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Abstract: Combustion synthesis involving metallothermic reduction of Fe,O; and TiO, was conducted in the mode of
self-propagating high-temperature synthesis (SHS) to fabricate FeAl-based composites with dual ceramic phases,
TiB,/Al,05 and TiC/Al,O;. The reactant mixture included thermite reagents of 0.6Fe,05+0.6TiO,+2Al, and elemental
Fe, Al, boron, and carbon powders. The formation of xFeAl—0.6TiB,—Al,O; composites with x=2.0-3.6 and
yFeAl-0.6TiC—Al,O5 composites with y=1.8—2.75 was studied. The increase of FeAl causes a decrease in the reaction
exothermicity, thus resulting in the existence of flammability limits of x=3.6 and y=2.75 for the SHS reactions. Based
on combustion wave kinetics, the activation energies of £,=97.1 and 101.1 kJ/mol are deduced for the metallothermic
SHS reactions. XRD analyses confirm in situ formation of FeAl/TiB,/Al,03; and FeAl/TiC/Al,O; composites. SEM
micrographs exhibit that FeAl is formed with a dense polycrystalline structure, and the ceramic phases, TiB,, TiC, and
AlL)O3, are micro-sized discrete particles. The synthesized FeAl-TiB,—Al,03 and FeAl-TiC—Al,O3; composites exhibit
the hardness ranging from 12.8 to 16.6 GPa and fracture toughness from 7.93 to 9.84 MPa-m"?.
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1 Introduction

FeAl and NiAl are important intermetallic
compounds  for  high-temperature  structural
applications, due to inexpensive raw materials, high
melting point, low density, good heat resistance,
and excellent high-temperature oxidation and
sulfidation resistance [1—4]. Because of high
mechanical durability and outstanding corrosion
resistance, porous FeAl alloys are considered as
competitive filtration materials for efficient
separation of solids and reduction of hazardous
emission from hot feed gas streams [5—7].
Considerable efforts have been made to improve the
mechanical strength and wear resistance of FeAl
and NiAl by reinforcing intermetallics with hard
ceramic compounds, such as TiB,, TiC, TiN, WC
and ALLO; [8—14].

A number of fabrication methods have been

utilized to produce FeAl-based composites with
ceramic  reinforcements, including  liquid-
phase sintering [8], mechanical alloying [9],
pulsed current sintering [10,11], and thermal
explosion [6,7,12]. Alternatively, combustion
synthesis in the mode of self-propagating
high-temperature synthesis (SHS) has the merits of
high energy effectiveness, short reaction time,
simplicity of operation, good purification capability,
a diversity of products, and in situ formation of
composite components [13—16]. The SHS reactions
between metallic reactants (such as Ti, Al and Fe)
are generally less exothermic than those between
metals (e.g., Ti, Zr and Ta) and non-metals (e.g., B,
C and N) [16]. Because formation enthalpies of iron
aluminides are too low to synthesize FeAl and
Fe;Al through direct combustion between elemental
Fe and Al, there have been few studies on the
formation of FeAl-based composites by the SHS
method. Lately, LIU et al [7,12] took advantage of
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highly-exothermic reduction of Fe,O; by Al and
produced FeAl-Al,O; composites from thermite-
containing reagents of Fe, Al and Fe,O; via a
thermal explosion process followed by sintering at
1100 °C for 1 h.

The objective of the present study was to
investigate the fabrication of FeAl intermetallics
reinforced with dual ceramic phases, TiB,/Al,O4
and TiC/Al,O;, by means
combustion synthesis in the SHS mode. The
thermite mixture contained Al, Fe,O; and TiO,.
Boron and carbon powders were added for the
synthesis of TiB, and TiC, respectively. In this
study, combustion wave dynamics, flammability
limits, and activation energies of synthesis reactions
were explored. The phase composition and
microstructure of the as-synthesized composites as
well as their hardness and fracture toughness were
characterized.

of metallothermic

2 Experimental

The starting materials of this study included
Fe,O; (Alfa Aesar Co., <45 um, 99.5% purity),
TiO, (Alfa Aesar Co., 1-2 um, 99.5% purity), Fe
(Alfa Aesar Co., <45 pm, 99.5% purity), Al (Showa
Chemical Co., <45 pum, 99.9% purity), amorphous
boron (Noah Technologies Corp., <l um, 92%
purity), and carbon black (Showa Chemical Co.,
20—40 nm, 99% purity). Two combustion systems
were formulated as Reactions (1) and (2) for the
formation of FeAl-TiB,—Al,O; and FeAl-TiC—
Al,O5 composites:

0.6Fe,05+0.6 TiO,+(x+2)Al+(x—1.2)Fe+1.2B—

xFeAl+0.6TiB,+ALOs (1)
0.6Fe;,05+0.6TiOx+(+2)Al+(y—1.2)Fe+0.6C—~
yFeAl+0.6 TiC+ALO; 2)

where stoichiometric coefficients, x and y, signify
the molar content of FeAl formed in the final
products of Reactions (1) and (2), respectively.
Reactions (1) and (2) adopt a thermite mixture
containing Fe,O; and TiO, as the oxidants and Al as
the reductant. The molar composition of the
thermite mixture is formulated under a stoichio-
metric proportion of 0.6Fe;05+0.6TiO,+2Al. In
addition to thermite reagents, Reaction (1)
comprises extra Al (with an amount denoted by x)
and elemental Fe and B powders. The ratio of
additional Al to the total amount of Fe (including Fe

reduced from Fe,O; and elemental Fe) is kept
equiatomic for the synthesis of FeAl. Besides, the
molar ratio of Ti reduced from TiO, to elemental B
in Reaction (1) is 1:2 and to carbon in Reaction (2)
is 1:1 for the formation of TiB, and TiC,
respectively. It should be noted that FeAl-based
composites produced from Reactions (1) and (2)
have similar contents of ceramic phases. In addition
to the same quantity of Al,Os;, the amount of TiB, is
equivalent to that of TiC. It is recognized that Fe,O;
is a strong exothermic thermite oxidant, while TiO,
is relatively weak [17]. In this study, TiO, plays a
role in moderating the violent reaction between
Fe,0; and Al, and the use of TiO, as the source of
Ti is cost-effective.

The reactant powders were dry mixed in a ball
mill for 6 h and then the mixture was uniaxially
pressed to cylindrical green compacts of 7 mm in
diameter, 12 mm in height, and 60% of the relative
density. The SHS experiments were conducted in a
windowed stainless-steel chamber under a high-
purity argon environment (99.99%). The
combustion temperature and propagation velocity
of combustion wave (V;) were measured. Details of
experimental method were reported elsewhere [18].
The synthesized composites were characterized by
an X-ray diffractometer (Bruker D2) and a scanning
electron microscope (Hitachi, S3000H) along with
energy dispersive spectroscope (EDS). The fracture
toughness (Kjc) of the product was determined by
the indentation method using the following
equation proposed by EVANS and CHARLES [19]:

K =0.16H ,a"*(c/a)™" (3)

where H, is the Vickers hardness, a is the half of the
average length of two diagonals of the indentation,
and c is the radial crack length measured from the
center of the indentation. The Vickers hardness (H,)
was evaluated from the following equation
considering the applied load (P) and the diagonal
length d (=2a) of the indentation [20]:

H,=1.8544P/d’ 4)
3 Results and discussion

3.1 Self-propagating combustion characteristics
Figures 1(a) and (b) illustrate time sequences
of combustion images recorded from Reactions (1)
and (2) under the same stoichiometric coefficient
of 2.5. It is evident that a combustion wave forms
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Fig. 1 Time sequences of recorded images illustrating self-propagating combustion wave of Reaction (1) with x=2.5 (a)

and Reaction (2) with y=2.5 (b)

upon ignition and propagates along the sample
compact in a self-sustaining manner. The flame
spreading time for the combustion wave to traverse
the entire sample is much shorter in Fig. 1(a) when
compared with that in Fig. 1(b). This implies a
higher reaction rate for Reaction (1), because
possibly of greater reaction exothermicity.

The increase of Fe and Al in Reactions (1) and
(2) for production of large amounts of FeAl tends to
weaken the reaction exothermicity, since formation
enthalpy of FeAl (AH=—50.2 kJ/mol [1]) is much
lower than the heat liberated from aluminothermic
reduction of metal oxides (i.e., 0.6Fe,05+0.6TiO,+
2A1 with AH=-614.84 kJ [21]). That is to say,
elemental Fe and Al powders act as not only
reactants to form FeAl but also diluents of the
combustion process. As a result, the flammability
limit of the SHS reaction relies on the content of
FeAl to be produced. It was determined in this
study that x=3.6 and y=2.75 are the flammability
limits of Reactions (1) and (2), respectively. A
broader combustible range for Reaction (1) was
most likely attributed to a larger formation enthalpy
for TiB, (AH=—315.9 kJ/mol) in comparison with
TiC (AH=—184.1 kJ/mol) [21]. Table 1 lists the
calculated overall reaction enthalpy (AH,) per unit

mole of the product for Reactions (1) and (2) with
different stoichiometric coefficients (x and y). The
value of AH, decreases with increasing FeAl
fraction of the final product, because mainly of the
relatively low formation enthalpy of FeAl. Though
the ranges of x and y are different, the reaction
enthalpies for Reactions (1) and (2) shown in
Table 1 are comparable. This explains different
combustion ranges conducted for Reactions (1)
and (2).

Experimental evidence indicated that due to
considerable heat release, violent combustion and
massive melting of the powder compact occurred
when x was less than 2.0 for Reaction (1) and y was

Table 1 Reaction enthalpy per unit mole of product (AH,)
for Reactions (1) and (2)

Reaction (1) Reaction (2)
x AH,/(kJ-mol ™) y AH/(kJ-mol ™)
2.0 —251.33 1.8 —239.90
2.5 —226.80 2.0 —229.36
3.0 —207.60 2.25 -217.73
3.3 -197.97 2.5 -207.50
3.6 —189.44 2.75 —198.47
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less than 1.8 for Reaction (2). This amplified the
measurement uncertainty of combustion wave
velocity and reaction temperature. On the contrary,
it was found that under the conditions of x larger
than 3.6 in Reaction (1) and y larger than 2.75 in
Reaction (2), combustion failed to propagate
throughout the sample and quenched halfway. This
was caused largely by lack of sufficient reaction
enthalpy. Consequently, the scope of experimental
variables conducted by this study was set at
2.0<x<3.6 for Reaction (1) and 1.8<y<2.75 for
Reaction (2).

Deduced flame-front propagation velocities (Vy)
of Reactions (1) and (2) with respect to their
stoichiometric coefficients, x and y, are presented in
Fig. 2. With the increase of x from 2.0 to 3.6, Fig. 2
indicates that the combustion front velocity of
Reaction (1) decreases significantly from 5.18 to
1.99 mm/s. Reaction (2) exhibits a slower
combustion speed that declines from 2.62 mm/s at
y=1.8 to 1.05 mm/s at y=2.75. The decrease of
combustion front velocity with increasing FeAl
content is caused by the low formation
exothermicity of FeAl. Although the reaction
between Fe and Al is an exothermic reaction, the
adiabatic temperature of the Fe—Al intermetallic
reaction (7,.=1440 K) is less than the threshold
temperature of 1800 K for the reaction to be
self-sustaining. As mentioned above, the Fe—Al
reaction is less energetic when compared with the
reduction of Fe,O; with Al and the reaction of Ti
with B or C. Therefore, the increase of FeAl in the
final product could lower the overall reaction
exothermicity, which is most likely responsible for
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Fig. 2 Effects of FeAl content on flame-front velocity
of Reactions (1) and (2) for formation of xFeAl—
0.6TiB,—Al,0; and yFeAl-0.6TiC—Al,O; composites

deceleration of the combustion wave. Moreover,
becauseTiB, is a more exothermic phase than TiC,
Reaction (1) exhibits a higher flame-front velocity
than Reaction (2) when both reactions have close
stoichiometric coefficients.

The dependence of combustion wave velocity
on the reaction exothermicity was further examined
by measured combustion temperatures plotted in
Fig. 3. The abrupt rise in temperature signifies the
rapid arrival of combustion wave and the peak
value corresponds to the combustion front
temperature (7). After the passage of combustion
wave, a substantial decline in temperature stands
for a rapid cooling rate due to heat loss to the
surroundings. As revealed in Fig. 3, the combustion
front temperatures of Reaction (1) with x=2.0 and
3.6 are 1460 and 1160 °C, respectively. This is
indicative of a large decrease in the combustion
exothermicity. A similar trend is observed in
Reaction (2). Figure 3 shows that a peak
combustion temperature of 1241 °C is detected for
Reaction (2) with y=1.8 and 1066 °C is detected
with y=2.5. The combustion front temperature
confirms a decrease in the reaction exothermicity
with increasing FeAl content formed in the
composite and provides evidence of higher
exothermicity for Reaction (1) than Reaction (2).
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Fig. 3 Effects of FeAl content on combustion
temperature of Reactions (1) and (2) for formation
of xFeAl-0.6TiB,~ALLO; and yFeAl-0.6TiC—Al,O;

composites

The temperature dependence of combustion
wave velocity offers a relationship for the
determination of activation energy (F,) of a
solid-state combustion reaction. The propagation of
combustion wave can be described by an energy
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equation with a heat source and expressed as
Egs. (5) and (6) [22]:

dT  d( . dT
,OCpr—=a(ﬁa)+Q,D(P(77,T) (5)
d
p(n,T)=V; En (6)

where Q represents the heat of reaction, ¢, is the
specific heat capacity, p is the density, ¢ is the
reaction degree function, and # denotes the reactant
conversion.

Equation (5) can be rewritten as
d(,dT dr

dn
a(ﬂgj—P%VfaJerVfa:O (7)

Integrating Eq. (7) with the adoption of
#n, D)=p(1)koexp[E/(RT)] yields
pVE dn _ p(mkyexpl-E, / (RT)]

A dT ol-n)

Equation (8) can be integrated through a
separation of variables to obtain Eqgs. (9) and (10):

(3)

2
vp = 2RI explot, 1 (RT) ©)
PO E,
2
In 4 =— E, + constant (10)
) RI,

The formula of Eq. (10) has been widely used
to determine the activation energy (F,) from
experimental data of V; and T, [22,23]. A plot
correlating In(Vy#/T,)* with 1/T, for Reactions (1)
and (2) is depicted in Fig. 4. Based on the slopes
of best-fitted linear lines, the activation energies
of £,=97.1 and 101.1 kJ/mol were deduced for

[Reaction (1): slope=1.168
Ly 5 [E97.1 Kl/mol

-25.0
e — Reaction (1): xFeAl+0.6TiB,+Al,04
551t o — Reaction (2): yFeAl+0.6TiC+Al,O4
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g 72651
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= =270
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=

-28.0} Reaction (2): slope=—1.216
E,=101.1 kl/mol
_285 L L 1 1
55 6.0 6.5 7.0 7.5 8.0

T7Y/107#K™!
Fig. 4 Correlation of combustion front velocity (V5) with
temperature (7;) for determination of activation energies
(E,) of Reactions (1) and (2)

Reactions (1) and (2), respectively. Because the
activation energy is dependent on the reaction
mechanism, two activation energies close to each
other suggest that Reactions (1) and (2) should be
governed by similar reaction steps. Compared to
borothermic and carbothermic reduction of metal
oxides, aluminothermic reduction is more favorable
in both kinetic and thermodynamic aspects.

The reaction mechanism of Reactions (1) and
(2) can be described by a series of the reaction steps
presented below. Aluminothermic reduction of
Fe,O; is considered as the initiation step followed
by reduction of TiO, by Al. Two reduction reactions
not only produce metal elements (Fe and Al), but
also generate a substantial amount of heat to
facilitate subsequent reactions. They include metal
combustion between Fe and Al to form FeAl, as
well as the reaction of Ti with boron in Reaction (1)
to produce TiB, and with carbon in Reaction (2) to
yield TiC:

Fe,05+2A1—~2Fe+ALO; (11)
TiO,+4/3A1—Ti+2/3AL,0; (12)
Fet+Al—FeAl (13)
Ti+2B—TiB, (14)
Ti+C—TiC (15)

3.2 Phase composition and microstructure of

FeAl-based composites

Typical XRD patterns of as-synthesized
products from Reactions (1) and (2) are shown in
Fig. 5. The peaks associated with FeAl, TiB,, and
AlLOj; are identified in Fig. 5(a). Likewise, Fig. 5(b)
points out that the composite synthesized from
Reaction (2) is composed of FeAl, TiC and AL,O;.

20 30 40 50 60 70 80
200(°)

Fig. 5 XRD patterns of SHS-derived composites:
(a) 3FeAl-0.6TiB,—Al,03; (b) 2.25FeAl-0.6TiC—Al,O;
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Almost no impurities or unreacted phases are
detected. This confirms complete conversion from
the reactants to FeAl composites with dual ceramic
phases, TiB,/ALL,O; and TiC/ALOs;, through
aluminothermic SHS reactions.

SEM micrographs shown in Figs. 6(a) and (b)
presents the fracture surface of FeAl-based
composites synthesized from Reactions (1) and (2),
respectively. As illustrated in Figs. 6(a) and (b), the
FeAl intermetallic phase is formed with a dense and
polycrystalline  structure. Ceramic compounds
(Al,O; and TiB, or TiC) exist as micro-sized grains
and they distribute over the surface or are
embedded in FeAl. It is useful to note that SHENG
et al [24] fabricated a similar composite of
NiAI-TiC-ALO; via SHS with hot extrusion
and performed a detailed microstructure
characterization. They reported that TiC and AL,Os
exhibited an obvious trend to distribute along
extrusion direction. In the composite, TiC particles
along NiAl grain boundary agglomerated and grew,
but the TiC particles in NiAl grain were fine [24].

EDS spectra presented along with Fig. 6(a)
provide the molar ratios of elements including

(v) [

Fe:Al=51.07:48.93, Ti:B=34.35:65.65 and Al:O=
38.38:61.62. This confirms the formation of FeAl,
TiB,, and Al,O; from Reaction (1). As indicated in
Fig. 6(b), the molar ratios of Fe:Al=50.03:49.97 and
Ti:C=50.79:49.21 obtained from EDS spectra
match closely with those of FeAl and TiC,
respectively, from Reaction (2).

The variations of Vickers hardness and fracture
toughness with product composition are presented
in Fig. 7. With the increase of the FeAl content
from x=2.0 to 3.6 in Reaction (1), Fig. 7 shows that
the xFeAl—0.6TiB,—Al,O; composites exhibit a
decrease in Vickers hardness from 16.6 to 12.8 GPa.
The increase of FeAl content in the intermetallic/
ceramic composite means a decrease in the
proportion of ceramic phases. This result confirms
the role played by ceramic phases in improving the
hardness of FeAl-based composites. As indicated
also in Fig. 7, the xFeAl-0.6TiB,—Al,0; composite
retains sufficient toughness with Kjc ranging from
7.93 to 9.84 MPa-m"? for x=2.0-3.6. In summary,
an intermetallic/ceramic composite composed of
3.6FeAl—0.6TiB,—Al,O; possesses the decent
properties of H,=12.8 GPa and K;-=9.84 MPa-m'?.

0 2 4 6 8

St Element at.% || Element at.%
» Al 4893] B 65.65
Fe Fe Fe 51.07 Ti 34.35

Uil

10 12 14 16 18 20

E/keV
l ———
s2|* Element at.%
(0] 61.62
o Al 38.38

0 2 4 6 8 10 12 14 16 18 20

E/keV
Al P .orroH ;
Element at.%
Al 49.97
Fe Fe 50.03
2 4 6 8 10 12 14 16 18 20
E/keV
T Element at.%
C 49.21
Ti 50.79
2 4 6 8 10 12 14 16 18 20
E/keV

Fig. 6 SEM micrographs and EDS spectra of fracture surface of FeAl-based composites of 3FeAl—0.6TiB,—Al,0; (a)

and 2.5FeAl-0.6TiC—ALO:; (b)
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Fig. 7 Variations of Vickers hardness and fracture
toughness with FeAl content of xFeAl—0.6TiB,—Al,O;
(x=2.0-3.6) and yFeAl-0.6TiC-ALO; (y=1.8-2.75)
composites

A similar trend to the products of Reaction (1)
is observed for the yFeAl-0.6TiC—ALO;
composites of Reaction (2). With y increasing from
1.8 to 2.75, Fig. 7 reveals that Vickers hardness
decreases from 15.7 to 13.8 GPa and K¢ increases
from 8.26 to 9.16 MPa-m"?. The insert of Fig. 7
presents the relationship between Vickers hardness
and fracture toughness of TiB,/Al,Os- and
TiC/Al,03-added FeAl composites, which is in
good agreement with that of the WC-FeAl
composite [25].

4 Conclusions

(1) Experimental evidence shows that boron-
containing SHS reactions are more exothermic than
those involving carbon powders. The increase of
FeAl reduces the reaction exothermicity and
decreases the combustion wave velocity.

(2) Flammability limits of x=3.6 and y=2.75
are observed for aluminothermic SHS reactions to
fabricate  xFeAl—0.6TiB,—Al,O; and yFeAl-
0.6TiC—Al,O; composites.

(3) The XRD analysis indicates that complete
phase conversion from the reactants to TiB,/Al,O;-
and TiC/Al,Os-added FeAl composites with almost
no impurities.

(4) The of FeAl-based
composites features a dense polycrystalline FeAl

microstructure

matrix with micro-sized ceramic particles scattering
over its surface.

(5) Ceramic phases, TiB,/Al,O3 and TiC/ALOs,
increase the hardness of FeAl composites with the
values from 12.8 to 16.6 GPa. Maximum fracture
toughness values of the TiB,/Al,O3- and TiC/Al,Os-
added FeAl composites are 9.84 and 9.16 MPa-m'?,
respectively.
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N A Fe,0; 1 TiO, & B i R i# 1T
7SN TiB, F1 TiC BY FeAVALO; 8 & ¥ R8RS R

AR R,
ERRY MASRA TSR, G4 40724, G, HHE

# E: B Fe,05 M TiO, 48 HUL R 5 & 4 il & R (SHS) il % 78 I TiBy/Al,05 and TiC/AlL,Oy M & AH ¥ 2k 4R 5
GB(FeANE MR RBYIH K BIFEE A 0.6Fe,05+0.6TiO+2A1 LA TR, 4. WERE. E4MERS
79 xFeAl-0.6TiB,~AlL, O3 (x =2.0~3.6)F1 yFeAl-0.6TiC—ALO; (v =1.8~2.75). S4E & EI FeAl &M NN, BRI
RIS E R, B 2P ELIAE S RLIR T AR BR 43500 x=3.6 1 y=2.75. IRABIALEL BN I 00T, & RUm
FeAl E&MEH R NIFELAEN E,=97.1 and 101.1 kJ/mol. M 7*#II] XRD Z3#r Al il A ik FeAl/TiB,/Al 05 Al
FeAlTiC/ALO; &4 K. SEM IR FeAl NEE £ M45iH, MHERN S TiB,w TiC il ALO; 2HOKMURLIR 7 #1 T
HEMEH . AR FeAl-TiB,~ALO; fl FeAl-TiC-ALO; B &M BHNEE ) 12.8~16.6 GPa, WiZdHIH: Ny 7.93~
9.84 MPa-m'?,
X REESREEAMEL: HEEEREGHR: SRAEE; MG
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