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Abstract

Chromium borides of various phases were fabricated through combustion synthesis in the mode of self-propagating high-temperature synthesis
(SHS) by adopting the powder compacts of Cr,O3 + xB (with x = 4-9) and Cr,O3 + 2Al + yB (with y = 1-8). Because aluminothermic reduction of
Cr,05 is more exothermic than borothermic reduction, the reaction temperature and combustion front velocity of the Al-added samples are much
higher than those of the Cr,O3;—B samples. In agreement with the composition dependence of reaction exothermicity, the fastest combustion wave
was observed in the compact with x = 6 for the Cr,O5—B sample and y = 4 for the Cr,O3;—Al-B sample. According to the XRD analysis, CrsB3, CrB,
and CrB, were produced in the monolithic form respectively from the Cr,O3;—B samples of x = 4, 5, and 9, or in the composite form from samples of
other stoichiometries. On the other hand, five different borides were identified in Al,Oz-added products. Among them, Cr,B, CrB, and CrB, were
yielded as the sole boride compound from the Al-added samples of y = 1.2, 3, and 7 or 8, respectively. CrsB; and Cr;B, were produced along with
CrB as the secondary phase. Based upon experimental evidence, it was found that an excess amount of boron in the reactant mixture was required to

facilitate the formation of chromium borides.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

It has been well recognized that combination of their high
melting point, high hardness, good electrical and thermal
conductivity, chemical inertness, and excellent wear and
corrosion resistance makes transition metal borides, such as
TiB,, ZrB,, HfB,, and TaB,, potential candidates for high-
temperature structural applications [1,2]. So far, a variety of
transition metal borides have been produced from their
constituent elements through combustion synthesis in the
mode of self-propagating high-temperature synthesis (SHS) [3—
7]. However, when direct combustion between the metal and
boron is not feasible due largely to insufficient exothermicity,
the SHS process involving borothermic reduction of metal
oxides has been considered as an alternative of preparing the
corresponding metal borides [8—10]. Metallic elements of the
IVB and VB groups are members of the former, while those of
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the VIB group (Cr, Mo, and W) belong to the latter.
Consequently, molybdenum borides (Mo,B, MoB,, and
Mo,Bs) were produced from the SHS process simultaneously
involving borothermic reduction of MoO; and elemental
interaction between Mo and boron [9]. Likewise, tungsten
borides (WB and W,Bs) were fabricated from self-sustaining
combustion of the powder compacts composed of WO3, W, and
boron [10]. Nevertheless, available literature on the preparation
of chromium borides by combustion in the self-propagating
mode is very limited.

For the Cr-B system, six chromium borides (Cr,B, CrsB3,
CrB, Cr;B4, CrB,, and CrB4) shown in Fig. 1 have been
reported [11]. Among them, CrB, is the most stable compound
with a melting point of 2200 °C and is a potential candidate as
the structural material, hard coating on cutting tools, and
protective layer on mechanical parts to resist wear and
corrosion [12,13]. As an additive, CrB, improves the
mechanical and electrical properties and oxidation resistance
of B4C [14,15]. On the preparation of chromium borides, CrB,
has been the most produced phase. lizumi et al. [16] obtained
CrB and CrB; in pure form by milling chromium and boron
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Fig. 1. Phase diagram of Cr—B binary system [11].

powders in a planetary ball mill for 2040 h, followed by
annealing at 900-1000 °C for 2 h. Peshev et al. [17] conducted
borothermic reduction of Cr,O5 at 1600 °C to produce CrB,.
Through self-propagating combustion involving reduction of
Cr,05 by amorphous boron, Yeh and Wang [18] fabricated three
chromium borides, Crs;B3, CrB, and CrB,, in either monolithic or
composite form from powder compacts with different molar
ratios of B/Cr,0O5. As reported by Sonber et al. [19], CrB, was
synthesized through reduction of Cr,O5 by B4C in the presence of
carbon at 1700 °C for 2 h. The optimum sample composition for
the formation of single-phase CrB, was found to be
Cr,03:B,C:C =1:1.2:1.31, which contained excess boron to
compensate for the loss of boron as B,O5 evaporated [19].

In contrast to the aforementioned time-consuming and
energy-intensive methods, the SHS process takes advantage of
the self-sustaining merit from exothermic reactions and hence
has the potential of time and energy savings [20]. However,
self-sustaining combustion cannot be achieved for an elemental
Cr-B powder compact due to weak exothermicity. Therefore,
this study attempts to incorporate the borothermic and
aluminothermic reduction of Cr,Oj5 into the synthesis reaction
of chromium borides. Such a fabrication route aims at gaining a
benefit from the large reaction enthalpy of metallothermic
reduction of Cr,O3 to facilitate combustion synthesis in the
SHS manner. When Al is adopted as the reducing agent, the
synthesis reaction represents an in situ procedure of preparing
Al,O3-reinforced materials and has been applied to produce
composites, like TiB,—Al,O3, ZrB,—Al,03, TiC-Al,0;, TiAl-
Al,O3, etc. [21-24]. The addition of Al,O; was shown to
improve the fracture toughness, flexural strength, and impact
resistance of the composite [23-26]. The specific objective of
this study is to conduct a comparison between the SHS

processes involving borothermic and aluminothermic reduction
of Cr;O3. Not only are chromium borides formed from
combustion investigated, but also combustion characteristics
are explored, including the sustainability of combustion, flame-
front velocity, and combustion temperature.

2. Experimental methods of approach

Chromium oxide Cr,O3 (Showa Chemical Co., 99% purity),
amorphous boron (Noah Technologies Corp., 92% purity), and
Al (Showa Chemical Co., <45 pm, 99.9%) powders were
employed as the starting materials to prepare two types of the
powder mixtures. One is composed of Cr,O5 and boron with a
molar composition of Cr,O5 + xB. The value of the parameter x
ranges between 3 and 10 for covering the entire stoichiometry
of six chromium borides. The other type of the sample adopts
Al as the reducing agent and is formulated by the molar
proportion of Cr,O3 + 2Al + yB with y =1-8. The synthesis
process of the Cr,O3;-B sample essentially combines the
reduction of Cr,O3 by B to form elemental Cr and B,O5 as a by-
product and the interaction between the reduced Cr and B to
yield boride compounds. On the other hand, chromium borides
are produced along with Al,O5; from the samples containing
Cr,03, Al, and B powders. The following reactions are two
examples of the formation of CrB and CrB, from stoichiometric
Cr,05-B and Cr,03;-Al-B samples, respectively.

Cr,03 4+4B — 2CrB + B,03 (D)
Cr,03 +2Al1 + 4B — 2CrB; + Al,O3 2)

The reactant powders with a prescribed composition were
dry mixed in a ball mill and then cold-pressed into cylindrical
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test specimens with a diameter of 7 mm, a height of 12 mm, and
a compaction density relative to 45% of the theoretical
maximum density (TMD). The SHS experiment was conducted
in a stainless-steel windowed chamber under an atmosphere of
high-purity argon (99.99%). The sample holder is equipped
with a 600 W cartridge heater used to raise the initial
temperature of the sample prior to ignition. Details of the
experimental setup and measurement approach were reported
elsewhere [27]. It was found that in order to achieve self-
sustaining combustion, the preheating temperatures (1;,) of 300
and 200 °C were respectively required for the Cr,O3;-B and
Cr,0O5-Al-B samples. Besides, the Cr,O3-B sample needs a
Ti—C pellet with an atomic ratio of Ti:C = 1:1 placed on its
upper plane to serve as an ignition enhancer which is triggered
by a heated tungsten coil. A lower preheating temperature and
no need of an ignition enhancer for the Cr,O3;—Al-B sample
suggest that the SHS process involving reduction of Cr,O5 by
Al is more exothermic and easier to proceed than that based
upon borothermic reduction of Cr,Os;. According to the
thermochemical data from Ref. [28], the reaction heat (AH,)
per one mole of the product formed and adiabatic temperature
(T,q) of the displacement reaction of Cr,O3; with Al (i.e.,
1/3Cr,03 +2/3A1—2/3Cr + 1/3A1,03) are —180.3 kJ/mol
and 2164 K, respectively. However, both AH, (=—45.7 kJ/mol)

-
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t=3.53s t=3.87s t=4.20s t=4.53s
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and T,4 (=1257 K) are much lower for borothermic reduction of
Cr203.

3. Results and discussion
3.1. Observation of combustion characteristics

Fig. 2(a) and (b) illustrates typical SHS sequences associated
with solid-state combustion of the Cr,0O3—-B and Cr,0s;—-Al-B
powder compacts, respectively. It is evident that the distinct and
nearly parallel combustion front forms upon ignition and
propagates along the sample in a self-sustaining manner. For
the powder compact of Cr,O5:B = 1:5 shown in Fig. 2(a), the
combustion wave traverses the entire sample in about 5.20 s
and accompanies a shrinkage of the burned sample. It is
believed that formation of molten B,O5 (with a low melting
point of 460 °C) during combustion causes contraction of the
sample and subsequent densification of the final product. When
compared with those observed in Fig. 2(a), a brighter burning
glow and a faster combustion front are noticed in Fig. 2(b) for
combustion of an Al-added sample with stoichiometry of
Cr,05:Al:B = 1:2:3. This is due most likely to the greater
exothermicity for reduction of Cr,O3 by Al than that by boron.
However, the Al-added compact experienced a less degree of

t=220s t=320s

|

t=487s t=520s t=6.40s

t=037s t=043s t=047s

t=053s t=0860s t=073s

t=0.80s

t=0.87s t=083s t=1.00s

t=103s t=203s t=3.03s

Fig. 2. Recorded SHS sequences illustrating self-sustaining propagation of combustion along powder compacts with molar proportions of (a) Cr,O3:B = 1:5 and (b)

Cr,03:Al:B = 1:2:3.
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Fig. 3. Effect of molar ratio of B/Cr,0; on flame-front propagation velocity of
Cr,03-B and Cr,05;-Al-B powder compacts.

the sample shrinkage during combustion, since the by-product
formed was Al,Oj3 rather than B,Os.

3.2. Measurement of flame-front propagation velocity

The propagation velocity (Vy) of the combustion front was
determined from recorded SHS images. As presented in Fig. 3,
the flame-front velocity is significantly affected by the molar
ratio of B/Cr,03 of the reactant mixture and by the substitution
of Al for boron as the reducing agent. Although the samples of
Cr,03 + xB with x =3-10 were conducted in this study, the
experimental observation indicated a stoichiometric range for
self-sustaining combustion residing in 4 <x <9, beyond
which combustion ceased to propagate and quenched. This
implies a lack of sufficient reaction exothermicity for the
Cr,05-B samples with x =3 and 10. Moreover, as shown in
Fig. 3, there exists a sample composition under which the
combustion wave velocity reaches a maximum. Namely, with
the increase of the boron content from x=4 to 9, the
combustion wave velocity increases from 0.86 mm/s to a peak
value of 2.56 mm/s at x =6, and then decreases to about
1.25 mm/s for the compact containing boron at x =9.

On the other hand, self-propagating combustion was
achieved for all stoichiometries of the Cr,Os+ 2Al+ yB
samples with y = 1-8, and the associated flame-front velocities
were around tenfold higher than those of the Cr,O3—B samples.
It is interesting to note that as revealed in Fig. 3, the variation of
flame-front velocity of the Cr,O;—Al-B sample with molar
ratio of B/Cr,03 is in a similar manner to that exhibited by the
Cr,0O5-B sample. For the Al-added reactant compacts, the
maximum flame-front velocity reaching 18.5 mm/s was
observed under the boron content of y =4. The composition
dependence of the combustion velocity is generally in
agreement with that of reaction exothermicity. The exothermi-
city of combustion synthesis could be complicated by different
boride phases formed in the final product, the extent of
metallothermic reduction involved in the overall reaction, and
the dilution effect of excess boron.

1000

45% TMD Samples with T, = 300 °C
900 - Stoichiometry: Cr,0O, + xB

x=6

800 A

700 A

600 -

500 -

400 A

Combustion Temperature, T (°c)

300

Time (s)

Fig. 4. Effect of boron content on combustion temperature of powder compacts
with stoichiometry of Cr,O3; + xB.

3.3. Measurement of combustion temperature

The combustion temperature serves as a good indication of
the reaction exothermicity. For the Cr,O3;—B powder compacts,
four temperature profiles depicted in Fig. 4 show an increase in
the sample temperature as the combustion front approaches and
a mild decrease after the passage of the reaction front. As far as
the sample stoichiometry is concerned, the increase of the
combustion front temperature from 675 to 830 °C is noticed in
Fig. 4 with boron content from x = 4 to 6, followed by a decline
as the amount of boron augments further.

In comparison with those observed for the Cr,Os—B
samples, Fig. 5 reveals a steeper climb and the larger
magnitude of the temperature for the Cr,O;—Al-B samples.
The abrupt rise in temperature signifies the rapid arrival of the
combustion front. The higher temperature is a consequence of
the fact that the synthesis reaction involving Cr,O; under
aluminothermic reduction is more energetic than that subjected
to borothermic reduction. As indicated in Fig. 5, with
increasing boron from y=1 to 8 the peak combustion
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Fig. 5. Effect of boron content on combustion temperature of powder compacts
with stoichiometry of Cr,O3; + 2Al + yB.
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Fig. 6. XRD patterns of products synthesized from samples of Cr,0O3 + xB with
(@x=4,(b)x=5(c)x=6,and (d) x=7.

temperature rises from about 1230 to 1580 °C at y = 4, after that
a fall to 1390 °C is seen. Most importantly, the variation of
combustion temperature with sample stoichiometry is in a
manner consistent with that of flame-front velocity.

3.4. Phase constituents and morphology of synthesized
products

Fig. 6(a)—(d) plots the XRD patterns of synthesized products
from the Cr,O5-B samples. According to the XRD analysis,
single-phase CrsB5 and CrB were produced from the samples of
x=4 and 5, respectively. The reactant compacts with B/
Cr,05 = 6 and 7 yielded CrB—CrB, mixtures, within which the
fraction of CrB, increases with molar ratio of B/Cr,O5. Further
increase in boron, such as the stoichiometry of Cr,O3 + 9B, led
to the formation of CrB, as the only boride phase in the end
product. No detection of B,O3 by XRD is due probably to its
glassy nature. Besides, previous studies [9,10,19] reported that
the majority of B,O; yielded from borothermic reduction of
metal oxides could be evaporated or voluntarily expelled in the
form of very tiny liquid droplets from the porous sample, thus
resulting in the absence of B,0; in the final product.

A list of chromium borides formed from the Cr,O;-B
samples of different stoichiometries is presented in Table 1,
indicating formation of three boride phases. Moreover, an
additional quantity of boron was found to be required for the
yield of boride compounds. For example, the sample with x = 4
produces CrsBj rather than CrB, which is the stoichiometric
phase to be formed based upon reaction (1), while the sample
with a molar proportion of Cr,05:B = 1:5 favors the formation

Table 1
Summary of phase composition of synthesized products with respect to their
initial stoichiometry of Cr,O5; + xB samples.

Value of x in Phase composition of synthesized products

Cr,03 + xB
Dominant boride Secondary boride
4 CrsB;
4.67 CrB Cl'5B3
5 CrB
6 CrB CrB,
7,8 CrB, CrB
9 CI’Bz

of CrB. The need of an excess amount of boron is partly to
compensate the relatively low purity of amorphous boron about
92%, and in part to account for the loss of boron due to
evaporation during the SHS process. According to Peshev et al.
[17], the loss of boron as BO in the borothermic reduction of
Cr,0; was responsible for the presence of a boron-deficient
phase CrB along with CrB, in the final product. Here the
absence of Cr,B and CrB, resulted mainly from no combustion
for the green compacts intended for their formation. Another
compound Cr;B, representing an intermediate phase between
CrB and CrB, was not detected, implying that it is less stable to
exist than CrB and CrB,.

The XRD patterns depicted in Fig. 7(a)-(e) show phase
constituents of the products synthesized from the Cr,0O;—Al-B
samples. The presence of Al,O3 confirms the role of Al as the
key reducing agent of Cr,Oj;. Except CrB, there are five
chromium borides identified in Fig. 7. Moreover, Fig. 7(a), (c),

Stoichiometry: Cr,0, + 2Al + yB o Cr,B A CrB,
(@y=12 vV CrB, ¥ CrB,
v CB e ALO,

A\
\%
s v v v | v * U
& o
> -
-‘Uz" (C}Y's ."'
[ =
L2l . . s .
£ M b v vy o
dy=4 v
A (]
0 A A A.A [ ] o ®
A - Al vla

Fig. 7. XRD patterns of products synthesized from samples of Cr,O5 + 2A-
1+yB with (a) y=1.2, (b) y=2, (¢c) y=3, (d) y=4, and (e) y=7.
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Fig. 8. SEM micrographs of fracture surfaces of products synthesized from
samples of (a) Cr,0;:B=1:8, (b) Cr,0O3:AlB=1:2:3, and (c)
Cr,03:AlB = 1:2:7.

and (e) indicates the yield of Cr,B, CrB, and CrB, as the only
boride phase from the green compacts with y=1.2, 3, and 7,
respectively. Table 2 summarizes the dominant and secondary
borides formed in the final products with respect to their initial
compositions. It was found that CrsB; and Cr;B, were
produced along with other borides and were recognized as the
dominant boride in the cases of y=2 and 4, as shown in
Fig. 7(b) and (d). The presence of Cr;B, implies that the SHS
process of the Al-added sample is more favorable for the
formation of complex or metastable phases, on account of its

Table 2
Summary of phase composition of synthesized products with respect to their
initial stoichiometry of Cr,O; + 2Al + yB samples.

Value of y in Phase composition of synthesized products

Cr203 +2Al + yB

Dominant boride Secondary boride Oxide
1.2 Cr,B ALO;
1.5 CrzB CI'5B3 A1203
2 CrsB; CrB AlLO;
3 CrB Ale';
4 Cr;By CrB AlLO;
5, 6 CI'B2 Cr3B4 Ale';
7,8 CrB, AlLO;

sharp thermal gradient and rapid cooling rate. In addition,
excess boron was also required by the Cr,03;—Al-B samples to
produce chromium borides. Therefore, the absence of CrBy
could be due to a deficiency of boron or its limited existence
range shown in Fig. 1.

Fig. 8(a)—(c) shows SEM micrographs of the fracture surface
of synthesized products. The microstructure associated with the
product fabricated from the sample of Cr,O5:B=1:8 in
Fig. 8(a) exhibits a mixed fracture mode with more of
transgranular and less of intergranular. Boride grains of about
3-5 wm are likely to be formed from the melt. For the Al-added
powder compacts of Cr,O5:Al:B = 1:2:3 and 1:2:7, Fig. 8(b)
and (c) indicates an intergranular fracture. The grain size is
about 8—12 pwm and fine gaps of around 1-2 pwm are visible at
grain junctions. Generally speaking, the longer duration of
synthesis for the Cr,0;—B sample could contribute a better
particle bonding to the final product.

4. Conclusions

This study presents an investigation on the preparation of
chromium borides through the SHS process involving
borothermic and aluminothermic reduction of Cr,Os. In view
of the existence of six chromium borides (Cr,B, CrsBs, CrB,
Cr;B4, CrB,, and CrBy), the reactant mixtures were prepared
with a broad range of the boron content.

Formation of chromium borides based upon borothermic
reduction was conducted by adopting the samples of
Cr,03 + xB with x = 3-10. However, self-sustaining combus-
tion is feasible within a stoichiometric range of 4 < x < 9. With
the increase of the boron content, the temperature and velocity
of the combustion front increased, reached their maxima of
830 °C and 2.56 mm/s at x = 6, and then decreased. Based upon
characterization of the products by XRD, three boride phases
CrsBj, CrB, and CrB; in the monolithic form were produced
from samples of x =4, 5, and 9, respectively. They are also
present as a CrB—CrsB; composite from the sample of x = 4.67
or a CrB-CrB, composite from samples of x =6-8. It was
found that an excess amount of boron was required for the
formation of boride compounds.

For combustion synthesis involving aluminothermic reduc-
tion of Cr,03, the powder compacts composed of Cr,O3 + 2A-
1+yB with y=1-8 were all combustible and Al,O3-added
chromium borides were produced. On account of the greater
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exothermicity for reduction of Cr,O3 by Al, the combustion
temperature (1230-1580 °C) and flame-front velocity (7.6—
18.5 mm/s) of the Cr,O3;—Al-B samples are much higher than
those of the Cr,O3—B samples. The XRD patterns identify the
formation of five chromium borides in the Al,Oz-added products.
Among them, Cr,B, CrB, and CrB, are present as the sole boride
compound in the cases of y=1.2, 3, and 7 or 8, respectively;
CrsB; and Cr;B,, were synthesized along with CrB as the minor
phase from the corresponding samples of y = 2 and 4. Likewise,
the Cr,03—Al-B reactant compact needs boron in excess of the
stoichiometric amount to produce chromium borides.
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