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Abstract—Porous Ni-Ti shape-memory alloys (SMAs) have attracted a great deal of attention recently
because they have a similar microstructure to human bone and have significant prospects in medical appli-
cations. In the present study, equiatomic porous Ni—Ti SMAs, especially those with an unusual kind of
linear-aligned elongated pore structure, have been successfully prepared by self-propagating high-temperature
synthesis (SHS) using elemental nickel and titanium powders. The porous Ni—-Ti SMAs thus obtained have an
open porous structure with about 60 vol.% porosity, and the channel size is abquin40®e corresponding
microstructural characteristics and the effect of preheating temperature on the microstructure have been inves-
tigated. It is found that the combustion temperature increases with increasing preheating temperature and
results in melting of the NiTi compound above 480 Moreover, the preheating temperature has been shown

to have a significant effect on the microstructure of the SHS-synthesized porous Ni—Ti SMAs, and the mech-
anism of anisotropy in pore structure is attributed to the convective flows of liquid and argon during combus-
tion. O 2000 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION prevent nickel dissolution and release [2, 3]. More-

gver, Ni-Ti SMAs have an attractive combination of
Metals and alloys are probably the most Commonro erties such as excellent mechanical properties
materials used as surgical implants for artificial hard2"°P prop ’

tissue replacements. The biomaterials industry worl(§’-OOd corrosion re§|st§1nce and speC|aI_ sh_ape-memory
effect. In the applications of porous Ni-Ti SMAs as

wide has an annual turnover of $2.3 billion in the lants. thei tacilitate b . d bi
field of hard-tissue repair and replacement (total fptants, their pores faciiitate bone ingress and bio-
ogical integration of the components, thus ensuring

$12 billion). There has been and will continue to b - .
a growing need for such biomaterials. However, conf: harmonious bond between the implants and the

mon biomaterials can result in various problems ust0dY- ILis interesting to note that studies of the phys-
ally related to the mismatch between the implant arf§omechanical properties of body tissues, including
the replaced bone. An implant is rejected wher?Ones, under tensile loads have proved that living
regardless of its physicochemical and mechanicifsues have a high recoverable strain ( > 2%) [1],
properties, it is not in good and permanent conta®0Wing a good “resilience”, and only the pseudoelas-
with body tissues. This seemingly simple task ofteficity Oof SMAs can exhibit similar deformation
cannot be resolved satisfactorily with the help ofehavior. In addition, the Young’s modulus of porous
screws, glues, cements and/or plastics, or some inthi—Ti SMAs can be easily adjusted to match that of
cate mechanical systems, but can be resolved succeb&: replaced bones because it can be controlled within
fully by using porous plates made of Ni-Ti shapea wide range via the choice of the porosity. Therefore,
memory alloys (SMAs), which have a structure simiPOrous Ni—Ti SMAs are desirable for the treatment of
lar to that of sponge bone [1]. The biocompatibintycongenitaI dislocation of the hip or pseudotalocrural
of Ni—Ti is comparable to that of 316L stainless steeRrticulation, and the replacement of bone and soft
as the presence of an adherent J8Drface oxide can tissues in traumatology, dental surgery, otolaryn-
gology and urology.

As mentioned before, the potential medical appli-
* To whom all correspondence should be addressed. cations of porous Ni—Ti SMAs are considerable, but
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realization of this requires new and innovativeperatureT,. This assumes that the enthalpy of the
methods of preparation and design. Compared witlkeaction heats up the products and that no heat energy
traditional methods, self-propagating high-temperas lost to the surrounding environment.

ture synthesis (SHS) has the advantages of time a .

energy savings, and is being studied extensively f§rd2 Calculation of I

the fabrication of ceramic and intermetallic com- Consider the reaction between nickel and titanium

pounds [4, 5]. Most reports about the preparation @b produce the intermetallic compound NiTi,
Ni—Ti SMAs by SHS [6-9] focus on obtaining dense

Ni—Ti SMAs, and less attention has been paid on the Ni + Ti = NiTi. Q)
preparation of porous Ni—Ti ones. In the present
study, the porous feature of SHS products was pur-

posely used to synthesize porous Ni-Ti SMAs. Since T, is almost equal tdl, in the present study,

It is important to _select suit{able powders and PfO%hen the heat released during the reaction will be:
cess parameters prior to SHS in order to prepare high-

The reaction occurs at an initiation temperatiige

quality products, as the microstructure and properties T
of the final products depend on the SHS reaction con- ad
ditions [10]. For example, in several intermetallic-for- AHO = AHY(T,) + fcp(p) dT, 2

ming SHS systems (Ni—Ti, Ni—Al, Ti-Si), the initial
reactant powder mixture needs to be preheated, within
a furnace, to even initiate the SHS reaction and form

the desired intermetallic. Therefore, the effect of Va”\?Vhere AH(T,) is the enthalpy of formation of the

ous processing parameters, such as reactant particl : e
size of titanium and preheating temperature of th?%&nﬁ?&ﬂ'i:o;ﬁo%r;dth’\é'-nrg;LiTg%igurﬁeCé’éﬁ’;_
reactant, on the final microstructure was investigate pacity P

Moreover, man-made porous materins tend to B Somtuston ‘emperere, The faply of et
almost isotropic [11], and properties are closely assQ-

. > e AL =
ciated with microstructure. But a single piece of bon l;t::c;n geﬁgﬂgz ('Z) %Sei%%)ezd'abatlc’ LAH=0.
or cork differs in strength and stiffness by a factor o - €

To

2 or more along the two directions at right angles T

due to the anisotropic microstructure. Wood is more ad

anisotropic still: some species of woods are 50 times — AHY(T,) = jcp PE)dT, fTa<Tm 3)
stiffer when loaded along the grain than when loaded °

across it [12]. So we cannot ignore the directionality To

of pore structures; and it is a feature that can be built
into man-made porous materials and exploited in . . . .
engineering design. In fact, the potential for designinyh€"eTm is the melting point of compound NiTi. If
anisotropy into pore structure and exploiting it is conelting of the NiTi product occurs during combus-
siderable. However, less attention has been directf@n: then
at understanding anisotropic porous materials. There- T
fore, another main aim of this study was to try to m
obtain porous Ni—Ti SMAs with anisotropic micro- _ AHO —
structure, mimicking the pore structure of wood and AH(To) = ijS(p) dT+vaH. O=v (4)

To

bones. )
=1), ifTg=Tn

2. THERMODYNAMIC CONSIDERATIONS AND

CALCULATION OF Tup and
2.1. Adiabatic combustion temperature,y T
— AHY(T,) = . (5)
Thermodynamic calculations can predict the ability m ad

to ignite or initiate a certain combustion reaction and .

help to optimize the preheating temperature as judged JCps(p) T+ AHn, + ijl(p) T, i Tag>Tn
from reaction enthalpies. In order for a reaction to To Tm

be self-sustaining it must be highly exothermic and

therefore be associated with high temperatures. A key

parameter that provides an indication of the temperathere AH,, is the heat of fusion of the NiTi alloyy
ture attained by the product during the reaction is thie the melting fraction of NiTi, andC,(p) and
adiabatic combustion temperatufig,, defined as the C,(p) are its heat capacities in the solid and liquid
temperature at which the enthalpies of the productghases, respectively.

are equal to those of the reactants at an initiation tem- On the other hand\HP(T,) can be calculated from
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200 temperature—time profiles. Each combustion reaction
| | Ni+Ti— NiTi+67.8kJ/mol| was conducted under an atmosphere of argon.
Ni(I)+Ti(l) The general porosity of the specimens was calcu-
lated by the formula

£:<1—£)><100,

0,

150

Ni(1)+Ti(B),

100

in which p and p, are the density of the specimen
and its corresponding theoretical density, respect-
ively. The density of the specimen was determined
from its weight and dimensional measurements. The
theoretical density is 6.19 g cm?® (based on the
values of pure Ni and pure Ti for equiatomic Ni-Ti
powders) for the blended powders and 6.44 g ¢t
for the NiTi alloy. The general porosity consists of
Ty ' two parts, open porosity and closed porosity. The
1500 2000 open porosity was determined by the liquid weighing
method [14], and the open-porosity ratio is defined as
the ratio of the open porosity to the general porosity.
Fig. 1. The enthalpy—temperature diagram for the Ni/Ti systeml.he channel size was determined using the method
for chord analysis in the literature [15]; i.e., the pores
interconnect into “channels” and the channel size was

Enthalpy, kJ/mol

(=}

1
_ L ¢ 1 " 1
100 0 500 1000

Temperature, ‘c

T the average length of intersection of a random test
- line, which is perpendicular to the propagating wave
AHP(To) = AHPz08 + J{Cp(N'T') (6)  direction, with the channels.
298 After reaction, X-ray diffraction (XRD), optical
= [Cp(Ti) + Cy(Ni)]} dT, metallography and scanning electron microscopy

(SEM) were performed on the specimens along the

. . propagating wave direction and crosswise for analysis
whereAH® ,4¢ is the heat of formation of compoundof the microstructural characteristics.

NiTi at 25°C and C,(Ti) and C,(Ni) are the heat
capacities of Ti and Ni, respectively.

Therefore, the adiabatic combustion temperature
T.q at a certain preheating temperature can be calcgi:1. Microstructure evolution

lated by the above equation (3), (4) or (5). A SCheA_f.l.l. XRD Fig. 2(a) shows an XRD pattern for

matic representation of this process is shown in Firir‘ . o

1, in which the thermodynamic data are taken fro e reactants. As can be seen, thg nickel .and titanium

[9, 13]. powders have been only mechanically mixed and no
alloying has occurred. XRD patterns of SHS-synthe-
sized porous Ni—Ti SMAs under different preheating

3. EXPERIMENTAL temperatures are shown in Fig. 2(b). It can be found
mat the SHS process results in the formation of sev-
%ral intermetallic compounds, such as NiTi,,Ni,

4. RESULTS

Table 1 presents the characteristics of the titaniu
and nickel powders used in this investigation. Th

owders were mixed according to the equiatomic. -
IF\)li/Ti composition and tumbled fgor 24 h to gnsure ither of the reactants are observed. The B2(NiTi) and

homogeneous mixture. They were then pressed in 019’(N|T|) phases, which are the desired products,
cylindrical pellets with porosity around 58 vol.%. aare predominantly present.

hole was drilled at one end to accommodate the Pt/P4-1.2. Porosity, open-porosity ratio and channel size
13% Rh thermocouple, which was used to record the Table 2 presents the general porosity, open

isTi and Ni,Tis, and no reflections corresponding to

Table 1. Powder characteristics of titanium and nickel

Ti Ti Ti Ni
Powder size |fm) 15.2 36.5 67.2 18.0
Specific surface area figy) 0.1976 0.0731 0.0434 0.0565

[O] (wt.%) 1.04 0.71 0.48 0.16
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4.1.3. Pore morphology and pore distributionFig.
" 3 presents optical and SEM micrographs of porous
Ni—-Ti SMAs produced by SHS. One can see that the
distribution of pores is uniform in the cross-section
and that the pores are highly interconnected. There
are also many isolated small pores interspersed in the
. matrix, and these pores are nearly spherical, which is
1 obviously the result of transient liquid phase. Com-
-}ﬁ o paring the pore shapes in Fig. 3(c) and (d), evidence
L of microstructural inhomogeneity is observed at a pre-
heating temperature of 300 in the propagating
(a) 20, degrees wave direction, i.e., the longitudinal section. The pore
shape is anisotropic: the pores are elongated in the
direction of the propagating wave.
Fig. 4(a) shows macrographs of synthesized pro-
ducts. As can be seen, anisotropy of pore distribution
— can be found in the specimens with preheating tem-
B2(NiTi) .
B19'(NITI) pgrature above 30C, and the. pores tend .to bg Ilnegr-
Ni,Ti aligned along the propagating wave direction with
increasing preheating temperature. This pore orien-
tation is different from that of porous materials pro-
duced by gas—eutectic transformation (GASAR) [16].
Fig. 4(b) shows the end of the as-synthesized pro-
ducts, in which obvious melting occurs. This demon-
strates that a transient liquid phase once really existed
during combustion and that the liquid quantity must
increase with increasing preheating temperature. The
corresponding cross-section of the products [Fig.
40 50 60 70 80 4(c)] shows that melting is serious and big pores form
(b) 20, degrees in the center of the products at preheating temperature
above 450C. In particular, a very large hole appears
Fig. 2. XRD results for (a) the powder mixture and (b) SHS{n the whole center of the product synthesized at a
synthesized porous Ni-Ti SMAs. preheating temperature of 64T
The anisotropy in pore structure can also be found
from Fig. 5, in which the longitudinal section of pro-
porosity, open-porosity ratio and channel size of theucts synthesized at preheating temperatures of 300
SHS-synthesized porous Ni-Ti SMAs. The gener&nd 400C are shown. One can see “channels”, which
porosity of porous Ni-Ti SMAs is more than 60like the sap channels of a tree, are distributed along
vol.% and the open-porosity ratio is in excess of 0.83he propagating wave direction, and the channel size
which indicates that most pores interconnect inttncreases greatly with increasing preheating tempera-
“channels”. The corresponding channel size, abotire. It can also be found that the “channel” distri-
400 pum, increases with increasing preheating tenbution in the longitudinal section is very different
perature. It should be pointed out that the synthesizém that in the cross-section [comparing Fig. 5(a)
materials have great prospects in medical applicatiomgth 5(b)]. The channels are tortuous and almost com-
because, for implant materials with porosity in thepletely interconnected in the cross-section, while the
range of 30—90%, the optimal channel size for bonehannels in the longitudinal section seem linear, par-
tissue ingress is 100-5Q0m [7]. allel and less interwoven.
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Table 2. The general porosity, open porosity, open-porosity ratio and channel size of porous Ni-Ti SMAs produced from
Ti(15.2 um) + Ni(18.0 um)

Preheating temperaturéQ)

200 300 400 450 640
General porosity (%) 60.3 60.0 63.9 63.3 63.1
Open porosity (%) 55.8 54.2 54.7 - -
Open-porosity ratio 0.925 0.904 0.856 - -

Channel size(m) 390 410 510 - -
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Fig. 3. Micrographs of porous Ni-Ti SMAs produced at different preheating temperatures. Cross-section: (a)
optical micrograph, 20; (b) SEM, 200C; (c) SEM, 300C; longitudinal section: (d) SEM, 30C.

4.2. Temperature—-time profiles approaches the thermocouple, the curve indicates a

. . - .. very small increase in temperature of just several
The temperature-time profiles as indicated in I:'%egrees; fronT, to T, and, once the exothermic reac-
centeriine of the. ompact during the combustioO" PIOPAGES near 10 the Iocation of the thermo-
wave propagation. When the combustion WaVcouple, an abrupt rise in temperature is noticed. After

) ﬁwat, the sample cools down as indicated by the
decrease in temperature with increasing time.
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Propagating direction

Fig. 5. Linear-aligned elongated pores in (a) the cross-section,
(b, ¢) longitudinal sections of porous Ni-Ti SMAs synthesized
at a preheating temperature of 3@0(a, b) and 400C (c).

sequently the combustion temperature changes little
between preheating temperatures of “450and
640°C, and the measured combustion temperature of
about 1260C agrees well with the calculated adia-
batic combustion temperature of 130) i.e., the
melting point of compound NiTi. This indicates that
melting of NiTi occurs at preheating temperatures
above 450C. Also, it should be noted that the com-
bustion does not propagate at a preheating tempera-
ture of 150C while it propagates when the reactant
is subsequently heated to 3&D[see Fig. 6(b)].

4.2.2. Influence of particle size of Ti on the SHS pro-
cess of porous Ni-Ti SMAs The influence of reac-
tant particle size of Ti on the combustion temperature
is presented in Fig. 7. It is found that the particle size
of Ti has a complex effect on the combustion process.
At the same preheating temperature,
Ti(15.2 um) + Ni(18.0 um) and Ti(67.2um)

+ Ni(18.0um) have high combustion temperatures
and the difference between their combustion tempera-
tures is small. On the other hand,
Ti(36.5um) + Ni(18.0um) has a much lower com-
bustion temperature.

Fig. 4. Macrographs of porous Ni~Ti synthesized at differerft-3. Calculation results of ;; and comparison with
preheating temperatures. The propagating direction of the coxperimental data
bustion wave is shown in (a). (a) Whole product; (b) the end . o .
of the as-synthesized product; (c) cross-section. From Fig. 6, it is found experimentally that
T, = To. Therefore, the influence of preheating tem-
peratureT, on adiabatic combustion temperaturg,
4.2.1. Influence of preheating temperature on thealculated according equations (3), (4) and (5) is
SHS process of porous Ni—Ti SMASOn account of shown in Fig. 8 assuming that, = T,. As can be
the weak exothermic heat and low combustion tenseen,T,q increases almost linearly with increasiiig
perature of the Ni+ Ti reaction, combustion can only below 227C, followed by a plateau between 227 and
be initiated by preheating the compacts. It is found5¢°C. Finally, T,y increases again with further
experimentally that when the preheating temperatunecreases irl,. At preheating temperatures between
of the powder compact is raised to or above ZD0 227 and 750C, T,4 reaches the melting temperature
the combustion front is able to propagate. The tenof NiTi, and the melting fraction increases almost lin-
perature—time profiles with different preheating temearly with increasingl,. Complete melting occurs at
peratures are shown in Fig. 6. Here, it can be sedp of 750°C as can be seen in the inset.
that the combustion temperatur&,, increases with  Although SHS reactions can be generally charac-
increasing preheating temperature and reach&sized by the adiabatic combustion temperature, it
1262C at a preheating temperature of 4680 Sub- must be remembered that loss of heat to the surround-
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Fig. 6. The influence of preheating temperature on combustic
temperature during SHS of porous Ni-Ti SMAs. As shown ir
@, To=T, (&) Ti(15.2um)+ Ni(18.0um);  (b)
Ti(36.5um) + Ni(18.0 um); (c) Ti(67.2um) + Ni(18.0 um).

iabatic combustion temperature, °’c

ings is unavoidable and sometimes can be significal -5
especially with samples of high surface area/volum <C
ratio [17, 18]. The experimental measurements of
are shown in Fig. 9, in which the calculated adiabati
combustion temperature is also shown for compari-
son. As can be seefl, is lower than the correspond-
ing T, and the lowerT, the greater the variation
betweenT,4 and T..
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2100 Fig. 3, showing the micrographs of porous Ni—Ti
i®) SMAs produced by SHS, demonstrates the porous
) 1800 |- nature of the SHS reaction products. As pointed out
= by Munir and Wang [22], pores in SHS-reacted pro-
g 1500 ducts have five possible sources. They are: (1) exist-
Q —————~> Theoretical: T, ing pores in the reactants prior to combustion; (2) dif-
g 1200 A ferences in molar volume between reactants and
= " Experiment: T, products; (3) differences in diffusion rates between
5 %0 e o |4 Ti(152um) nickel and titanium; (4) gas evolution during reaction;
E L " e Ti(67.2um) and (5) thermal migration due to the high temperature
5 o0 / v Ti(36.5um) gradient during combustion. Certainly, the first one
> v is the main contribution since the reactants prior to
ot . combustion have porosity about 58 vol.%. It is also

0 0060 %0 e %9 pelieved that the last two contributions are important

Preheating temperature, C in this work.

From equations (3), (4) and (5), it is found thermo-
|
raynamu:ally that a higher preheating temperature
results in a higher adiabatic combustion temperature
and thereby a higher combustion temperatlie
Judged from Fig. 6(a) or Fig. 9, it can be found that

Fig. 10 shows the Ni-Ti binary diagram [19]. TheNiTi melts atT. =~ 1260°C, which is lower than the
system is characterized by three stable intermetallfg€lting point of NiTi indicated in the phase diagram
compounds. Of particular interest in this study i§Fig. 10). The reason for the discrepancy between the
NiTi, although metastable intermetallics such a#easured (about 1260C) and the melting point of
Ni,Ti; and Ni,Ti,, can also sometimes be observediTi (1310°C) can be explained as follows: (1) the
[20]. In the present study, a stoichiometric mixturecombustion temperature measured by the thermo-
of nickel and titanium powders is used to form argouple may be lower than the actual combustion tem-
intermetallic compound product NiTi. The reactiongerature in the specimen, because the combustion
between nickel and titanium are initiated and heateaction rate is very fast and the combustion tempera-
which further accelerates the reaction and makestitre gradient is very high during SHS while the
self-sustaining, is liberated because of the thermodyfesponse rate of the thermocouple is limited; and (2)
amic stability of the intermetallic compounds. NiTithe melting point of NiTi prepared by powder metal-
is the dominant phase due to the equiatomic Ni/THrgy may be a little lower than that produced by arc-
composition, while TiNi, Ni,Ti and Ni,Ti; can also Melting. Moreover, the SHS process cannot be ideally
be observed. The appearance of second phases, whagligbatic, thus heat loss due to heat flow from the
is a common feature for all Sa_mp|es produced by SHrgaction zone to the SUrrOUndingS is unavoidable, and
[21], can be explained by the characteristics of SH&e combustion temperature is lower than the adia-
The elemental reactant powders are not mixed supatic combustion temperature. If the heat loss is too
ficiently well and/or the particle size of the reactantéarge and the heat provided by preheating is too low,
is insufficiently small, and as a result there is a conthen combustion may be quenched. This can be used
position fluctuation in the specimen that is resporio explain why SHS cannot propagate when the pre-

sible for the formation of different second phases dufeating temperature is at or below 280 It has been
ing SHS. found that the particle size of Ni has little effect on

combustion temperature during SHS of Ni-Ti SMAs

Weight Percent Nickel [9]. However, the present study shows that the par-

s ticle size of Ti has a complex effect on the combus-

tion temperature. The reason is not very clear at
present and further investigation is in progress.

The mechanism of SHS of porous Ni-Ti SMAs
varies with the SHS processing conditions. When the
maximum temperature that can be reached, Tg.s
below the lowest eutectic temperature (9@2in the
Ni—Ti system (Fig. 10), no liquid possibly exists, and
solid-state reaction is the dominant mechanism. The
original pores in the compact and formed Kirkendall
pores are the main pore origins of the final products.
. i WhenT. is above the lowest eutectic temperature yet
T R e S at a temperature where the compound NiTi product
i Atomic Percent Nickel m is solid, a transient eutectic liquid corresponding to

Fig. 10. The Ni-Ti phase diagram. Ni—-76 at.% Ti forms, rapidly wets and spreads

Fig. 9. Graph of combustion temperature and calculated adi
batic combustion temperature versus preheating temperatu

5. DISCUSSION

1670°C:
1600

1400

Temperature °C
I
g

1000
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throughout the reaction front due to the capillarypound, a large part of the product is in the liquid
force. The liquid consumes the elemental powdeghase and also there is a small temperature gradient
and finally forms mainly NiTi products behind thebetween the center and the periphery of the specimen;
advancing liquid interface. The presence of liquidhereby a big hole will form in the center throughout
enhances material transport and homogenization, thilie product. It should be noted that the high tempera-
diffusion and capillary action would all act as reactioriures encountered during the SHS reactions often
mechanisms. When the preheating temperature rissult in the expulsion of any volatile impurities or
increased furthelT, can reach or exceed the meltingmoisture that may be found in the starting powders.
point of NiTi and a relatively large quantity of liquid Therefore, it is thought that the expulsion of impurity
may exist. Then capillary spreading of the liquid willgases and the convective flow of argon and liquid all
be the main mechanism and even a cast product megntribute to the high open-porosity ratio in the
be obtained at high preheating temperature. present study.

It is thought that the significant difference in the It has been observed that convective fluid flow can
channel distribution of the present porous Ni—Tchange the combustion behavior as well as the micro-
SMAs is largely determined by the transient liquidstructure of the reacted products [23]. It can therefore
during combustion. A combustion reaction is oftefbe concluded that a liquid phase is important in
associated with various kinds of fluid flow. Forinducing the anisotropy in microstructure of porous
instance, if combustion is carried out under an ineffli-Ti SMAs. The mechanism of formation of ani-
or reactive gas atmosphere, convective flow of gastropy in pore structure at or above a preheating tem-
will occur due to a temperature gradient existing iperature of 300C may be summarized as follows,
the atmosphere when a combustion wave is initiatedased upon the experimental results observed. As the
Also, owing to the nature of the combustion reactiorjquid/solid interface moves along the propagating
a large temperature gradient exists within the liquidirection, the pores grow, accompanying the flow of
layer, which could induce flow of liquid phase withinthe liquid. If the quantity of liquid is small, then the
the combustion front. In the present reaction systerfiquid will be entrapped by the interface and no ani-
there are two kinds of fluid: (1) the eutectic liquidsotropy of pore distribution will occur. However,
and/or molten matrix NiTi phase that are producedwhen the quantity of liquid increases to a critical
at the combustion front; and (2) argon gas, which igalue, the liquid will flow along the propagating wave
introduced to protect the ignition coil and sampledirection due to both gas flow and the high tempera-
Fluid flow, especially convective liquid flow, ture gradient. Therefore, pores grow along the propa-
enhances both the heat and mass transfer ratesgdting wave direction and anisotropy of pore struc-
should be noted that the liquid flow is also impedeture appears.
by the presence of the solid products. Thereby, once
liquid forms, the pore structure will be affected by
the advancing solid/liquid interface, depending on the
quantity of the liquid, the convective argon flow and porous Ni-Ti SMAs, especially those with a new
the temperature gradient. When the preheating telind of pore structure with linear-aligned elongated
perature is I’elatively |OW, there is no Iquld, or th%ores’ have been successfu"y prepared by an SHS
quantity of liquid, which is entrapped by the interfacereaction of Ni and Ti powders. The porous Ni-Ti
is small; as a result, no anisotropy in pore structurgMAs thus obtained have an open porous structure
occurs. That is why no obvious microstructural aniwith about 60 vol.% porosity, and the channel size is
sotropy is observed when the reactants are preheat@sbut 40qum. The effects on combustion temperature
at 200C. However, when the preheating temperaturgf reactant particle size of Ti and preheating tempera-
increases to a certain value (for example, @0the tyre, which has been employed to increase the com-
quantity of liquid, which even forms continuously inpustion temperature by increasing the adiabatic com-
the reaction front, increases, and the liquid persisfystion temperature, have been investigated. Upon
for a little longer due to the higher combustion tempreheating the reactants the adiabatic combustion
perature. Meanwhile, a much higher temperatui@mperature can be increased to form a transient
gradient exists between the product and the reactanggitectic liquid and/or even to melt compound NiTi
In these cases, although the thermal wave moves rgfioduct. The microstructure of the product has been
idly, the wetting liquid quickly encapsulates and conshown to be highly dependent on the preheating tem-
sumes small pores and forms relatively large chamerature. It is thought that the unusual pore structure
nels, which are sheared in the propagating directiaith linear-aligned elongated pores observed with this
by the conveyor motion of liquid and argon. The conparticular reaction is closely associated with the liquid

vective argon flow further accelerates the motion gdhase formed and the convective argon flow.
the liquid flow. Therefore, anisotropy in pore struc-

ture appears and becomes serious with further

increases in preheating temperature, and the channel REFERENCES
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