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Equiatomic titanium and nickel compacted powders were synthesized into a TiNi intermetallic 
compound using a thermal explosion mode of the self-propagating high-temperature synthesis 
(SHS) method in air. It was found that the combustion temperature (To) was lower than that 
produced in an argon-protected atmosphere but still higher than the melting point of the 
intermetallic. This allowed a cast product to be obtained. The ignition temperature (T~g) 
decreased linearly with increasing heating rate. This was found to be dependent on the prior 
formation of TiO2, the exothermic nature of which "triggered" the TiNi reaction once sufficient 
TiO2 had been formed. The following formulation was proposed to estimate the amount of 
TiO2, whose heat of formation was utilized in part to trigger the TiNi synthesis reaction, ~[z, 
and that which was dissipated into the surroundings, cq a 

~[z AHf(TiO2, Tie) + (1 - cd - ~[z) AHf(miNi, ~g) 
rc 

= (rm(T~N~)Cp,(TiNi) dT + AHm(TiNi) + fTm(TiNi) Cp,(TiNi) dT JTig(TiNi) 

The amounts of c~ and c~ were also correlated with heating rates. Microstructural observations 
established that the formation of TiO2 results in an outer layer of the product as TiO2, a central 
area of TiNi and an intermediate outer layer of eutectic TiNi + TiNi3. Some Ti2Ni was also 
observed in the outer layer of the product. 

1. In t roduct ion 
Self-propagating high-temperature synthesis (SHS)- 
produced materials, because of their high degree of 
porosity, have been used mainly in powder form after 
grinding the reacted products [1]. The ground 
products need further processing by sintering or hot- 
working procedures in order to provide commercial 
products. Berman and Barrington [2] claimed SHS- 
produced materials are more sinterable because of 
their inherently higher defect concentration produced 
by the high cooling rates incurred in the process. 
However, other researchers have suggested that this 
applies only at the beginning of the sintering process 
[3]. Recently, several researchers have been investi- 
gating techniques to densify the products so that no 
subsequent sintering or hot-working processes are 
necessary. Such techniques include applying pressure 
at the time when the products reached maximum tem- 
perature [4, 5]; using explosive compaction; application 
of shock waves [6]; producing a cast product [7, 8]. 
Obtaining a cast product appears to be the most 
appealing, but it necessitates achieving a combustion 
temperature, T~, which exceeds the melting point of 
the synthesized material. 

A molten TiNi product has been successfully syn- 
thesized using the thermal explosion mode of the SHS 
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method [9]. This work was compared with that of 
Russian researchers [10, 11], who used the combustion 
mode to synthesize the same material. The latter inves- 
tigation resulted in a porous product that needed 
further processing, e.g. remelting and hot extrusion, in 
order to increase the material's density [12, 13]. This 
paper investigates the effect of TiO2 formation on the 
combustion synthesis of TiNi alloy. 

2. Experimental  methods 
Irregularly shaped titanium powder ( -325 mesh 
< 44 #m) and spherical nickel powder (44 to t 50ktm) 
were prepared in equiatomic stoichiometry and tum- 
bled in a mechanical shaker for 5 to 10min. This 
mixture was pressed into cylindrical pellets with a 
diameter of 7.94 mm and relative density of 67 + 2% 
using a two plunger steel die. 

A hole of 0.7 mm was drilled at one end of the pellet 
to accommodate the Pt-Pt13%Rh thermocouple 
with a diameter of 0.205mm and the pellets were 
heated in air at different rates in a tube furnace. 
The temperature-time relationships for the different 
heating rates for each sample were measured using a 
strip charp recorder. Different heating rates were 
achieved simply by setting the furnace at different 
temperatures. 
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Figure 1 Comparison of  temperature-time plots for the combustion 
reaction conducted in (a) air, and (b) argon at the same furnace 
temperature. 

Optical and scanning electron microscopy and 
X-ray diffraction were used to examine the morphology 
and structure of the product phases using an etchant 
of 5% HNO3, 10% HF in water. 

3. R e s u l t s  
Fig. 1 shows the comparison between the combustion 
reaction conducted in argon and air. The peaks are 
due to self-propagating reactions between titanium 
and nickel 

Ti + Ni = TiNi (1) 

As can be seen, for the same furnace temperature, the 
heating rate (2/') is higher in air than that in argon, 
while both the ignition (Tig) and combustion (T0) 
temperatures for Reaction 1 are lower in air. The 
value of T~ in air was recorded to be 1628 K which was 
150 K lower than that performed in argon. Fig. 2 
shows the effect of heating rate on T¢ and T~g. The 
value of Tc remained constant whereas Tig decreased 
linearly as the heating rate increased. 

Fig. 3 shows an interesting phenomenon when the 
furnace temperature was set at 873 K. The maximum 
temperature obtained by the pellet was 1081 K, i.e. 
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208 K higher than the furnace temperature. X-ray 
diffraction data on the products indicated a mixture of 
Ti + Ni + TiO2, i.e. the Ti + Ni combustion reac- 
tion was not initiated. The TiO2 was found to be 
mainly on the outside layer of the product. It is 
therefore postulated that the exothermic reaction 

Ti + 02 = TiO2 (2) 

was responsible for the increased temperature in Fig. 3 
and the lower T~g and Tc values for air compared with 
argon in Fig. 2. 

Other evidence to support the above theory of TiO2 
formation lowering the Tig and To values is shown in 
Fig. 4. The furnace temperature was set at 1213 K with 
3 l min -~ argon being passed through it. On placing 
the Ti + Ni pellet into the furnace under these con- 
ditions Reaction 1 did not take place. However, on 
pulling the sample out of the furnace into the air, 
Reaction 1 occurred indicating that Reaction 2 is a 
"trigger reaction" which offers sufficient heat to the 
system so that Reaction 1 can subsequently take place. 
This is also referred to as a "chemical oven" in which 
one reaction of sufficiently high exothermic charac- 
teristics can provide sufficient preheating of the reac- 
tants to allow the combustion synthesis reaction to be 
initiated subsequently. 

The photomicrographs in Fig. 5 show the typical 
morphology of the reacted product. Fig. 5a is the 
inner part of the sample. The product is mainly TiNi 
parent (light) phase with some Ti2Ni (dark) phase. 
This is similar to the structure of the material 
produced in the argon-protected atmosphere shown in 
Fig. 5b. One difference between the two is that in the 
latter some of the Ti2Ni is in a coarser dendritic form. 
A detailed analysis of the morphology and crystallo- 
graphy of the TiNi system will be reported in a sub- 
sequent paper. Towards the outer edge of the reacted 
sample, the structure is eutectic as shown in Figs 5c and 
d. The Ti2Ni phase is seen to be largely present between 
the parent TiNi phase and the eutectic structure. 

4. D i s c u s s i o n  
Because Reaction 1 occurs so rapidly, e.g. within 
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Figure 2 Effect of heating rate on the combustion (To) 
and ignition (Tig) temperatures on conducting the syn- 
thesis reaction in air. 
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Figure 3 The temperature-time plot for heating the Ti + Ni powder 
pellet with the furnace temperature controlled at 873 K. 

0.5 sec, it can be assumed that the process is adiabatic. 
Under these conditions, all of the heat produced will 
be used to raise the temperature of the product to the 
adiabatic or combustion temperature, To, so that [9] 

_AHfO(Tig ) = f2n Cp~(TiNi) dT + AHm(TiNi ) 
g 

+ f;~ Cm(TiNi ) dT (3) 

Because the ignition temperature decreased linearly 
with increasing heating rate and the combustion 
temperature is a constant value, (1628K, Fig. 2), 
Equation 3 can be used to calculate (a) the heat needed 
to raise the temperature of the system to To, AH(~) 
and, (b) the heat generated by Reaction 1 at different 
heating rates, AHr(TiNi). The result is shown in 
Fig. 6. In calculating Fig. 6 the values for C m (TiNi) of 
17.96calmol -~ K i and for AHm(TiNi ) of 7.77kcal 
tool-1 were used [9]. The other thermodynamic data 
were from [14]. 

As can be seen from Fig. 6, Reaction 1 cannot offer 
sufficient heat alone to initiate and sustain the reac- 
tion. The extra heat needed must, therefore, be sup- 
plied by exothermic reaction, e.g. Reaction 2. 

Fig. 7 plots the heat of reaction, AH, against tem- 
perature for Reaction 2, showing it to be highly exo- 
thermic. At the same time, Reaction 2 can occur at any 
temperature above 298 K as the equilibrium pressure 
of oxygen for this reaction is very low (Fig. 8). 
Therefore, TiO2 will always be formed in the course of 
the combustion synthesis reaction effected by the ther- 
mal explosion mode used in this investigation. 

Because the combustion temperature is essentially 
constant, i.e. 1628K, regardless of the heating rate 
(Fig. 2) while T~g varies with heating rate, different 
amounts of titanium dioxide are therefore needed to 
initiate Reaction 1 at different heating rates. If it is 
assumed that the total amount of TiO2 formed is ~, 
where 

= ~ + c¢~ (4) 

in which e~ is the fraction of TiO2 whose heat of 
formation is dissipated into the ambient and c¢~ is the 
fraction of TiO2 whose heat of formation is used to 
supply extra heat needed to initiate Reaction 1, the 
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Figure 4 Evidence of  TiO 2 formation as a trigger reaction to the 
combustion synthesis reaction Ti + Ni = TiNi: a temperature-  
time plot on heating the Ti + Ni pellet in argon with the furnace 
set at 940°C (0a) and subsequently pulling the pellet out of  the 
argon atmosphere into the air (ab). 

total heat needed to reach the combustion tempera- 
ture Tc (1628 K) will be 

AH(c0 -- c~AHr(TiO2, T~g) + (1 - ~)AHr(TiNi, T~g) 

(5) 

where AHr(TiO2, Tig) and AHr(TiNi, T~g) are the heats 
of reaction produced by Reactions 2 and 1, respectively, 
at the ignition temperature, T~g. Therefore, Equation 
3 can be rewritten as 

[c~AHf(TiO2, T~g) + (1 - :QAHr(TiNi, Tig)] 

= frm Cps(TiNi) dT + AHm(TiNi ) 
rig 

+ f;2 Cm(TiNi ) dT (6) 

As stated previously, titanium dioxide can be pro- 
duced over a wide range of temperatures. In the fol- 
lowing paragraphs we will discuss the influence of 
heating rate on TiO2 formation and Tig with reference 
to Fig. 9. 

(i) At high heating rates, i.e. greater than ~ ,  the 
heating rate is sufficiently large that Reaction 1 will 
occur in a very short time and all the heat is used to 
elevate the temperature of the Ti + Ni pellet. Under 
these conditions, any heat produced from Reaction 2 
will be to supply heat to the Ti + Ni pellet to "trig- 
ger" Reaction 1, so that 

In this case, c(~ is negligible and using Equation 6 to 
calculate the amount of TiO 2 needed to supply the 
extra heat for Reaction 1 produces the c(~ curve in 
Fig. 9. Therefore, the higher the heating rate, the lower 
the ignition temperature, and a greater amount of TiO 2 
will be needed to trigger the Ti + Ni Reaction 1. 

(ii) At very low heating rates, i.e. less than ~ (not 
shown in Fig. 9) all of the heat produced by Reaction 



Figure 5 Typical optical photomicrographs of TiNi. (a) Central region of sample reacted in air. (b) Sample reacted in argon. (c), (d) Sample 
reacted in air taken from surface regions of the product. 

2 is dissipated into the surroundings,  no React ion  1 
occurs and e~ is zero and e~ is 1.0. This  condi t ion is not  
shown in Fig. 9 but  would be at  the m a x i m u m  
ext rapola t ion  of  the e~ curve. 

(iii) At  in termediate  heating rates, i.e. between 
and J'H, only a small a m o u n t  of  heat  f rom React ion  2 
is avai lable to trigger React ion  1 and,  therefore,  a 
large a m o u n t  of  heat  f rom the fo rmat ion  o f  TiO2 is 
dissipated into the surroundings.  In this case e~ is 

negligible and a~ a can be calculated using Equat ions  4 
and 6. This is shown as the ~ line in Fig. 9. 

F r o m  the present  investigation, J~ is approx imate ly  
673 K m i n -  1 and iP H is between 30 and 300 K min  ~ (it 
was not  possible to obta in  an exact value owing to the 
l imitat ion o f  the equipment) .  However ,  using lower 
heating rates moni tored  by a p rog rammab le  controller,  
no React ion  1 was found to occur  when 2P < 20 K 
min -~ . This is because a large par t  o f  the t i tanium has 
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Figure 6 Heat of reaction plotted against temperature. 
AH(c 0 is heat needed to elevate the temperature of the 
system to T~. AHf(TiNi) is heat supplied by Ti + Ni 
reaction. 

been oxidized into TiO2 and the associated heat of 
formation has been dissipated into the surroundings 
leaving insufficient titanium to react with nickel to 
produce the intermetallic TiNi. 

Fig. 10 illustrates the method of calculation of c~ d 
and e~ using Equation 6. The value of T c in air is 
constant at 1628 K. This corresponds with a critical ~g 
in air of 1019K and the critical heating rate, TI, of 
673 K rain-~ (Fig. 9). Conditions which necessitate a 
T~g greater than 1019 K are associated with some dissi- 
pation of heat from the formation of TiO2, i.e. Reac- 
tion 2, while conditions which necessitate a T~g less 
than 1019 K are associated with the heat generated 
from Reaction 2, i.e. AHf, (TiO2), being supplied to 
the Ti + Ni pellet for TiNi synthesis, i.e. AHr(TiNi). 

It is interesting to note the microstructure on heat- 
ing the sample in air. The outer edge of the sample was 
of a eutectic structure (Fig. 5), whereas the inner 
portion was composed of the TiNi parent phase plus 
TizNi. Some Ti2Ni was also found in the samples 

reacted in argon [9]. As can be seen from the Ti-Ni 
phase diagram (Fig. 11), the eutectic structure is one 
of TiNi + TiNi 3. Although the stoichiometry of the 
reactants is equiatomic, because some titanium has 
been consumed by Reaction 2, the combustion syn- 
thesis product tends to be nickel-rich at the edges of 
the sample. Thus, when the liquid product begins to 
crystallize, the eutectic reaction will occur at a pos- 
ition towards the edge with the outer edge being 
largely TiO2. The inner portion of the product is still 
in an equiatomic stoichiometry resulting in the TiNi 
parent phase. Examination of Fig. 5 indicates that the 
Ti2Ni phase is also present with the TiNi parent phase. 
However, Ti2Ni is also present at positions in the 
reacted pellet between the TiNi central area and the 
outer TiNi + TiNi3 eutectic region. The reason for 
this is not clear at the present time. 

5 .  C o n c l u s i o n  
The TiNi intermetallic compound has been produced 
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Figure 7 Change of enthalpy with temperature for Ti + 
0 2 -~ TiO2, Reaction 2. 
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Figure 8 Equilibrium pressure of oxygen for the Ti + 
O 2 ~ TiO 2 Reaction 2. 

Figure 9 Fraction of TiO2 (c~) produced which is needed to 
trigger Ti + Ni combustion synthesis when J~ > ~ and 
amount of TiO 2 (a~) when T < 7~, whose heat of forma- 
tion was dissipated into surroundings. 
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Figure 10 Enthalpy - temperature curves of reactants 
Ti + Ni and product (TiNi). At T~g < 1019K (i.e. 

> 7~i) heat produced by TiO 2 formation is used to 
"trigger" the Ti and Ni combustion synthesis reaction. 
At ~g > 1019K heat produced by TiO 2 formation is 
dissipated. The T~g associated with the critical heating 
rate, T~, of approximately 673 K min- ~ is 1019 K. 
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using the thermal explosion mode of combustion syn- 
thesis of titanium and nickel powder pellet mixtures 
combusted in air. The combustion temperature, To, 
did not vary with heating rate, but was found to be 
lower than that when conducted in argon. T c was 
always higher than the melting point of the TiNi 
intermetallic compound. The ignition temperature, 
Tig, on the other hand, decreased on increasing the 
heating rate. This was found to be dependent on the 
prior formation of TiO2, the exothermic nature of 
which acted as a "trigger" for the TiNi reaction. A 
thermodynamic formulation was derived to estimate 
the required amount of  TiO2 needed to trigger the 
TiNi synthesis reaction. This amount of  TiO2 was split 
into two factions: (i) that portion whose heat of 
formation was utilized to trigger the TiNi synthesis 
reaction, i.e. c~, and (ii) that portion, ~ ,  dissipated 
into the surroundings, i.e. 

~AHf(Ti02,  Tig) + (1 - c~ - o~)AHr(TiNi, .Tig ) 

-- (Tm(TiNi) cmCfiNi ) d T  + AHm(TiNi) 
dTig(TiNi) 

+ f)2(xiNi) Cm (TiNi) d T  

The amounts of c~ and e~ were also correlated with 
heating rates such that the triggering mechanism was 
more favourable when a certain critical heating rate, 
~ ,  was exceeded. 

Microstructural observations established that the 
formation of TiO 2 resulted in an outer layer of the 
product as TiO2, a central area of  TiNi and an inter- 
mediate outer layer of eutectic TiNi + TiNi3. Some 
Ti2Ni was also observed in the outer layers of the 
product. 
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