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Self-propagating high-temperature synthesis (SHS) has been successfully developed for
the fabrication of cellular NiTi intermetallic compounds, which have an open cellular
structure with about 60 vol% porosity and more than 95% open-porosity ratio. The

SHS reactions lead to the formation of TiNi,,Ni, Ni;Ti, and Ni,Ti5 intermetallics.

The SHS process can be controlled by regulating the preheating temperature, which
has effects on the phase amount and the shape as well as macrodistribution of pores in
the products.

There is a growing need for fabrication of artificial plant as well as the transport of body fluids. In addition,
hard-tissue replacements. The biomaterials industripy obtaining different porosity and pore sizes through
worldwide has an annual turnover of $2.3 billion in the controlling the synthesis conditions, it is easy to adjust
field of hard-tissue repair and replacement (total of $12he mechanical behavior of cellular NiTi alloys to match
billion). There is currently an increasing growth rate that of replaced hard tissue.
of 7-12% per annum for biomaterials in clinical appli- The engineering potential of cellular NiTi alloys in
cations' Several nonmetallic materials have been proimedicine is considerable as aforementioned, but its
posed as candidates for artificial bones and/or teeth, buealization requires new and innovative methods of de-
none has found wide applications. Due to their lowsign, unfamiliar to traditional engineers. Self-propagating
reliability, especially in wet environments, materials high-temperature synthesis (SHS) is used to synthesize
such as hydroxyapatite-based biomaterials cannot presaany ceramics and intermetalli€s;*including NiTi inter-
ently be used for heavy load-bearing applications (likemetallic compounds. Compared with the conventional
artificial bones or teethj. Metals have been widely process, the SHS method provides advantages with respect
used for major load-bearing applications. There areto time and energy savings and easier processing.
however, various problems related to normal metallic The main aim of this study is to synthesize cellular
materials in the human body due to physical propertiesNiTi intermetallic compounds by SHS. By changing
corrosion, wear, and/or negative tissue reactiohp-  preheating temperature, we expect to control the SHS
propriate hard-tissue replacement implants shoulgrocess and get products with high porosity and well-
achieve a match of mechanical behavior with the tissue tdistributed pores.
be replaced. Reactant powders of Ti and Ni were mixed at the

It is almost certain that cellular materials permit theequiatomic Ni/Ti composition. The blended powders
simultaneous optimization of stiffness, strength, andvere pressed into cylindrical pellets with a diameter of
overall weight in a given application. Cellular materials 26 mm. The relative density of the pellets was about 42%
are naturally load-bearing materials; for example, naturef the theoretical value. The pellets were ignited in an
often uses cellular materials such as wood, bone, an8HS reaction chamber. X-ray diffraction (XRD) was
coral as load-bearing materials. Recently, cellular NiTiconducted to identify the phases in the products. Optical
intermetallic compound has been acknowledged as metallography and scanning electron microscopy (SEM)
most promising biomaterial for use as artificial bones orwere performed for microstructural characterization
teeth roots because of its special pseudoelasticity, whicanalysis.
can accommodate the deformation behavior of hard tis- Figure 1 shows an XRD trace for the blended powders.
sue, and its attractive combination of properties such aAs can be seen, the Ni and Ti powders have been only
excellent mechanical properties, good corrosion resismechanically blended and no alloying has occurred.
tance, biocompatibility, and shape-memory effect. Because of the low exothermic character of the reac-
Moreover, its cellular structure allows the ingrowth of tions of Ti and Ni to synthesize Ni—Ti intermetallic com-
bone tissue and is favorable for the fixation of the im-pounds by SHS, preheating is needétt.is reported that
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control of the SHS process can be achieved by regulatinganishes after the preheating temperature is increased
the preheating temperatuteln the present study, the to 550 °C. The following reactions take place during
effect of preheating temperature on the fabricationcombustion:

process is investigated. Figure 2 shows XRD patterns
of SHS-synthesized cellular NiTi intermetallic com-
pounds under different preheating temperatures. It can
be seen that the SHS process results in the formation
of several intermetallic compounds. The dominant
phase, B2(NiTi) and B19(NiTi), which are the desired

products, are present in every case; by-product phases

like Ti,Ni, Ni;Ti, and Ni,Ti; can also be observed. With

Ni + Ti - NiTi+ 67 kJ mol'* (1)
Ni + Ti - Ti,Ni + 83 kJ mol* , 2)
Ni + Ti — NigTi + 140 kJ mol* | (3)
Ni + Ti - Ni,Tiz + heat . (4)

All four reactions are exothermic in nature with the

increasing preheating temperature, B19(NiTi) in-heat released as indicated. With the reaction heat
creases while B2(NiTi) and NTi; decrease, and Qi

FIG. 1. XRD pattern of the mixed powders before SHS. The,Tigd

20 (degrees)

minor and may come from the Ti powders.

Intensity (arb. unit)

o~
= ® Ti
(o s Ni
= e TiH
Ko
g .
N’
>~. L]
—
< . :
]
E [ ] : i . oo .
[
40 50 60 70 80

X O o< b

B2(NiTi)
B19(NiTi)
Ni Ti

3
Ti Ni

2
Ni Ti

4 3

8

o\

AN
5500C

v -

5250C N\

5000C JL

450°C

A,

A
400°C L

50

70

20 (degrees)

A~

A

DY N,
A

60

80

and the heat provided by preheating, combustion be-
comes self-sustaining. Because NiTi,Ni, and NiTi

are three stable phases whereaglNiis metastable in
NiTi alloys,*® reactions (1), (2), and (3) always take
place and reaction (4) only occurs at preheating tempera-
ture below 525 °C. Thus, NiTi, TNi, and NiTi exist in

all alloys and NjTi; vanishes at a preheating temperature
of 550 °C.

The preheating temperature also has an effect on the
shape and macrodistribution of pores in the products.
Figures 3(a) and 3(b) show macrographs of sintered
products. As can be seen, sintered at preheating tempera-
ture below 500 °C, each product has a regular shape.
From Fig. 3(b), however, one can clearly see evidence of
melting at a preheating temperature of 525 °C or above,
causing the products to deform and melt seriously. This
results from the heat released and the increase of pre-
heating temperature, which means that at more external
heat input the Ti—Ni reaction system increases the com-
bustion temperature. When the combustion temperature
increases over 950 °C, JNi begins to melt. Obviously,
products synthesized at preheating temperature below
500 °C are the ones desired.

It is necessary to note that the clinical success of im-
plants requires the implant to have a structure similar to
the tissue to be replaced. Because the hard tissue like
human bone is cellular and liquid permeable, it is desir-
able that the implant materials should have a similar open
cellular structure. Table | represents the density, poros-
ity, open porosity, and open-porosity ratio obtained un-
der different preheating temperatures. It is clear that the
effect of preheating temperature on porosity and open-
porosity ratio is not very obvious and the sintered
samples have an open cellular structure in each case.
Their porosity is about 60 vol%, and the pores are almost
totally interconnected because the open-porosity ratio is
above 95%. This high porosity and high open-porosity
ratio ensure an open structure of the materials and have
the following advantages: primarily, they can achieve a
stable interface by mechanical bonds due to direct in-
growth of connective tissue into the implant; secondly,

FIG. 2. XRD profiles of the products synthesized at various preheat0dy fluids can penetrate this open structure by capillary

ing temperatures.
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effect, which results in better healing than with fully
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dense materials. This open cellular structure can also beith further sintering. This high porosity and high open-
seen from a representative optical photograph (Fig. 4porosity ratio are attributed to the character of the SHS.
and an SEM image (Fig.5). It can be seen that mosThey can be explained as being caused by (i) the initial
pores form a net of channels, well connected to eaclporosity of the powder mixture prior to the combus-
other. Moreover, there exist a lot of small isolated porestion reaction; (ii) the density change on intermetallic
which are almost spherical in shape and tend to shrinkompounds formation from the elemental constituents;
and (iii) the trapped gases, e.g., Ar, in the pellet, leav-
ing the matrix during combustion, as suggested by
Vecchioet al**
In summary, cellular NiTi intermetallic compounds

with about 60 vol% porosity with more than 95% open-

porosity ratio have been fabricated successfully by SHS,
which shows that both time and energy savings can be
made compared with conventional processing. The SHS

reaction results in the formation of intermetallics, such as
TiNi, Ti,Ni, NizTi, and NiTi; in seconds. The SHS
process can be controlled by regulating the preheating

" Sl _q.'.° .l"d

FIG. 4. Optical micrograph of cellular NiTi intermetallic compounds
fabricated at a preheating temperature of 400 °C.

(b)

FIG. 3. Macrographs of the products synthesized at different preheat-
ing temperatures: (a) below 500 °C and (b) at 525 °C.

TABLE |. The density, porosity, open porosity, and open-porosity
ratio of cellular NiTi intermetallic compounds produced at various
preheating temperatures.

Preheating temperature (°C) 400 450 500 525 550
Density (g cm?) 254 270 251 252
Porosity (%) 60.6 580 611 60.8 o 7 B A
Open porosity (%) 58.2 57.2 59.2 58.1 - ] o ]
Open-porosity ratio (%) 960 986 969 956 - FIG. 5. SEM micrograph of cellular NiTi intermetallic compounds

synthesized at a preheating temperature of 500 °C.
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temperature, which influences the phase amount and thé
macrodistribution of pores in the sintered products but

considered in the near future.

ACKNOWLEDGMENT

The authors acknowledge financial support by the Chi- 9.
10.
11.
12.

nese Academy of Science under a key program.

REFERENCES
1. W. Suchanek and M. Yoshimura, J. Mater. RE3,.94 (1998).

16, 1592 (1981).

http://journals.cambridge.org Downloaded: 27 Jan 2015

. L.L. Hench and E.C. Ethridgdiomaterials: An Interfacial Ap-
proach (Academic Press, New York, 1982).

does not change the porosity and open-porosity ratio sig-g' L.L. Hench, J. Am. Ceram. Soz4, 1487 (1991).

nificantly. More extensive thermodynamic analysis of
and kinetic experimentation with the SHS process will be 6.

. V.I. ltin, V.E. Gjunter, S.A. Shabalovskaya, and R.L.C. Sachdeva,
Mater. CharacterizatioB2, 179 (1994).

I.P. Lipscomb and L.D.M. NokesThe Application of Shape
Memory Alloys in MedicindMechanical Engineering Publica-
tions, Suffold, United Kingdom 1996), p. 11.

. Z.A. Munir and U. Anselmi-Tamburini, Mater. Sci. Rep, 277
(1989).

8. J.J. Moore and H.J. Feng, Prog. Mater. S8, 243 (1995).

13.
2. G. DeWith, H.J.A. Van Dijk, N. Hattu, and K. Prijs, J. Mater. Sci. 14.

H.C. Yi and J.J. Moore, Scripta Metafl2, 1889 (1988).

Z.A. Munir, Am. Ceram. Soc. Bulb7, 342 (1988).

H.C.Yi, J.J. Moore, and A. Petric, Metall. Tra28A, 59 (1992).
V.1, Itin, V.N. Khachin, A.D. Bratchikov, V.E. Gjunter, E.F. Du-
darev, T.V. Monasevich, D.B. Chernov, G.D. Timonin, and A.P.
Paperskil, Sov. Phys. 12,1631 (1978).

J.C. Hey and A.P. Jardine, Mater. Sci. EAG88, 291 (1994).

K.S. Vecchio, J.C. LaSalvia, M.A. Meyers, and G.T. Gray I,
Metall. Trans.23A, 87 (1992).

J. Mater. Res., Vol. 15, No. 1, Jan 2000 13

IP address: 131.156.157.31


http://journals.cambridge.org

