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Superelasticity in 3
Titanium Alloys with Nitrogen Addition
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Deformation behavior at room temperature was examined in near-f titanium alloys, Ti-10V-2Fe-3Al,
containing small amounts of N up to 0.2 mass%. After a 3 solution treatment, thermally induced «”
martensite is formed in the N-free alloy but no martensite is formed in the 0.1 and 0.2% N alloys. In the
N-free alloy, stress-induced " martensite transformation occurs during deformation at room temperature,
and a shape memory effect by heating after deformation is exhibited, as was previously reported. In the
N-containing alloys, shape recovery over 90%, which is much larger than that in the N-free alloy, was
obtained by unloading after a bending deformation. In the 0.1% N alloy, forward and reverse martensite
transformations are observed during tensile deformation by in-situ optical microscopy, confirming the
occurrence of superelasticity in this alloy. On the other hand, a large elastic strain over 1% is obtained in
the 0.2% alloy by strengthening of 3 matrix, although the " martensite introduced by further deformation

does not disappear by unloading.

Keywords f titanium alloy, martensite, nitrogen, phase trans-
formation, superelasticity

1. Introduction

It is well known that shape memory effect and superelas-
ticity occur though stress-induced martensite transformation
(Ref 1). TiNi-based alloys with an ordered body-centered cubic
(bee) (B2) matrix phase are the most widely used shape memory
and superelastic alloys. For biomedical use, however, Ni-free
shape memory and superelastic alloys are preferred, and thus,
attention has been paid recently to Ni-free 3 titanium alloys.

One of the deformation mechanisms in {3 titanium alloys is
stress-induced «” (orthorhombic) martensite transformation
from a disordered bee 3 matrix (Ref 2). A shape memory effect
due to the stress-induced o” martensite transformation was re-
ported in a Ti-Nb binary alloy (Ref 3), Ti-Mo-Al ternary alloys
(Ref 4), and a commercial near-f3 titanium alloy, Ti-10V-2Fe-
3Al (Ref 5, 6). Lee Park et al. (Ref 7) also developed Ti-V-Al
shape memory alloys with an atomic ordering of Al. Further-
more, several shape memory and superelastic alloys have re-
cently been developed in titanium alloys with various combi-
nations of substitutional elements (Ref 8-13).

Interstitial elements, such as carbon, nitrogen, and oxygen,
were avoided in the development of practical titanium alloys
because these elements deteriorate ductility and toughness.
However, attention was paid to the large solution strengthening
by these elements in the recent development of low-cost tita-
nium alloys (Ref 14-16). It was also recently pointed out that
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oxygen is important for TiNb-based, low-modulus, superelas-
tic, and high-strength alloys (Ref 17, 18).

In this current study, an attempt to develop superelastic
alloys was made by the addition of interstitial alloying ele-
ments to (3 titanium alloys. Nitrogen (N) was chosen to be used
for the strengthening of B phase in Ti-10V-2Fe-3Al. It was
reported that athermal w transformation often suppresses the o
(orthorhombic) martensite transformation in Ti-V-Al alloys
(Ref 19, 20). If N suppresses athermal  transformation as
oxygen (O) does in Ti-V-O alloys (Ref 21), then stress-induced
B—a"” martensite transformation would be promoted over a
wider temperature-composition range, broadening the possibil-
ity of shape memory and superelastic titanium alloys. The de-
formation behavior and the corresponding microstructure
change at room temperature of the N-added alloys were studied
in comparison with those of the N-free alloy.

2. Experimental Procedure

Table 1 shows the chemical compositions of the alloys used
in the current study. Ti-10V-2Fe-3Al-N alloys containing 0.1
and 0.2 mass% N (hereafter 0.1 N and 0.2 N alloys) as well as
the N-free alloy were prepared by arc melting. After homog-
enizing and hot rolling or forging, the specimens were solution-
treated in the (3 single-phase region and quenched into water.
The solution treatment conditions performed were 1123 K-3.6
ks for the N-free alloy, 1173 K-1.8 ks for the 0.1 N alloy, and
1273 K-1.8 ks for the 0.2 N alloy, respectively, resulting in
similar (3 grain sizes (140-155 pwm) in those alloys. Microstruc-
ture was observed by optical microscopy (OM) and transmis-
sion electron microscopy (TEM). TEM specimens were pre-
pared by ion thinning after mechanical polishing. Vickers

Table 1 Chemical compositions of the alloys used (mass%)

A\ Fe Al N (0] C H Ti

N-free  9.67 1.81 3.04 0.009 0.063 . 0.0010  Bal.
0.IN 9.66 2.04 298 0.11 0.081 0.012 0.0200 Bal.
02N 1095 201 327 022 0.13 0.013 Bal.
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Fig. 2 Microstructure of the N-free alloy 2% deformed in tension: (a) OM micrograph, (b) TEM micrograph, and (c) corresponding SADP with

a key diagram

hardness was measured with a load of 9.8 N. Sheet specimens
0.25 mm thick were deformed by bending at room temperature.
The bend angle and radius are 110° and 5 mm, respectively. The
maximum strain reaches 2.5% at the surface. Each spring-back
after unloading and the shape recovery after holding at 573 K for
5 s was determined as the ratio of the recovered angle to 110°.

3. Results and Discussion

Figure 1 shows the OM microstructures of the N-free and
N-added alloys quenched to room temperature after the 3 so-
lution treatments. The @ matrix is mostly retained, and some
martensite plates are formed by quenching in the N-free alloy
(Fig. 1a). As reported previously, this martensite phase is or-
thorhombic «” (Ref 5, 6). On the other hand, martensite is not
formed in the 0.1 N (Fig. 1b) or 0.2 N (Fig. 1c) alloy by
quenching. In the in-situ OM observations, no further marten-
site transformation took place in cooling to 130 K.

Figure 2 shows the OM and TEM micrographs of the N-free
alloy deformed in tension by 2% at room temperature. Some
banded structures are formed by deformation (Fig. 2a). In the
TEM micrograph (Fig. 2b), fine, plate-shaped products are
formed by deformation. The corresponding selected area dif-
fraction pattern (SADP) and its key diagram in Fig. 2(c) reveal
that those plates are orthorhombic «” martensite.

The OM micrographs in Fig. 3 show the variation of surface
relieves in the 0.1 N alloy during the in-situ OM observation
when the specimen was deformed up to 1.5% under tension at
room temperature. By deformation, surface reliefs by the
stress-induced martensite transformation appear on the pol-
ished surface in Fig. 3(c). As deformation proceeds, new reliefs
are formed (Fig. 3e). These relieves mostly disappear by un-
loading (Fig. 3d and f). This clearly indicates that superelas-
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ticity due to the stress-induced o” martensite transformation is
obtained in this alloy.

The OM micrographs in Fig. 4 show the variation of surface
reliefs in the 0.2 N alloy during the in-situ OM observation
during tensile deformation at room temperature up to 1.3%.
Until the strain exceeds 1%, no surface relief is formed and the
specimen is deformed only elastically (Fig. 4b). After 1.3%
deformation, surface relieves by the stress-induced o” marten-
site transformation appear on the polished surface in Fig. 4(c).
Those relieves do not disappear by unloading, implying that
superelasticity is not appeared in this alloy.

Fig. 5(a) shows the Vickers hardness of the solution-treated
Ti-10V-2Fe-3Al-N alloys. The hardness increases as N content
increases. Figure 5(b) is the shape recovery after the unloading
and subsequent heating to 573 K. The N-free alloy exhibits a
recovery of 60% by unloading after bending. By heating, the
remaining strain is mostly recovered by the shape memory
effect reported by Duelig et al. (Ref 5, 6). In the 0.1 N alloy, the
shape recovery after unloading is increased to 90%. A remain-
ing strain is recovered by heating in this alloy as in the N-free
alloy. The shape recovery that reaches 95% occurs mostly after
unloading in the 0.2 N alloy, but no recovery occurs after
heating. Thus, it is concluded the addition of 0.1 N results in the
superelasticity, although the deformation by bending is mostly
produced elastically in the 0.2 N alloy due to solid solution
strengthening of the 3 matrix by N addition. The Young’s moduli
determined as averaged values in the elastically deformed region
are 50-60 GPa in these alloys. The tensile properties of the alloys
will be reported elsewhere in more detail (Ref 22).

Lee Park et al. (Ref 7) considered short-range ordering of Al
is important for the shape memory effect in the Ti-V-Al shape
memory alloys containing more than 4 mass% Al. Because
Ti-10V-2Fe-3Al-N contains 3 mass% Al, it is important to
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Fig. 3 Optical micrographs showing the formation and reversion of surface relieves during the in-situ tensile deformation at room temperature
(Ti-10V-2Fe-3A1-0.1N): (a) before deformation, (b) 0.5% deformed, (c) 1.0% deformed and (d) unloaded, and (e) 1.5% deformed and (f) unloaded

(c) (d)

Fig. 4 Optical micrographs showing the microstructure change in the in-situ tensile deformation at room temperature (Ti-10V-2Fe-3A1-0.2N): (a)
before deformation, (b) 1.0% deformed, (¢) 1.3% deformed, and (d) unloaded
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Fig. 5 Variation of (a) hardness and (b) shape recovery with addition
of N

examine the deformation behavior of Al-free alloys. However,
superelastic behaviors are observed in several Al-free alloys
(Ref 9, 11-13, 23) and even in Ti-Nb binary alloys (Ref 24).
Although the mechanism of superelasticity needs to be exam-
ined further, it is clear that Al is not always necessary for the
superelasticity of (3 titanium alloys.

4. Conclusions

The addition of N > 0.1 mass% suppresses the formation of
thermally induced " martensite in Ti-10V-2Fe-3Al. Those al-
loys are deformed by stress-induced martensite transformation
at room temperature. Forward and reverse stress-induced mar-
tensite transformations are observed in the 0.1 mass% N alloy
during tensile tests by in-situ optical microscopy, confirming
the occurrence of superelasticity in this alloy. The addition of
N also increases the amount of elastic deformation of [3 matrix
by solid solution strengthening.
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