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Abstract An improved combustion front quenching

method was used to investigate the mechanism of self-

propagating high-temperature synthesis (SHS) of TiNi

from Ti and Ni powders. The microstructural evolution in

the quenched sample was observed with scanning electron

microscope (SEM) and analyzed with energy dispersive

X-ray spectrometry. Also, the combustion temperature of

the reaction was measured, and the phase constituent of the

synthesized product was inspected by X-ray diffraction.

Based on those experimental results, a dissolution–pre-

cipitation–diffusion mechanism was proposed and com-

pared with those mechanisms concluded by other authors,

thus the mechanism for the SHS of TiNi was systematically

discussed. In addition, the influence and necessity of pre-

heating before the ignition was discussed.

Introduction

TiNi shape memory alloy (SMA) has been recently

acknowledged as a very important functional material,

especially as biomaterial because of its excellent mechan-

ical property, good corrosion resistance, high biocompati-

bility, special pseudo elasticity as well as shape and

volume memory effect [1–4]. Also, porous TiNi possesses

high recoverable strain that closely matches the charac-

teristics of natural bone and it allows the growth of bone

tissue into the implant [4–6].

TiNi can be fabricated by means of combustion syn-

thesis (CS) which is a well-known technique used to

prepare a variety of materials due to its unique advantages

[7]. Recently, preparation of TiNi intermetallic compounds

by combustion synthesis had been performed in both ther-

mal explosion (TE) mode [8–14] and in self-propagating

high-temperature synthesis (SHS) mode [15–21]. On one

hand, with the TE mode, Biswas [11] investigated the

reaction mechanism of TiNi by intercepting the combus-

tion at different stages during the reaction, and pointed out

that the combustion mechanism could be described as the

solid-state diffusion followed by the contact melting and

the liquid-assisted reactive diffusion. On the other hand, by

means of SHS, Li et al. [15] indicated that the diffusion

and the capillary action were the main reaction mechanism

in their study of SHS of porous TiNi. While Dey [16]

examined the mechanism of synthesis in the case of

unpreheated specimens and claimed that the Ni particles

melted first and engulfed the Ti particles, triggering the

combustion; and the phase evolution started from the Ni-

rich phases like Ni4Ti and moved progressively toward the

Ti-rich phases; ultimately, the reaction of Ni with Ti2Ni3
and Ti resulted in the formation of TiNi. However, Dey’s

work was not based on the traditional SHS method and

conflicted with others’ since the adiabatic temperature (Tad)

[15] of the combustion reaction in the case without pre-

heating is lower than the melting temperature of Ni. Fur-

thermore, it was reported previously that preheating the

sample before the ignition is necessary to achieve self-

sustained combustion during synthesis of TiNi due to the

relatively low exothermic characteristic of the reaction

itself, and the SHS cannot propagate when the preheating

temperature is below 150 �C [15]. In sum, although there

were a lot of researches on the combustion synthesis of

TiNi, the microstructural evolution during the SHS of TiNi

is still not very clear or evident, and further investigation is

indeed needed.
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To investigate the mechanism of the self-propagating

reaction, Rogachev et al. [22] invented the so-called com-

bustion front quenching method (CFQM) to obtain a spec-

imen with reacted area, reacting area, and unreacted area in

it. Subsequent SEM observation could show the micro-

structural evolution during the synthesis so that a mecha-

nism of the synthesis could be proposed. Fan et al. improved

the CFQM (details of the improvement was reported pre-

viously [23]), and studied mechanisms of SHS of TiAl3
[23], TiC–Fe composite [24, 25], b-NiAl(Cu)/a(Cu, Ni)

composite [26], TiC–Al cermet [27], TiC–Ti cermet [28],

TiC–Ni cermet [29], Ni2Al3 compound [30], etc.

In this study, the improved CFQM was used for inves-

tigating the microstructural evolution during SHS of TiNi

compound from Ti and Ni powder mixture. The micro-

structural evolution in the quenched specimen was

observed with SEM and analyzed with EDX. In addition,

the temperature–time profile of the combustion reaction

was measured and the phase constituent of the combustion-

synthesized product was inspected by XRD. Based on these

experimental results, the mechanism of the combustion

synthesis was discussed.

Experimental procedures

Titanium powder (125–135 lm in diameter) and nickel

powder (100–135 lm in diameter) were hand-mixed thor-

oughly in an atomic ratio of Ti:Ni = 1:1 for the following

tests: (i) measurement of temperature–time profile, (ii)

XRD inspection of combustion-synthesized product, and

(iii) combustion front quenching test. These experimental

procedures were identical with those in the previous

work [23]. On one hand, some of the mixture was com-

pressed into a compact (18 mm in diameter and 20 mm in

length) with a relative density of 60%. A hole was drilled at

the bottom of the compact, and a thermocouple pair of

W-3% Re versus W-25% Re was inserted to the center of

the compact. By triggering the combustion reaction at the

top of the compact after pre-heated to 573 K, the temper-

ature–time profile was recorded as the combustion front

passed through. The combustion reacted sample was then

cut longitudinally and inspected by XRD (Cu Ka) to study

the phase constituent. On the other hand, another compact

(18 mm in diameter and 20 mm in length, relative density

of 60%) was compressed in a steel die, and half of the

compact was pushed out with the other half left in the die.

After pre-heated to 573 K, the sample was ignited at the

top surface and then quenched as the combustion front

propagated into the half left in the die because the steel die

absorbed heat of the reaction (see schematic illustration of

the CFQM in [23]). The quenched sample with unreacted

area, reacting area, and reacted area was cut longitudinally

and prepared as a metallographic specimen, which was

then observed by SEM, from the unreacted area to the

reacted area, to trace the microstructural evolution.

Experimental results and discussion

Temperature–time profile of the combustion reaction

and phase constituent of the end product

The measured temperature–time profile of the combustion

reaction is shown in Fig. 1. There is one exothermic peak

with a maximum temperature of 1512 K on the profile,

indicating a combustion temperature (1512 K) above both

the Ti-rich eutectic (about 24 at.% Ni) temperature

(1215 K) and the TiNi–TiNi3 eutectic (about 61 at.% Ni)

temperature (1391 K) while below the melting point of

TiNi (1583 K) and that of Ni (1728 K) as well as that of Ti

(1943 K). In addition, the profile exhibits a nearly flat

plateau region, rather than a sharp peak, and this is in good

agreement with those measured by Yeh and Sung [20].

Furthermore, the XRD pattern of the combustion-synthe-

sized product, as shown in Fig. 2, indicates that the product

is composed of B2 (TiNi) and B190(TiNi).

Microstructural evolution

Figure 3 shows an SEM photograph of the initial reactants

in the unreacted zone of the quenched specimen. The EDX

results showed that the gray particles were Ti and the bright

ones were Ni.

Solid-state diffusion between Ti and Ni particles

and locally forming of the Ti-rich melt

The change that appeared first in the reacting zone of the

quenched specimen was the solid-state diffusion between

Ti and Ni particles that contacted with each other, as shown

Fig. 1 Temperature–time profile during the combustion synthesis
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in Fig. 4. Figure 4a shows the macrostructure of a pair of

contacted Ti and Ni particles, and the microstructure of

their interface is shown in Fig. 4b, from which it can be

seen that two obvious reaction diffusion layers formed

between the two particles. EDX results showed that the two

layers were Ti2Ni (32.21 at.% Ni) and TiNi3 (70.02 at.%

Ni), respectively. These results indicate that the solid-state

diffusion between Ti and Ni particles that contacted with

each other had occurred.

With the interdiffusion between Ti and Ni particles, the

local region between Ti and Ni particles melted and

resulted in the formation of Ti-rich melt, since a hyper-

eutectic structure formed as it cooled in such region, as

shown in Fig. 4c. EDX results showed that the block-

shaped phase (28.63 at.% Ni) among the (bTi)–Ti2Ni

eutectic structure (24.17 at.% Ni) was Ti2Ni crystallized

before the eutectic as the Ti-rich melt cooled. Details of

Ti-rich melt/Ni particle interface are shown in Fig. 4d, in

which a TiNi reaction diffusion layer (58.17 at.% Ni) and a

(Ni), Ni-matrix solid solution, diffusion layer (88.83 at.%

Ni) formed one by one in the surface and subsurface of the

Ni particle, respectively. Subsequently, it could be seen

that in Fig. 4e, the amount of the pro-eutectic Ti2Ni phase

among the (bTi)–Ti2Ni eutectic increased while the

amount of the eutectic structure apparently decreased,

indicating that the Ni particles had started to dissolve into

the Ti-rich melt so that the Ni content in such melt

increased. Therefore, it could be concluded that the first

step of the reaction was the solid-state diffusion between Ti

and Ni particles and the induced locally forming of the

Ti-rich melt.

Corresponding to the equilibrium phase diagram of

Ti–Ni [31], the melting point of Ti (to be exact, Ti-rich

Ti–Ni alloy) decreases dramatically with increasing Ni

content in the low-nickel region, so the Ti particles may

melt at a temperature much lower than 1943 K, the original

melting point of Ti, and even at 1215 K due to increasing

Ni content. This was the case in this study and is evident in

Fig. 4c, since the region where the Ti and Ni particles

contacted with each other melted while other regions were

still in solid state at that stage. According to this mecha-

nism, when the temperature reached above the lowest

eutectic temperature (1215 K) while Ni diffusing into the

Ti particles, Ti particles melted gradually and eventually

totally at a temperature much lower than the original

melting point of Ti to form a Ti-rich melt, leading to dis-

solving of the Ni particles into such melt.

It also should be noticed that the SEM observation of the

microstructural evolution in this study indicated that no

TiNi formed through pre-combustion solid-state diffusion

between Ti and Ni, which is in contrast to the earlier results

of Biswas [11] for TE synthesis. This is because the being

heated rate of the reactants in SHS mode used in this study

(more than 1000 K/s, see Fig. 1) is much higher than that

in TE mode (10–50 K/min, [11]), and the higher being

heated rate of the reactants is not beneficial to the forma-

tion of TiNi by means of solid-state diffusion before the

melting of Ti.

TiNi particles precipitating in the Ti-rich melt

With the continuous interdiffusion of Ti and Ni atoms as

well as the formation of the Ti-rich melt in the manner

stated above, Ti particles in the combustion front wholly

melted, forming Ti-rich melt around the Ni particles, as

shown in Fig. 5a. It can be seen that the TiNi particles

(43.23 at.% Ni), being surrounded by Ti2Ni (29.49 at.%

Ni), precipitated in the Ti-rich melt near the Ni particle.

This means that all the Ti particles melted and formed

Ti-rich melt, and the Ni particles dissolved into such melt,

leading to the increasing Ni content in the melt so that TiNi

Fig. 2 XRD pattern of the combustion-synthesized product

Fig. 3 SEM photograph of the initial reactants
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particles started to precipitate as the Ni content in the melt

was saturated. Also, two obvious reaction diffusion layers

formed one by one in the surface of the Ni particle, and

EDX results showed that they were TiNi3 layer (74.08 at.%

Ni) and TiNi layer (45.89 at.% Ni), respectively. This is in

good agreement with the equilibrium phase diagram of

Ti–Ni [31] that there should be two diffusion layers, TiNi

and TiNi3 layers, formed between the solid-state Ni core

and liquid-state Ti-rich melt, while Ti2Ni reaction diffusion

layer would be absent because of its relatively lower

decomposing temperature (1257 K). With the continuously

dissolving of Ni particles into the Ti-rich melt, the Ni

content in the Ti-rich melt kept increasing, which is evident

in Fig. 5b since the (bTi)–Ti2Ni eutectic structure no

longer exited. Subsequently, as shown in Fig. 5c, more and

more TiNi particles precipitated in the saturated Ti-rich

melt while the residual Ni core shrank due to the dissolving

of Ni.

TiNi particles precipitating in the Ni-rich melt

It can be seen obviously in Fig. 6a that a eutectic structure

formed between the TiNi layer and TiNi3 layer around the

Ni core as it cooled. The EDX results showed that the

eutectic was the TiNi–TiNi3 (58.28 at.% Ni) eutectic. This

means that partial of TiNi and TiNi3 layers, which con-

tacted closely with each other around the Ni core, had

melted and resulted in the formation of Ni-rich melt in this

particular region. Then the Ni core and TiNi3 reaction

diffusion layer were exhausted, as shown in Fig. 6b, and at

Fig. 4 SEM photographs showing: a reaction–diffusion layers

formed in the interface region between Ti and Ni; b the microstruc-

ture of the interface in (a); c hypereutectic structure forming between

Ti and Ni; d microstructure of the interface between the Ti-rich melt

and Ni; e more Ti2Ni precipitated in the Ti-rich melt
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the same time, TiNi particles (51.93 at.% Ni) appeared

among the TiNi–TiNi3 eutectic structure, which is specif-

ically shown in Fig. 6c. This indicates that the Ni core and

TiNi3 layer dissolved into the Ni-rich melt while simulta-

neously the Ti atoms outside diffused into the Ni-rich melt,

thus, TiNi particles precipitated in the Ni-rich melt as the

Ti content was saturated. With continuous interdiffusion of

the Ti and Ni atoms, more TiNi particles precipitated in the

saturated Ni-rich melt, while small amount of TiNi3 phase

remained in the interstices among the TiNi grains as it

cooled, as shown in Fig. 6d. And it is important to notice

that it should be the TiNi–TiNi3 eutectic, rather than the

single phase TiNi3, exist in those interstices in Fig. 6d;

however, there occurred the so-called divorced eutectic

phenomenon so a single phase TiNi3 was observed. It also

should be note that the bright small particles in the TiNi

particles in Fig. 6c and d were TiNi3 grains crystallized as

it cooled, and this is in good agreement with the phase

diagram [31]. Subsequently, the residual TiNi3 phase at the

boundaries of TiNi grains disappeared and the isometric

TiNi grains (50.65 at.% Ni) formed and occupied the

previously Ni-rich region, as shown in Fig. 6e. It also can

be seen in Fig. 6e that much more TiNi particles precipi-

tated in the Ti-rich melt and much fewer TiNi2 existed than

those in Fig. 6b, indicating the precipitation and growing of

TiNi particles, with the interdiffusion of Ti and Ni atoms, in

the Ti-rich melt outside the previously Ni-rich region still

continued. The needle-like phase (46.64 at.% Ni) in Fig. 6e

was B190(TiNi), which is a low temperature martensitic

phase transforming from B2(TiNi) phase as it cooled rapidly.

Finally, the residual Ti2Ni phase was exhausted with suffi-

cient interdiffusion and only B2(TiNi) phase plus B190(TiNi)

phase left in the microstructure, as shown in Fig. 6f.

The melting of partial TiNi3 and TiNi reaction diffusion

layers around the Ni cores is because both the Ni content in

TiNi reaction diffusion layer and the Ti content in TiNi3
reaction diffusion layer increased due to the interdiffusion

of Ti and Ni atoms; and according to the equilibrium phase

diagram of Ti–Ni [31], the melting temperature of TiNi

declines with increasing Ni content in it while the amount

of liquid phase increases with increasing Ti content in the

TiNi3 layer. Therefore, when the reaction temperature

reached and exceeded the TiNi–TiNi3 eutectic temperature

(1391 K) with the heat released by the formation of TiNi

particles in the Ti-rich melt, partial TiNi and TiNi3 diffu-

sion layers around the Ni cores would melt, forming

Ni-rich melt covered by the unmelted TiNi layer. Then the

residual Ni cores completely dissolved into, and the Ti

atoms gradually diffused through the unmelted TiNi layer

into the Ni-rich melt, so that the TiNi particles precipitated

in the saturated Ni-rich melt; simultaneously, the unmelted

TiNi layer would be broken up into particles because of (1)

the effect of capillary action on both sides of the layer and

(2) expansive force on the unmelted TiNi layer caused by

the increasing of volume of the melt within the unmelted

TiNi layer. After that, the Ti-rich melt and the Ni-rich melt

contacted with each other, and with further interdiffusion

of Ti and Ni atoms, more TiNi particles precipitated in

Fig. 5 SEM photographs showing: a TiNi particles precipitating

while being coated with Ti2Ni; b disappearance of the (bTi)–Ti2Ni

eutectic structure; c more TiNi particles precipitating in the Ti-rich

melt

J Mater Sci (2011) 46:2437–2444 2441

123



Ni-rich melt, and the TiNi particles grew up in the Ti-rich

melt while less and less Ti-rich melt (consequently the

Ti2Ni in the cooled microstructure) left. Combining this

view and Fig. 6e, it could well explain the experimental

results of Itin et al. [4] that Ti2Ni phase in the final product

was concentrated at the grain boundaries of TiNi, which

was as a consequence of insufficient interdiffusion of Ti

and Ni atoms at this stage.

The melting of partial TiNi and TiNi3 diffusion layers

should be responsible for the nearly flat plateau in Fig. 1,

since the heat absorbed by the melting process and that

released by the formation of TiNi were basically in balance,

thus the appearance of plateau and the absence of sharp

peak in the temperature–time profile are understandable.

The melting of partial products during the combustion was

also proved by other authors. For instance, Li et al. [15]

pointed out that TiNi melted at a combustion temperature of

about 1260 �C (1533 K), lower than the original melting

point of TiNi (1583 K); also, Yeh and Sung [20] observed

with a video camera a significant melting and shrinkage of

the sample during the combustion reaction of a sample with

55% TMD and a preheating temperature of 300 �C, and the

shrinkage could be attributed to, according to the analysis

above, the melting of Ti particles and, more importantly, the

melting of partial products.

It is interesting to notice that the melting of partial TiNi

and TiNi3 reaction diffusion layers is not necessary and

mainly depends on the temperature can be reached during

Fig. 6 SEM photographs showing: a TiNi–TiNi3 eutectic forming

between TiNi layer and TiNi3 layer around the Ni particle; b TiNi

particles appearing in the Ni-rich liquid; c microstructure of the TiNi

particle in (b); d more TiNi precipitating in the Ni-rich liquid while

less TiNi–TiNi3 eutectic existing in the interstices among the TiNi

grains; e forming of isomeric TiNi; f the microstructure of both the

previously Ti- and Ni-rich region
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the combustion: in the case that the reaction temperature

cannot reach 1391 K, such melting would be absolutely

absent, and the reaction should proceed by a dissolution–

precipitation mechanism, which means only Ti particles

would melt and Ni particles dissolve into the Ti-rich melt

so that TiNi particles precipitate in the Ti-rich melt; while

if the reaction temperature could meet the requirement for

partial TiNi plus TiNi3 layers to melt, the reaction should

proceed by a dissolution–precipitation–diffusion mecha-

nism, as it is in this study.

Combustion-synthesized product

Figure 7a shows a macrostructure of the combustion-

synthesized product, which consists of TiNi compound and

some pores. The microstructure of the TiNi compounds, as

shown in Fig. 7b, is composed of B2(TiNi) and B190(TiNi)

phases. Because only TiNi particles were in solid-state

after the melting of TiNi plus TiNi3 diffusion layers, an as-

cast product was obtained in this study. Since the melting

of partial or even all of the products would introduce the

shrinkage of the sample and influence the pore morphology

and distribution, those want to synthesize porous TiNi by

SHS should pay more attention to control the temperature

during the synthesis, so the product with desired pore

morphology and distribution could be obtained.

Influences of preheating

According to the microstructural evolution stated above,

the combustion reaction was initiated by the melting of Ti

particles at a temperature lower than the original melting

point induced by the solid-state diffusion between Ti and

Ni particles before the main combustion. The interdiffusion

between Ti and Ni particles would indirectly lower the

melting point of the Ti particles and thus accelerate the

melting of Ti particles as well as the whole synthesis

process, making sure that the combustion reaction will be

initiated and self-sustain. Therefore, the interdiffusion

between Ti and Ni particles before the main reaction is

significant to the self-sustained combustion reaction.

Considering that the preheating is really beneficial to the

solid-state diffusion before the main combustion, preheat-

ing the compact plays an important role in the self-

sustainability of the reaction. Because the interdiffusion

between Ti and Ni before the main combustion is easier

and faster with higher preheating temperature, and the Ti

particles would, as a result, melt more quickly, so the

dissolving of Ni particles is enhanced and there would be

relatively more heat released since more TiNi formed in

the Ti-rich melt in a relatively shorter time period. This

analysis is in good agreement of that observed by Yeh and

Sung [20] that the combustion temperature as well as the

wave velocity increased with the increasing preheating

temperature. This is also a possible explanation in the

level of microstructure for the necessity of the preheat-

ing before the combustion synthesis. While in the macro-

level, it can be explained as the reaction Ti ? Ni ? TiNi

is a less-exothermic reaction [15] and the adiabatic tem-

perature of the combustion reaction is low (reported to be

1276 �C [32]).

It seems as if the combustion front would also propagate

through the compact with a solid-state mechanism in the

case of preheating temperature less than 200 �C, but the

reaction is not completed and the final product in those

cases is the mixture of several compounds such as Ti2Ni,

TiNi3 and even unreacted Ni [20]. Interestingly, the solid-

state reaction mechanism, although showed significant

incompleteness, may be attractive to those want to produce

porous TiNi by SHS because the porous end product, rather

than the relatively denser product in this study, can be

obtained in that way.

Fig. 7 SEM photographs of the combustion-synthesized product:

a the macrostructure of the product; b the microstructure of the

product
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Conclusions

By using an improved combustion front quenching method,

a combustion front quenching test has been performed to

investigate the mechanism of SHS of TiNi from Ti–Ni

powder mixture under a condition of pre-heating the

reactants, and the microstructural evolution in the quen-

ched sample was analyzed with SEM and EDX. Based on

the microstructural evolution in this study, it can be seen

that the combustion reaction of Ti–Ni powder mixture was

initiated by the solid-state diffusion between the Ti and Ni

particles and proceeds by a dissolution–precipitation–

diffusion mechanism, which means that the Ti particles

would melt and the Ni particles would dissolve into the

Ti-rich melt so that TiNi particles precipitate in the Ti-rich

melt in the earlier stage of the reaction, subsequently par-

tial TiNi plus TiNi3 diffusion layers in the surface of Ni

particles would melt and the formed Ni-rich melt would

then contact with the Ti-rich melt, so the TiNi particles

would precipitate in both Ti- and Ni-rich melts with

interdiffusion of Ti and Ni atoms. Moreover, it can be

deduced from the microstructural evolution that preheating

temperature played an important role during the synthesis

since high preheating temperature would enhance the

reaction.
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