1]. Poor sinterability and extreme brittleness are the key technological
challenges in processing and fabrication of borides by powder metallurgy.
Reaction sintering is an innovative technique, utilizing reactive nature of
boron, to consolidate hard and brittle borides with low sinterability. Takagi et
al [2] described the basic principle of the new process as the enhancement of
reaction between boride and metal matrix. This is followed by densification of
cermet via liquid phase formation between ternary boride and metal matrix.

Raw materials used for the production of Mo2FeB2 based cermet (KH-C50)
are boride powders such as molybdenum boride, iron boride and powders of
iron, molybdenum, chromium and nickel. Earlier investigators [3,4] studied
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the phase evolution during reaction sintering of this material and proposed a
series of chemical reactions taking place at different sintering temperatures .
In the present investigation effect of sintering atmosphere on the properties of
the boride based cermet has been studied.

Ceramic matrix composites containing continuous fibers of another ceramic
phase is important for developing tough, particularly high stiffness end
products. Among all the ceramic fibers SiC is the most preferred one, as they
are conveniently produced by CVD process and have excellent properties.
Compatibility of the reinforcing phase i.e. fiber and the matrix is one of the
most important considerations in the development of such composites.
Adequate bonding between matrix and reinforcing phase is essential to
permit loading the fibers to maximum strength. In addition reaction between
the matrix and the fibers may greatly affect the end properties. Keeping this in
mind in the present investigation the effect of SiC fibers on ternary
molybdenum boride from the view point of processing and end properties are
studied. A lot of work as, reported on SiC fiber reinforced metal matrix
composites [9], but very little on ceramic matrix composites.

2. Experimental Procedure:

The Mo2FeB2 based boride cermet green material (KH-C50) used in the
present investigation was obtained from Toyo Kohan Co. Ltd., Tokyo, Japan
in the form of tape cast sheets of thicknesses 1.06 ± 0.02 mm and 0.48 ±
0.02 mm respectively. Around 50 vol. % Poly Vinyl Butyrl (PVB) based binder
and ethanol as a solvent were used to prepare these sheets.

Continuous SiC monofilaments (diameter lOO^m) manufactured by B. P.
Metal composites Ltd., England were used. The characteristics of the
monofilament are given in Table 1. Poly Vinyl Alcohol (PVA) granules
supplied by Burgoyne and Burbidges & Co., Mumbai, India were used.

The composition and particle size of various powders used in the experiment
are tabulated in Table 2.

In all the layered composites the planner area of green specimen was
maintained as 45 X 15 mm. SiC fibers were chopped to 45 mm length. The
number of fibers used for preparing each sample was calculated on the basis
of volume fraction calculation of the end composition. Fibers were layered on
to a green KH-C50 strip. Full care was taken to avoid overlapping and joining
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Table 1 Properties of continuous SiC monofilament

Fiber
Trade Name
Manufacturer
Type
Protection system
Chemical
Composition
(Wt. %)

Diameter, \im
Density, Mg/m3
Melting point, C
Elastic modulus, GPa
Tensile strength, GPa
Coefficient of thermal
expansion, / K

SiC
W
TiB2
C

SiC on W (CVD)
SM 1240
B. P. Metal Composites Ltd., England
Single
C + TiB2
85 to 90
5 to 8
3 to 5
2
100
3.4
2880
400
3.75
3.8 X10"6

Table 2 Characteristics of various powders

Powder
Mo2FeB2 based cermet 'KH-C50'
Toyo Kohan Co. Ltd.
Tokyo, Japan.

Aluminium, Grade MD-201
Alcan Metal Powders
New Jersey, USA.

Aluminium-bronze
Valimet inc.,
California, USA.

Copper
Amrut Industrial Products
Mumbai, India.

Composition
Molybdenum - 42.7%
Iron - 39.3%
Chromium-10.2%
Boron - 5.0%
Nickel - 2.8%

Aluminium - 99.3%

Aluminium - 8%
Iron- 1.5% (max.)
Copper - Rest

Arsenic (As) - 0.002%
Acid insoluble matter - 0.05%
Heavy metals (Pb) - 0.008%
Iron-0.005%
Sulphide - 0.005%
Copper - Rest

Particle Size

-

-400 mesh -
65.26 wt%

-100 mesh

-250 mesh
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of these fibers with each other. Solution of PVA granules in water (10 wt. %)
was used as interlamellar binder, while placing second boride strip over to it.
This was done in order to facilitate handling of green sandwiched composites.

In case of fibrous composites containing various interlamellar additives (2
vol. %) such as aluminium, copper or aluminium bronze powders, calculated
amount of these powders, was spread over the interface. Care was taken to
ensure uniform distribution of this powder on to interlamellar surfaces. Green
compaction load of approximately 100 kPa was manually applied on lamellar
compacts.

For debinding and sintering processes, the samples were placed on a
graphite boat puffed with hexagonal boron nitride powder and introduced into
laboratory type horizontal tubular furnace. Two sintering atmospheres namely
vacuum (0.1 mbar) and hydrogen was selected. The furnace had heating
zone of approximately 105 mm in the temperature range of 1250 °C-1350 °C
with an accuracy of ± 3 °C.

The time - temperature plot of the cycles is shown in Fig. 1. The cycle 'A' has
lower heating rate as compared to cycle 'B\ In cycle 'A' debinding is carried
out at 400 °C for 30 minutes, followed by sintering at 1245 °C for 30 minutes.
Cycle 'B' has debinding stage at 400 °C for 60 minutes, and a reduction stage
at 1000 °C for 60 minutes, followed by sintering at 1245 °C for 30 minutes. In
both cycles cooling was done in the prevailing atmosphere at an average rate
of 2-3 °C / min. For minimizing distortion during sintering a minor external
pressure (~ 200 Pa) in the form of graphite plate was exerted over the
samples. 1400

1000-

Cycle A

60 120 180 210 300 360 420 480
Time, min

Figure 1: The time -temperature plot of sintering cycles 'A' and 'B'
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Linear and volumetric shrinkages of the composites were calculated using
initial and final dimensions. The porosity in the sintered samples was
calculated using xylene impregnation technique [6].

X-ray diffraction studies on the green and sintered cermets were carried out
on Rich Seifert & Co., Germany make, ISO Debyeflex - 2002 diffractometer
using CuKa radiation.

Vickers macrohardness of the polished specimens were measured on Leco
V-100 - C1, hardness tester of Akashi Corporation, Japan. The load of 10 kg
and indentation time of 15 s was maintained. Vickers microhardness of the
samples was measured using Leitz Miniload Microhardness tester
manufactured by Leitz Wetzlar, Germany. A load of 0.5 kg and indenting time
of 30 s was maintained.

The transverse rupture strength (TRS) of the layered boride cermet and their
composites were performed on Instron 1195 material testing machine using
three point bend test. For all the tests a full scale load of 0.5 kN, crosshead
speed of 0.1 mm/min, and span length of 23 mm was maintained.

For optical microstructural studies, the usual sample preparation was
followed with the final polishing using 0.3|am alumina slurry. Etching was
done either using Nital (2 % HNO3 in alcohol base) or PPP reagent. The
composition of PPP reagent is given below [5].
10g - K3[Fe(CN)6], 1g - K4[Fe(CN)6].3H2O, 30g- KOH, 100g - H2O.

The action of the latter etchant as coloring reagent for refractory boride is
rather slow, so either it is applied at elevated temperature (60 °C) or for few
minutes at ambient temperature. Boride grain size measurement for the
sintered cermets was carried out by intercept method.The fractured surfaces
of the TRS tested samples were observed using JEOL, JSM-840A, Scanning
electron microscope (SEM) in secondary electron imaging mode.

3. Results and Discussion:
3.1. Sintering of Layered Boride Cermet
3.1.1. Nature of Sintering and Boride Grain Morphology

As already mentioned in the earlier section, consolidation of ternary boride
based cermet is achieved through reaction sintering. Chromium forms
substitutional solid solution with ternary boride Mo2FeB2 resulting into (Mo,



D. Rao et al. RM43 317
15" International Plansee Seminar, Eds. G. Kneringer, P. Rddhammerand H. Wildner, Plansee Holding AG, Reulte (2001), Vol. 1

Fe, Cr)3B2, the presence of such boride has been confirmed by earlier
investigation [4]. In the sintered form few peaks of Fe (binder matrix) and
Fe2B (unreacted lower boride) are also detected. The appearance of new
phases and disappearance of old ones clearly establishes reactive nature of
sintering.

The metallographic studies reveal that in nital etched condition it is rather
difficult to differentiate between individual and coalesced boride grains (Fig.
2a). When PPP reagent is employed, (Fig. 2 b), the boride grain morphology
becomes clearly visible. Boride grains have rectangular facets with average
size less than 3u.m. An insignificant variation in the boride grain morphology
and size after any sintering cycle was noticed. This implies that variation in
mechanical properties of the cermet after sintering in hydrogen and vacuum
is primarily due to change in the porosity level.

iSp^f^^fî ;^;'

IKS
Figure 2: Optical micrographs of vacuum sintered boride cermet etched in

different etching media (Sample 2, Table 4); (a) etched with Nital
(b)etched with PPP reagent

3.1.2. Densification Behaviour

The vacuum sintered cermet samples have remarkably lower porosities than
those sintered in hydrogen. It is observed that interlamellar air entrapment is
the major contributor to the overall porosity of the sample. Hydrogen as
sintering atmosphere could not cause this entrapped air to escape out fully.
On the other hand in vacuum, the porosity level in the sintered compacts
drops down. In order to improve interlamellar bonding, Poly Vinyl Alcohol
(PVA) solution was employed as binder during green compaction stage
(Sample land 2, Table 3). Complete removal of PVA is assured during
debinding stage (400 °C) in the sintering cycle. Optical micrographs (Fig. 3 a
and b) confirm development of better interface after PVA incorporation. The
PVA was therefore invariably incorporated as a mandatory step in the rest of
investigations.
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Figure 3: Optical micrographs of interface of hydrogen cycle 'A' sintered
boride cermet; (a) without PVA binder (Sample 1, Table 3)

(b) with PVA binder at interface during green compaction
(Sample 2, Table 3)

The densification for the multilayered cermet (Sample 3, Table 3) was inferior
to that for double layered sample (Sample 2, Table 3). This is mainly due to
the increased possibility of air entrapment between the lamellar interfaces.

In case of vacuum sintered samples, cycle 'B' offered better densification
than cycle 'A'. This may be attributed to the better debinding and reduction at
the isothermal hold of 60 minutes at 1000 °C. On the other hand, when cycle
'B' was followed in case of hydrogen the results were not encouraging
(Sample 12, Table 3). The reason behind this reversed trend is not clear.

3.1.3. Mechanical Properties

In case of vacuum sintered straight boride cermet, the transverse rupture
strength (TRS) was much higher than that for hydrogen sintered one.
Moreover cycle 'B' vacuum sintered cermets have higher TRS(636 MPa) than
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Figure 4: Properties of hydrogen and vacuum sintered boride cermet
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cycle 'A' sintered ones (421 MPa). The TRS values obtained are however
much lower as compared to maximum reported values of 1.6-2.0 GPa [3,5].
This difference can be attributed to the sample geometry. The presence of
even a minor flaw or surface irregularity would severely affect strength in
thinner cross-sections. Hydrogen cycle 'B' sintered cermets show poor TRS,
as compared to cycle 'A' sintered ones. Similar to TRS, micro and
macrohardness values of the cermets sintered in vacuum are more than for
those sintered in hydrogen. For the sake of comparison, the properties of
hydrogen cycle 'A' and vacuum cycle 'B' sintered cermets are shown in Fig.
4, which reflects the effect of porosity on the strength.

3.2. Sintering of Layered Composites of Mo2FeB2 Based Cermets
containing SiC Fibers
3.2.1. Densification Behaviour

Similar to straight cermets the amount of retained porosity in the composites
was found to depend largely on the sintering environment. As already
described, the densification of boride cermet (KH-C50) proceeds through
liquid phase sintering. Presence of external pressure during sintering has little
effect over densification of the straight cermet. Presently, it is observed that a
minor external load (~200 Pa) helps in controlling distortion and enhancing
interlamellar bonding (Sample 4 and 5, Table 3). It does so by reducing the
possibility of air entrapment at the interface. Fig. 5 shows the variation of %
porosity in the composites with respect to volume fraction of SiC fibers,
corresponding to different sintering atmospheres and cycles. Vacuum
sintered composites have better densification than hydrogen sintered ones.

Figure 5: Variation of percentage porosity in the composites with volume
percent of SiC fibers and sintering cycles
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The justification for which is similar as that in case of straight cermet. Porosity
level increases when fibers are introduced between cermet lamellae. Due to
poor wetting between SiC fiber and boride cermet, the presence of fibers
hinders interlamellar bonding. The increased irregularity at the fiber
containing interface is evident from metallographic examinations.

It is interesting to note that for the same volume fraction of fibers (2 vol. %),
when the number of boride layers were increased from 2 to 3, the
densification and mechanical properties deteriorate (Sample 6 and 10, Table
3). In principle, as the contiguity of SiC fibers among each other decreases, in
case of 3 layered composite, the reverse should have occurred. It is
attributed to the fact that the free junction of the layered composites gets first
sealed due to emergence of melt, thus leaving the pores within the bulk
unhealed.

Fig. 6 illustrates that when fibers are introduced between the cermet lamellae,
the shrinkage of composite along the fiber laying direction drops to maximum,
as compared to the shrinkages along other two directions i.e. width and
thickness. This anisotropy in shrinkage of composites was observed
irrespective of sintering atmosphere and cycle. The reason being that the
fibers touching the cermet layer hinders the shrinkage along the direction of
maximum contact. This hindrance will be more if the number of fibers in
contact with cermet interface is more. This justifies the further drop in
longitudinal shrinkage of the composites with increasing volume fraction of
the fiber.

50
O Hydrogen Cycle A
A Hydrogen Cycle's'
a Vacuum Cycle - '
• Vacuum Cycle'3'

0 1 2 3 4 5
Vol.'/. o1 SiC Fibers

Figure 6: Variation of linear shrinkage of the composites in fiber direction with
volume percent of SiC fibers and sintering cycles

In an attempt to improve wetting between SiC fibers and cermet, metallic
powders of aluminium, aluminium bronze and copper (2 vol. %) were applied
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individually at the interfaces containing SiC fibers of the composite. The
sample containing aluminum powder as an interlamellar additive in 2 vol. %
SiC composite, yielded very poor bonding and was fragile in nature (Sample
7, Table 3). Literature [10] suggests that when SiC and aluminium are in
contact at elevated temperatures several solid solution phases and
compounds may appear depending on kinetic constraints. The formation of
AI4C3 takes place in the vicinity of the interface. The possibility of ternary
carbide AI4C3.SiC at the present sintering temperature is ruled out. The
formation of binary AI4C3 appears to prevent bonding with the boride cermet
substrate.

Aluminum bronze (Sample 8, Table 3) addition gave better results than pure
aluminum, while copper powder addition gave even better TRS values. One
fact emerges clearly that all the above additives deteriorate the interlamellar
bonding and no useful purpose is achieved. The fractographs of the samples
with and without interlamellar additive (Fig. 7) shows the non-wetting nature
of additive in the fiber-cermet system. Literature [7] does confirm higher angle
of contact between refractory borides and the metallic melt. The results
confirm the successful application of Mo2FeB2 based cermet parts to hot
metal dies and extrusion equipment's for aluminium, copper and their alloys,
where nonwetting is desirable [8].

Figure 7: SEM fractographs of 2 vol. % SiC lamellar composites with and
without interlayer metallic additive; (a) no interlayer additive
(Sample6, Table 3) (b) 2 vol. % aluminium-bronze as interlayer
additive (Sample 8, Table 3)

3.2.2. Mechanical Properties

Fig. 8 shows the variation of TRS of the composites sintered in different
manners. The TRS is primarily controlled by the porosity levels. Introduction
of fibers lowers the TRS of the composite as compared to the straight boride
cermet. The vacuum sintered composites according to cycle 'A' are exception
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to this trend, the reason for which is not clear. However, an increase in the
fiber content from 2 vol. % to 4.4 vol. %, invariably lowers the TRS.

Vol. V. of SiC Fibers

Figure 8: Variation of TRS of composites with volume percent of SiC fibers
and sintering cycles

4. Conclusions:

• Increasing the number of stacked cermet layers, the percentage porosity
of the layered straight boride cermet increases.

• Vacuum sintering results in better densification and mechanical properties
as compared to hydrogen sintering.

• Mo2FeB2 ternary boride grains have rectangular facet morphology and
average grain size of less than 3 urn, which show insignificant variation in
cermets sintered in either of atmospheres and cycles.

• An imposed minor external load (~ 200 Pa) during sintering of SiC fibrous
composites helps in controlling distortion and air entrapment.

• Presence of SiC fibers at the interface hinders in bonding. 2 vol. % SiC
fiber composites usually have higher percentage porosity and lower TRS
than straight cermets sintered in the same manner. On increasing the vol.
% of SiC fiber in the composite, the TRS invariably falls.

• Interlamellar metallic additives e.g. copper, aluminium and aluminium-
bronze invariably reduce the TRS of the composite due to their poor
wetting with refractory borides.
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