
JOURNAL OF MATERIALS SCIENCE 27 (1992) 6797-6806 

Effect of heating rate on the combustion 
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Titanium aluminide compounds were synthesized by the thermal explosion mode of self- 
propagating high-temperature synthesis (SHS). The effects of  heating rate on the combustion 
characteristics and the microstructures of the products were studied. It was found that the low 
density of the reacted sample was due to the outgassing of water vapour and other gases, which 
were released by dissociation of hydrated aluminium oxides. Higher heating rates resulted in 
a product of higher density and single-phase microstructure. At lower heating rates, the reaction 
product was a mixture of phases for TiAI and Ti3AI reactions. A liquid (AI)-solid (Ti) reaction 
mechanism is predicted for slow heating while a solid-solid mechanism is expected for high 
heating rates. The origin of porosity in the product is also discussed. 

1. I n t r o d u c t i o n  
The titanium aluminides have considerable develop- 
ment potential as high-temperature materials for air- 
craft due to their refractory nature and low densities. 
However, they also have very limited ductility at room 
temperature which makes their processing not viable 
through the conventional melting-casting route. For 
this reason, many alternative techniques for producing 
these compounds have been sought. 

One alternative method is self-propagating high- 
temperature synthesis (SHS), also known as combus- 
tion synthesis [1]. There are three intermetallic 
compounds of interest in the Ti-A1 system as shown in 
Fig. 1 [2]: TiaA1, TiA1 and TiA13. Some of the proper- 
ties are shown in Table I. Of the three compounds, 
TiA1 has been produced by the combustion mode 
[3-6].  This involves initiating the reaction by rapid 
heating of one end of the sample. The reaction zone 
propagates as a wavefront through the sample, driven 
by the exothermic heat of formation. Table I also 
shows the adiabatic temperatures (Tad) based on the 
assumption that the reactions were initiated at 298 K 
and 933 K (the melting point of aluminium ). If the 
reactions are initiated at 933 K, their adiabatic tem- 
peratures will be higher than the melting points of the 
corresponding compounds but no exact values could 
be calculated because of the lack of thermodynamic 
data. Although 298 K is chosen as the ignition temper- 
ature for calculation, it is actually impossible to ignite 
reactions at room temperature and preheating is re- 
quired. For  the Ti + A1 = TiA1 reaction, preheating 
the pellet above 373 K was necessary to initiate and 
sustain a stationary reaction wave. Below 323 K, the 
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reaction front was extinguished [4]. Products produ- 
ced by the combustion mode were found to be porous. 
However, hot isostatic pressing has been used success- 
fully to fully densify the TiA1 compound [7, 8]. 

The thermal explosion mode has been found to be 
more suitable to produce less exothermic intermetallic 
or metallic systems such as Ni-A1 [9], Ti Ni [10, 11] 
and Cu A1 [12]. In this mode, the compacted reactant 
powders are heated up at a constant rate until the 
reaction is initiated uniformly throughout the pellet. 
By monitoring the temperature as a function of time 
during heating, details of the reaction are revealed by 
peaks on the curve. Progress of the reaction is affected 
by various parameters, such as stoichiometry, heating 
rate and reactant particle size. This paper examines 
the influence of some of these factors in the combus- 
tion synthesis of Ti A1 compounds by the thermal 
explosion model. 

2. Experimental procedure 
Titanium and aluminium powders of -325 mesh 
(<45 gm) were used during this investigation. How- 
ever, sieve analysis results (Table II) show a consider- 
able amount of aluminium powder with particle sizes 
larger than 45 gin, although it may be due to agglom- 
eration. The powders were mixed in the required 
stoichiometries and tumbled for 10 min to assure a homo- 
geneous mixture. They were then pressed into cylin- 
drical pellets (~) 8 ram) with density around 70 + 2% 
of theoretical (determined by dimension measure- 
ment) by uniaxial pressing in a tool-steel die with two 
plungers. Each pellet weighed between 1 and 2 g. 
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Figure 1 P h a s e  d i a g r a m  of  the T i -AI  sys tem [2] .  

T A B L E  I H e a t  of  f o r m a t i o n  a n d  a d i a b a t i c  t e m p e r a t u r e  for  the three  in te rmeta l l ic  c o m p o u n d s  in the Ti-A1 sys tem 

C o m p o u n d  Dens i t y  C rys t a l  Tm (K)  A H ~  298 T. d (K)  
(g c m  a) s t ruc tu re  (kcal  mo l  - 1 ) 

T o =  298 K To = 9 3 3 K  

Ti3AI 4.2 DO19(~2)  1873 - - - 

TiAI 3.9 L10 (7) 1733 - 17.4 1518 > 1733 

TiA13 3.4 DO22  1613 - 34.0 1517 > 1613 

T A B L E  I I  Sieve ana lys i s  of  a l u m i n i u m  a n d  t i t a n i u m  p o w d e r s  

Ti" A1 b 

P u r i t y  (%) 99 99.8 

Par t ic le  size d i s t r i bu t i on  (wt %) 

< 38 ~tm 92.5 34.6 

3 8 - 4 5  g m  7.3 8.5 

4 5 - 5 3  g m  0.2 6.5 

5 3 - 7 5  g m  16.1 

7 5 - 1 0 6  ~tm 14.3 

1 0 6 - 1 5 0  g m  10.0 

> 150 g m  10.0 

a J o h n s o n  M a t t h e y ,  S e a b r o o k ,  N e w  H a m p s h i r e .  

b Alfa Divis ion,  A n d o v e r ,  Massachuse t t s .  

sample. The heating was stopped as soon as the reac- 
tion was finished and the sample was then allowed to 
furnace-cool to room temperature. The argon flow 
rate was set at or below 25 cm 3 min -  1. The objective 
was to investigate the effect of heating rate and alumi- 
nium particle size on the combustion characteristics, 
i.e. ignition (T~g) and combustion (T~) temperatures, 
the reaction mechanism as well as the structure of the 
products. The density of the reacted products was 
determined by the water displacement method. Micro- 
structures were characterized by X-ray diffraction 
(XRD), optical and scanning electron microscopy 
(SEM). 

A 0.7 mm diameter hole was drilled at one end to 
accommodate the P t -P t13% Rh thermocouple which 
was made of 0.25 mm wires. 

The sample was heated under flowing ultra-high 
purity argon at a constant heating rate until the reac- 
tion between two elements began throughout the 
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3. Resul t s  
Four compositions were studied: Ti 62.8wt % A1, 
Ti-40 wt % A1, Ti 27.3 wt % A1 and Ti-15.8 wt % A1 
which correspond to A13Ti, A1Ti, A1Ti + A1Ti3 and 
A1Ti3 compounds, respectively. Fig. 2 shows a typical 
t empera tur~ t ime  curv~ of reacting a Ti-40 wt % A1 
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Figure 2 A typical temperature-time recording in the combustion 
synthesis of TiA1 compound. 

pellet (A1Ti) at a heating rate of 10 K min -~. Two 
exothermic peaks were recorded. The first peak was 
initiated at 550 ~ (T~g) with a corresponding combus- 
tion temperature of 630~ The second peak was 
initiated at the melting point of aluminium and 
reached a combustion temperature of 1270 ~ which 
is lower than the adiabatic temperature shown in 
Table I. The temperature- t ime profiles for the other 
three reactions during the heating were similar to 
Fig. 2. 

3,1. Effect of heating rate 
Throughout  this work, heating rates of greater than 
1 K min 1 were used since under lower heating rates, 
the compounds may be formed by diffusion similar to 
the sintering process. The influence of heating rate on 
T~g and T~ of both peaks for TiA1 reactions is shown in 
Fig. 3. For  the first exothermic peak, the ignition was 
found to occur in the temperature range 520 570~ 
and did not vary with the increase in heating rate. On 
the other hand, the combustion temperature was 
slightly below the melting point of aluminium when 
the heating rate was less than 15 K min-1  but ap- 
peared to decrease with an increase in heating rate. It 
was also found that no first peak was recorded when 
the heating rate was equal to or lower than 2 K mifi-  1. 
For the second peak, the ignition temperature is 
around the melting point of aluminium at a heating 
rate of 10 K min -  1 or less, indicating that the reaction 
is associated with liquid aluminium reacting with solid 
titanium. There is also a clear trend of decreased 
ignition temperature with increased heating rate, such 
that ignition of the second peak begins below the 
melting point of aluminium at a heating rate of 
50 K ra in-  z, indicating a solid (A1)-sotid (Ti) reaction 
mechanism. The combustion temperature, which is 
insensitive to the heating rate as shown in the Fig. 3b, 
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Figure 3 Effect of heating rate on (A) ignition and (A) combustion 
temperatures of (a) the first peak and (b) the second peak in the 
combustion synthesis of the TiA1 compound; ( - -  -) melting point 
of AI. 

is near 1300 ~ lower than the melting point of the 
TiA1 compound and the adiabatic temperature 
(Table I). 

The XRD patterns and the optical microstructures 
for the TiA1 reaction are shown in Figs 4 and 5, respect- 
ively, for heating rates of 10 and 50 K m i n -  1. It is very 
obvious from the two figures that for the 10 K min-1  
rate, the reacted sample is composed of a mixture of 
the three intermetallic compounds in the Ti-A1 sys- 
tem, whereas for 50 K m i n  1 the reacted product is 
mainly TiA1 phase with only traces of the other 
phases, mainly Ti3A1. It was also found that the poros- 
ity distribution was more homogeneous for the sample 
with the 1 0 K m i n  -1 heating rate, whereas for the 
sample prepared at 50 K min -  1 there remained a large 
central void, indicating a more violent reaction. 

The heating rate also has a tremendous influence on 
the apparent density of the products. As shown in Fig. 
6, the apparent densities of reacted TiA1 samples in- 
creased from 48 to 58% as the heating rate increased 
from 10 to 50 K min -~ despite the large void in the 
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Figure 4 XRD patterns of TiA1 product under different heating rates: i/" = (a) 10 and (b) 50 K min-  1. (O) TiA1, (F )  TiAI3, (11) Ti3AI, (V) Ti. 

Figure 5 Optical micrographs of the TiAI product under different heating rates: ~k= (a) 10 and (b) 50 K m i n - 1  (x  150). 

latter sample. It was also found that the density did 
not change with varying heating rates below 
10 Kmin  -1. 

Figs 7-12 show the effect of heating rate on T~g and 
Tr XRD pattern and microstructure of TiA13 and 
Ti3AI reaction products. As in the case of the TiA1 
reaction, both T~g and Tc show little change with 
increase in heating rate for either the Ti3A1 or TiA13 
reaction. But for the TiA13 reaction, the product was 
solely TiA13 phase regardless of the heating rate as can 
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be seen from Fig. 8, whereas for the Ti3A1 reaction, the 
product also contained a considerable amount of 
second phase (Fig. 12). The product density of TiA13 
changed more dramatically than that of TiA1 as shown 
in Fig. 13. As the heating rate increased from 2 to 
50 Kmin  -1, the density increased from 29 to 58%. 
Similar to the TiA1 reaction, the TiA13 produced at 
low heating rate has evenly distributed porosity, and 
a large central void for high heating rate. In the Case of 
Ti3A1, there is virtually no change in density under 
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700 

different heating rates (Fig. 14) and the products 
exhibited evenly distributed porosities (Fig. 12). 
Another interesting phenomenon, as can be seen from 
Figs 6, 13 and 14, is that green density has insignificant 
effect on the density of the reacted products for all of 
the reactions. The XRD results are summarized in 
Table III. 

3.2. Effect of composition 
As stated earlier, there is no significant change in 
either ignition or combustion temperature of either 
peak as a function of composition, but the relative 
densities of the reacted products decreased with the 
increase of aluminium content in spite of the fact that 
the relative densities of the green pellets were similar. 
Fig. 15 shows the relative density versus composition 
plot for a heating rate of 10 K min- ' .  It was found 
that both the Ti3A1 and Ti 27.3wt% A1 
(TiA1 + Ti3A1) specimens maintained their cylindrical 
shape after reaction, whereas the TiA1 and TiAI3 pel- 
lets were bloated, especially the latter. These facts 
clearly indicate that it is aluminium rather than tita- 
nium particles that are responsible for the bloating. 
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Figure 7 Effect of heating rate on ( •  ignition and (A)  combust ion  
temperatures of (a) the first peak and (b) the second peak in the 
Ti + 3A1 = TiAI 3 reaction; ( ) melting point  of AI. 

3.3. The role of oxide  fo rmat ion  
Though the reaction was carried out in an argon 
atmosphere, it was still found that the weight of the 
product increased by about 1% after reaction. By 
differential thermal analysis (DTA) and thermo- 
gravimetric analysis (TGA) of TiA1 reaction using 
a rate of 10 K m i n - ' ,  it was found that a continuous 
weight gain occurred throughout the whole heating 
process. This could be attributed to the oxygen impu- 
rity in the ultra-high purity argon, since both the 
titanium and aluminium are easily oxidized. In this 
case, the weight gain from oxidizing titanium might be 
larger than that from oxidizing aluminium since alu- 
minium particles already have an oxide coating. 

Like the situation of synthesizing Ti-Ni intermetal- 
lics [10, 11], the oxidization process also influences 
the reaction greatly if the process occurs at a fast rate. 
Fig. 16 shows the edge area of an SEM photomicro- 
graph of a sample reacted by the oxygen-assisted 
reaction (oxide formation) at a heating rate of 
10 Kmin  -1. Compared with Fig. 5a, the edge area in 
Fig. 16 appears much denser than the inner area as if 
a liquid product had formed, i.e. the combustion tem- 
perature exceeded the melting point of the TiA1 com- 
pound. Indeed, the combustion temperature recorded 
was 1461 ~ which is the melting point of the TiA1 
compound. This enhanced exothermic phenomenon is 
believed to originate from the oxidation of elemental 
aluminium and/or titanium, which inputs extra heat 
to the system similar to the situation found in the 
Ti-Ni system [10, 11]. However, the heating rate must 
be sufficiently rapid in order for the heat of oxidation 
to trigger the main reaction rather than to dissipate 
into the surroundings [10, 11]. 
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Figure 8 XRD patterns of the TiAI3 product under different heating rates: 7" = (a) 2 and (b) 50 Kmin -1. (0) TiAI, ([]) TiA13, ( I )  Ti3AI, 
(V) Ti. 

Figure 9 Optical micrographs of the TiAI3 product under different heating rates: i/" = (a) 2 and (b) 50 Kmin 1 ( x 150). 

4. Discussion 
4.1. Origin of the first peak 
In combustion synthesis studies of the Ni-A1 system, 
Philpot e t  al. [9] found that two exothermic peaks 
occurred for some compositions under certain heating 
rates. They concluded that both peaks were due to 
solid-solid reactions between the two elements. In 
order to determine the reaction mechanism of the first 
peak in the present work, three samples were heated 
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up to different temperatures marked a, b and c in 
Fig. 2, using a heating rate of 10 K m i n  1. These sam- 
ples were then analysed by XRD (Table II) and exam- 
ined by SEM. Surprisingly, no evidence of compound 
formation was found either before or just after the first 
exothermic peak (points a and b in Fig~ 2, respect- 
ively). Actually, the first traces of compound observed 
were not TiA1 as expected but TiA13 after the temper- 
ature of the sample surpassed the melting point of 
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aluminium (point c in Fig. 2) as shown in Fig. 17. This 
phase was found by SEM at the boundary between 
aluminium and titanium particles. These facts clearly 
show that the TiA13 compound was formed only after 
the melting point of aluminium and not during the 
first exothermic peak. 

Therefore, the first peak was not due to solid-solid 
reaction as in the case of Ni-AI. However, on checking 
the density changes for different reactions shown in 
Figs 6 and 13 15 where a lower-density product al- 
ways resulted for higher aluminium compounds, it can 
be concluded that the ~ s t  peak must be related to the 
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T A B L E  I I I  Summary  of XRD results 

C o m p o u n d  Reaction parameters  Phases detected a 

J" (K m i n -  1 ) T~ (~ TiAI Ti3A1 TiAI3 Ti A1 

TiM 10 1383 p m m t n 
1 1077 m p m t t 

50 1313 p m t t n 
After the melting of A1 b n n t p p 
Temp. just  reaches Tm(AI) c n n n p p 

TiAI 3 10 931 n n p t n 
50 1267 n n p t t 

Ti3AI 10 1235 m p t m n 
50 1383 t p t m n 

a p = predominant ,  m = medium amount ,  t = traces, n = not  detected. 
b Heated to point  c in Fig. 2. 
c Heated to point  b in Fig. 2. 

Figure 12 Optical micrographs  of the TiaAI product  under different heating rates: //" = (a) 10 and (b) 50 K m i n - 1  (x  150). 
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aluminium particles. It is proposed here that the peak 
originates from the decomposition of hydrated alumi- 
nium oxide. The elemental powders physically absorb 
water (moisture), hydrogen and oxygen, and form 
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chemically hydrated aluminium oxides (A1203' 3H20 
or A1203'H20). During heating, most of the phys- 
ically absorbed water would evaporate above 100 ~ 
Between the temperatures 530 and 550~ the dis- 
sociation of the hydrated aluminium oxide takes place 
as follows [13]: 

A 1 2 0 3 "  3 H 2 0  = A 1 2 0 3  + 3 H 2 0  (1) 

A 1 2 0 3 " H 2 0  = A 1 2 0 3  + H 2 0  (2) 

The water vapour released by Reactions 1 and 2 then 
reacts with elemental titanium and aluminium to form 
oxides plus hydrogen gas as follows: 

3H20 + 2A1 = A1203 + 3H2 (3) 

H20 + Ti = TiO(orTiO2)  + H2 (4) 

Reactions 1 to 4 are together responsible for the first 
peak. On the other hand, since the aluminium par- 
ticles are always coated with an alumina layer which 
protects the aluminium particle from being further 
oxidized, Reaction 4 may play a more important role 
than Reaction 3 does. 

It was also found that the gases released after the 
reaction associated with the first peak (H20 and H2) 
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Figure 17 SEM photograph of TiAi pellet heated after the melting 
of aluminium but before the main reaction, showing TiA13 com- 
pound formation between the titanium and aluminium particles. 

have difficulty in escaping: They are trapped in the 
pellet and can only be released after the violent second 
peak main reaction since the shape of the pellet did 
not change when the sample was heated to point c, 
i.e. just before the main reaction. 

Reactions 1 and 2 are irreversible. Therefore, if the 
pellet is heated up after the first but before the second 
peak and cooled down, then heated up again, there 
should be no first peak. Such an experiment on 
a TiA13 pellet using a heating rate of 10Kmin  -1 
confirmed this hypothesis. 

Hence, the lower density for the higher aluminium 
content (Fig. 15) reaction is due to increased gases 
released by the dissociation represented by Equations 
1 and 2. The fact that the product density increased 
with the increase of heating rate as shown in Figs 
6 and 13 for the TiA1 and TiA13 reactions also derives 
from the same source, i.e. the dissociation process may 
occur fast and a portion of released gases escapes from 
the pellet before the main reaction. The higher heating 
rate may also result in a higher combustion temper- 
ature which increases the density as well. On the other 
hand, the effect of dissociation of hydrated aluminium 
oxides on the product density is too weak to detect for 
the Ti3A1 reaction (Fig. 14) since the aluminium con- 
tent is relatively small. 

Figure 16 SEM photograph of the edge area of TiA1 compound 
produced at a heating rate of 10 K rain- 1 and assisted by oxidation. 

4,2. Reaction mechanism 
Figs 3b, 7b and 10b indicate that the reaction mechan- 
isms are different under different heating rates, i.e. 
a liquid (A1) solid (Ti) reaction at lower heating rates 
and a solid-solid reaction for higher heating rates. 
This difference is probably related to .Equations 1-4 
as well. Under a lower rate, the exothermic process 
represented by Equations 1 to 4 occurred more slowly 
and part or all of the heat released by the reaction was 
dissipated. The reaction between titanium and alumi- 
nium will not be initiated until the temperature 
reaches the melting point of aluminium. At a higher 
heating rate, more heat released by Reactions 1 to 4 is 
retained by the system so that the main reaction can 
be triggered at a lower temperature. 
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The consequence of the above process explains the 
results shown in Fig. 4 and Table III, where a mixture 
of phases results for heating rates below 10 Kmin-1  
whereas a single-phase product forms at a heating rate 
of 50 K min-  1 and above. Under a lower heating rate, 
the combustion reaction was preceded by the melting 
of aluminium which enhances the reaction since the 
liquid aluminium has a much higher reactivity than 
solid atuminium. Hence, once the melting point of 
aluminium had been reached, the liquid aluminium 
would surround the titanium particle and the reaction, 
most likely the formation of TiAla as shown in Fig. 17, 
would start at contacting surfaces of dissimilar par- 
ticles. This compound formation would in turn supply 
extra heat to the system and further increase the 
reaction rate until the system accumulated sufficient 
heat to trigger the main reaction throughout. Since 
some TiA13 phase was already being formed before the 
main reaction (at the temperature between the melting 
point of aluminium and the ignition temperature), the 
final product would have to contain the same moles of 
Ti3A1 compounds for stoichiometric balance reasons. 
On the other hand, at heating rates higher than 
50 K min-1, since the ignition temperature is lower 
than the melting point of aluminium (Figs 3b, 7b and 
10b) there is no TiA13 compound formation prior to 
the major reaction and therefore the reacted product 
should be solely TiA1 phase. In this case the second 
phase was probably from the mixing of in- 
homogeneous reactant powders. 

The same explanation may apply to the reaction of 
other compounds in this study. 

4.3. Density change 
As pointed out by Munir and Wang [14], the porosity 
in the reacted products has four possible sources. They 
are: (i) existing porosity in the pressed pellet, (ii) differ- 
ences in molar volume between reactants and product, 
(iii) gas evolution during reaction, and (iv) thermal 
migration due to a high temperature gradient in the 
combustion mode. It is believed that the last one is less 
important in the present work compared with the 
other three. The first one is the main contribution in 
this work since the green pellets pressed were between 
70 and 80% of theoretical density. If we suppose that 
there is no weight change after reaction, then we have 

Vp ----- V r = C v r 

where v, 9 and V are relative density (percentage of 
theoretical density), theoretical density and volume, 
respectively. Subscripts r and p denote reactant and 
product, respectively. C is a constant, i.e. the ratio of 
theoretical densities of the reactants and products, or 
the ratio of the molar volume of the reactants and 
products which is 0.911 for TiA1, 0.932 for TiA13 and 
0.969 for Ti3A1. 

If there is no dimensional change after reaction, 
then the relative product density would be 0.911 vr for 
TiA1 which means there is 8.9% porosity attributable 
to the molar volume difference between Ti + A1 and 

TiA1. If Vp > 0.911Vr, Vp < Vr, the product densities 
(or shrinkage occurs). If the opposite is true, then 
product swelling occurs. Therefore, Equation 5 can 
probably be used as a criterion to determine whether 
densification or swelling occurs after reaction. 

It is obvious from Fig. 15 that the samples swelled 
for all of the compounds studied. According to the 
above argument, the porosity shown in Figs 6 and 
13-15 can then be divided into three sources: fraction 
A is from the porosity existing in the reactants, frac- 
tion B is from molar volume changes between react- 
ants and products. Fraction C is due to the outgassing 
of trapped H20 and H 2 released by Reactions 1 and 2. 

5. Conclusions 
In synthesizing the Ti-A1 compounds, the heating rate 
is a very important parameter which greatly influences 
the overall reaction mechanism and the density of the 
product. A higher heating rate results in not only 
a more densified but also a more homogeneous prod- 
uct. Under lower heating rates, a liquid (A1) solid (Ti) 
reaction mechanism occurs while a solid-solid reac- 
tion mechanism is predominant for higher heating 
rates. On the other hand, the combustion temper- 
atures do not change greatly as a function of heating 
rate or composition. A more sensitive temperature 
measurement apparatus may detect some influence in 
variation of these parameters. The porosity of the 
reacted product has been attributed to three sources. 
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