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ABSTRACT

(Ti+ C) +30 % Fe powder mixture was used for a combustion front quenching test, and the

quenched sample was analysed by scanning electron microscope ( SEM) and energy dispersive X ray ( EDX)

analysis to study the microstructural evolution during the combustion synthesis, meanwhile, the combustion

te mperature was measured. The results showed that the reaction of Ti+ C takes place in Ti and Fe particles ,

respectively , and it is earlier in the Ti particle than that in the Fe particle . The reaction in the Ti particle can

be described with a ternary-reactiomr diffusion model, while the reaction in the Fe particle can be described with

a solutiom precipitation model . The molten Ti and Fe particles fuse together subsequently accelerating the for-

mation of the final product, TiC particles and & Fe binder.
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1 INTRODUCTION

Since it was discovered in 1967, the com-
bustion synthesis has been used for synthesizing
a variety of compounds and composites, e g
Tic'!, Tic A2 Tic T, TicG Ak Cul¢!
and TiGFel7"'%Jetc. However, the mechanis ms
of the combustion syntheses have not been well
understood because both the high combustion
temperature and rate make the microstructural
evolution during the combustion syntheses very
difficult to be observed. If the combustion front
which was self- propagating in a combusting sam-
ple was quenched, the initial , inter mediate , and
final products would be frozen in the quenched
Thus, the
could be observed and analysed by SEM and
EDX. With this combustion front quenching

method, the microstructural evolution of TiC
12]

sample . microstructural evolution

was observed! !t , and role of iron addition in
the combustion synthesis of TiC-Fe cermet was
studied '3 141,
microstructural evolution of any polynary system
has not been observed successfully because of its

Up to the present, however, the

complexity . The objective of the work is to
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study the microstructural evolution of Ti C Fe
system during the combustion synthesis using
the coarse Ti and Fe powders.

2 EXPERI MENTAL

56 % titanium powder (135 ~ 154 pm) ,
14 % carbon black (0.033 ~ 0.079 pm) and
30 % iron powder (135 ~ 154 um) were mixed
thoroughly and were uniaxially pressed in a steel
die forming a green compact ( d14 mm X 18 mm)
with a relative density of about 60 %, and part
of the compact was pushed out of the die, with
the re maining part being left in the die. The
compact was then ignited in a reaction chamber
with an incandescent graphite flat which was 2
mm above the top surface of the compact at a
pressure of 0.1 MPa of argon. So, the combus-
tion front self- propagated from the top toward
the bottom of the compact but selfquenched be-
fore it reached the bottom because of the cooling
effect of the steel die. The sample with the
quenched combustion front was cut longitudinal-
ly and prepared as a metallographic specimen,
and its microstructure was observed and analysed
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with SEM and EDX.

To measure the combustion te mperature, a
small hole (2 mm in diameter and 8 mm in deep)
was drilled at the centre of bottom of the sample
which was the same as that used in the quench-
ing test but wholly pushed out of the die. A
junction of W-3 %Re vs W-25 %Re thermocouple
with a wire diameter of 0.1 mm was inserted in-
to the hole , and the other end of the thermocou-
ple was linked up with an X-Y recorder. The
compact was ignited by use of the method identi-
cal with that in the quenching test, and the com-
bustion wave self-propagated through the com-
pact from above to below, thus, a te mperature-
time profile was drawn by the X-Y recorder.

3 RESULTS AND DISCUSSION

Fig .1 shows the measured temperature -
time profile of the combustion synthesis at a
point in the combusting compact . An exothermic
peak , having a te mperature of 1 926 K, is pre-
sented on the profile. This means the combus-
tion temperature is above the melting point
(1811 K) of iron but below the melting point
(1945 K) of titanium.
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Fig .1
combustion reaction

The SEM results showed that the combus-
tion reaction of Ti + C occurs in the Ti particle
and Fe particle , respectively, and it is earlier in
the Ti particle than it in the Fe particle .

Fig .2 shows the reaction in the Ti particle .
It can be seen that the reaction started from the

surface layer © A” of the Ti particle , as shown in
Fig.2(a) , and propagated continuously toward
the central region “ B” , as shown in Fig.2(b) .
The microstructure of the reacted region “ C” is
shown in Fig.2(c) in which many particles,
with an average diameter of about 1 .0 um, have
been formed and separated by a binder phase.
EDX results showed that these particles are TiC
in which a small amount of Fe atoms were dis-
solved with Fe/ Ti mole ratio of 6 .50/93 .50,
and the binder phase was a Tirich solid solution
with Fe/ Ti mole ratio of 18.90/81 .10. Al-
though the central region “ B” was also a Tt rich
solid solution, the Fe content in it( Fe/ Ti mole
ratio of 4.50/95 .50) was lower than that in the
binder phase . Of course, there must be carbon
atoms in these phases. It should be noted that
the shape and size of the initial titanium particle
are still retained by the Ti particle having begun
to react, as shown in Fig.2(a) and 2(b) . In
consideration of the combustion te mperature be-
low the melting point of Ti, the te mperature at
which the reaction of Ti+ C began to take place
in the Ti particle would be much lower than the
melting point of Ti. Deevil'*) measured ignition
te mperature, Tig, of Ti + C — TiC reaction as
1300 K. In addition, the result of Saidi et all®!
showed that as the iron content increases, the
Ti, of Tr CFe system decreases and reaches a
minimum of 1 333 K at 60 % Fe. These experi-
mental results indicate that the reaction of Ti+ C
starts at a temperature much lower than the
melting point of Ti. In this paper, in view of the
presence of distinct reaction- diffusion layer in the
surface layer of Ti particles having begun to re-
act , it should be suggested that the reaction of
Ti+ C in the Ti particle resulted from a solid
state ternary reactiomr diffusion. In other words,
as diffusion of C and Fe into the Ti particle , TiC
particles as well as a Trrich binder phase simul-
taneously formed within the ternary- reactiorr dif-
fusion layer when the concentration of C was sat-
urated . As the reactiom diffusion layer extended
toward the centre of the Ti particle, accumula-
tion of the released heat made the te mperature in
the reaction zone to increase , leading the Ti rich
binder phase in the reactiomr diffusion layer to
melt and flow with TiC particles ( from Ti Fe
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Fig .2 SEM micrographs showing reaction in Ti particle

(a) —Starting from surface layer © A” ; (b) —Propagating toward centre “ B” ;

(c¢) — Microstructure of reacted region “ C” ;
(d) — Melting and flowing of reacted Ti particle “ D” beside unreacted Fe particle “ E”

phase diagram , as the Fe content increases, the
melting point of Ti decreases and reaches a eu
tectic te mperature of 1 359 K) , as shown in the
region “ D” in Fig .2(d) . It is interesting to note
that in Fig.2(d) , no indication of a change is
observed in the Fe particle indicated by letter
“ E” . This implys that the reaction of Ti+ C in
the Fe particle is latter than that in the Ti parti-
cle .

Fig .3 shows the combustion reaction in Fe
particles . In Fig .3(a) , there is a structural dif-
ference bet ween the surface region “ F” and the
central region “ G” of the Fe particle. The EDX
results showed that the C and Ti content in the
region “ F7 (12 .18 %( mole fraction) C, 1 .31 %
( mole fraction) Ti and 86 .51 %( mole fraction)
Fe) are higher than those in the region “ G”
(4 .34 %( mole fraction) C, 0.24 %( mole frac-
tion) Tiand 95 .42 %( mole fraction) Fe) . Fig.3

(b) shows the microstructure of the region “ F” ,
and the composition of the matrix is similar to
that of the region “ G” , while a relatively large
amount of C and a few Ti atoms (45 .35 %( mole
fraction) C, 0.38 % ( mole fraction) Ti and
54 .27 %( mole fraction) Fe) are contained in the
rod-shaped phase, which would be an ( Fe, Ti)
C phase. Apparently, the changes mentioned
above mainly result from diffusion of Ti, partic-
ularly C into the Fe particle. The diffusion
brought down the melting point of the Fe parti-
cle and led the Fe particle “ H” to melt, as
shown in Fig .3(c) , at a lower te mperature than
the melting point of Fe, since it became ledebu-
rite when it was cooled, as shown in Fig.3(d) .
The melting of the Fe particle accelerated the
dissolving of C and Ti into the molten Fe
droplet , and when C and Ti concentrations were
saturated , as shown in Fig .3(e) , the TiC parti-
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cles got to precipitate out, as shown in Fig.3
(f) . The above results indicate that the reaction
of Ti+ C in Fe particles undergoes two process-
es, i.e.a process of Cand Ti dissolving into Fe
particles and a process of TiC particles precipitat-
ing out of the saturated droplets . Consequently ,
the reaction can be described with a solutiom pre-

Fig.3 SEM micrographs

showing reaction in Fe particle

cipitation model. Saidi et alt®! developed a com-
bustion model for the Tr C Fe system under a
thermal explosion mode , and they proposed that
during the heating period Ti and Fe particles re-
acted in the solid state to produce FeTi, which
was a eutectic compound having a melting point
of 1 085 C. At the ignition te mperature , which

b

(a) —Structural difference between surface region “ F” and central region “ G” ;
(b) — Microstructure in region “ F” ; (¢) — Melting of Fe particle “ H” ;
(d) —Ledeburite in molten Fe particle © H” ; (e) —Saturated Fe droplet; (f) —Precipitating of TiC particles



-+ 290 - Trans . Nonferrous Met. Soc. China

Jun. 1999

almost matched the melting point of the Fe- Ti
alloy , C dissolved in the droplets of FeTi, and
the subsequent production of TiC released e-
nough heat to initiate a self-sustaining reaction.
Also, they examined this model by heating a
precompacted mixture of TrC Fe to 1 100 C
and quenching the sample just before ignition,
and SEM inspection of this sample showed that
some liquid droplets around the Fe particles.
However, the results of Choi and Rheel”]
showed that X ray diffraction pattern for the
sample of mixture of Ti and Fe powders heated
up to1200 C at rate of 8 C/ min is composed of
TiFe, TiFe,, Ti, and Fe rather than FeTi,. In
the present work, the melting of Fe particles
mainly results from the diffusion of C into the Fe
particles bringing the melting point of the Fe-C
alloy down to 1148 T(eutectic point) . It is well
known that the interstitial diffusion rate is high-

er than the substitutional diffusion one!'®!

, SO it
is impossible that Fe Ti, is formed by reaction be-
tween Ti and Fe in the solid state before the dif-
fusion of C into Fe. In addition, the diffusion
rate of atoms in BCC is higher than that in FCC
crystal 71 and Ti is BCC at 882 ~ 1 672 C,
while Fe is FCC at 912 ~ 1 394 C, therefore ,
the reaction of Ti + C in Ti particles is earlier
than that in Fe particles. With te mperature in-
creasing , reacted Ti droplets fused together with
the reacting Fe droplets, as shown in Fig.4(a) .
Fig .4(b) shows the microstructure of reacted re-
gion “ I” , which is composed of TiC particles
and the Tirich binder. The fusing of reacted Ti
and reacting Fe droplets accelerated the interdif-
fusion between Ti and Fe, benefiting the reac
tion in the reacting region “ J” and the formation
of & Fe binder in the reacted region “ I” .

The combustion-synthesized product, as
shown in Fig.5(a) , is composed of TiC Fe cer
met and many pores, and these pores are present
in an arbitrary shape and random distribution.
Fig .5(b) shows the microstructure of the TiC
Fe cermet, and the TiC particles have an average
diameter of about 3.0 pm .

4 CONCLUSIONS

The combustion reaction of Ti C Fe system

produces TiC Fe cermet. The reaction of Ti+ C
takes place in Ti particles and in Fe particles , re-
spectively , and the reaction in Ti particles is ear-
lier than that in Fe particles. The reaction in Ti
particles can be described with a ternary reac-
tion-diffusion model, namely, the simultaneous
diffusion of C and Fe into Ti particles leads the
reaction to occur within the saturated layer and
to propagate toward the centre forming TiC par
ticles and a Ti-rich binder. While the reaction in
Fe particles can be described with a solution pre-
cipitation model. Namely, a diffusion of C and
Ti into the Fe particle leads the melting point of
the Fe particle to decrease , and subsequent melt-
ing of the Fe particle improves dissolving of C
and Tiatoms into the Fe droplet . As the concen-
tration of C and Ti is saturated in the Fe
droplet, TiC particles precipitate, with « Fe
binder separating the TiC particles . Afterwards,

i

&

Fig.4 SEM micrographs showing fusion of
Ti with Fe droplets
(a) — Macrostructure ;

(b) —Microstructure in reacted region “ I”
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Fig.5 SEM micrographs showing
combustionsynthesized product
(a) — Macrostructure ; ( b) — Microstructure

the fusion of the reacted Ti droplets with the re-
acting Fe droplets accelerates the interdiffusion
of Ti and Fe, and this leads the formation of the

final product, TiC particles and & Fe binder.
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