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Introduction

The TiNiHf alloys are newly developed as high temperature shape memory alloys with the high
transformation temperatures and with lower cost in comparison with TiNiX=0Pd, Pt) alloys.
Recently a lot of investigations were focused on the TiNiHf alloys, in which Hf contents are ranged
from 1% to 30% [1—8]. Zhu et al. [9] proposed that the decrease of the transformation temperatures of
the Tis; 5.,Niyg HF, (X = 15, 30) alloys in the early period of high temperature duration at 723K was
due to the precipitated second phase though no further experimental results were provided. In the
Tize Nisg Hf15 alloy aged at 873K for 150h, a new precipitate phase of the composition of
(Tig.Hfg @Ni of a spindle-like shape with a habit plane of (190(001), and a long axis of
[001]5//[110],, was observed by Han et al. [10].

It is well known that, in the Ni-rich binary TiNi SMAs, the precipitation sequences are as follows
[11]:

1). B (B2 type matrix)— TigNiz — Ti,Nis — TiNig T = 953K=10K
2). B — Ti,Niz — TiNi, 953K=10K = T = 1023K=10K
3). B — TiNis T = 1023K=10K

Until now, no results about the effects of aging at high temperature (above 953K) in the TiNiHf alloy
are reported. The purpose of the present work is to investigate the microstructure, transformation
temperature, mechanical properties and shape memory effects (SMEs) i, JHif,5 alloy aged at
973K for different hours by transmission electron microscopy (TEM), X-ray diffraction (XRD)
techniques, electrical resistance-temperature measurement, bending and tensile tests.

Experimental

The preparation of the experimental alloy had been described in the previous paper [4,8]. The specimen
were aged at 973K for 5, 10, 20, 40, 80 and 120 hours, respectively. TEM specimens were mechanically
polished to 40-5@m thick and then electrochemically polished by the twin-jet method in an electrolytic of
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Figure 1. Schematic illustration for the SME measurement in the bending test.

20% H,SO, and 80% methanol around 253K. TEM observations were performed using a JEOL-2000EX
electron microscope operated at 200 kV. XRD was performed in a D/IMAX-RA X-ray diffractometer.

The SME was examined by bending tests, as shown in Fig. 1. One end of the strip sample (size:
50mm X 1.5mm X 0.4mm) was clipped at the center of the plate. The specimen was bent at room
temperature, and then heated up to 550K. The pre-st¢ain, h/(d+h), is about 4.2% in the present
study. The recovery ratio was calculated as=R(64—6,)/64. Subsequently, the specimens were
circulated from 550K to 300K several times. At each cycle, the two-way effect was measured by the
values ofé,, (6,, = 6,,—6). Tensile test was conducted at ambient temperature on an Instron-1186
Model machine at a strain rate of 1:7 10" %S %,

Results and Discussion

1. Microstructure of Aged Ti5gNi oHf ;= Alloy

Fig. 2 illustrates the X-ray diffraction patterns of;dNi,Hf s alloy aged at 973K for various hours by
CuKa radiation at room temperature. The pattern can be indexed by an fcc structure f¥i,ith
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Figure 2. XRD patterns of the JjNi, Hf 5 alloy aged at 973K for different hours.
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Figure 3. Optlcal mlcrographs of the ;[Ni,oHf,5 alloy aged at 973K for (a) 10h; (b) 120h.

a lattice parameter of & 1.221nm and B, type martensite of the following lattice constants=a
0.2454nm, b= 0.4087nm, = 0.4791nm angB = 99.32°. No new peaks are detected with the aging
time increasing, which indicates that no new type of second phase precipitates during the aging. The
result is similar to that in TiNiPd alloys aged at 773K for various hours [12].

The optical micrographs of the J&Ni,gHf,s alloy aged at 973K for 10h and 120h are shown in the
Fig. 3(a) and (b), respectively. It can be found that in the agggNTj Hf,5 alloy most of the second
particles are spherical. In the ;JNi,¢Hf,5 alloy aged at 973K for 10h, there are some small second
phases, while in that aged for 120h, the amount of the second phases increases and the size of the secc
phases becomes large.

TEM observations also indicate that no new type of second phase exists in all the aging specimens
which is consistent with the results of XRD. Fig. 4(a) and (c) depict the typical morphologies of second

Figure 4. (a) Bright field image of TiNi,oHf;5 alloy aged at 973K for 10h; (b) corresponding EDP of area A in (a), Electron
beam // [001]; (c) Bright field image of TiNi,Hf,5 alloy aged at 973K for 120h; (b) corresponding EDP of area B in (c),
Electron beam // [111].
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Figure 5. Electrical resistance versus temperature curves of tgeiJjHf,5 alloy aged at 973K for various hours.

phase particles for the JdNi,oHf;5 alloy aged at 973K for 10h and 120h, respectively. The corre-
sponding EDPs for the particles A and B in Fig. 4(a) and (c) are shown in Fig. 4(b) and (d). It is clear

that the second phase particles are (Ti;Nfland the size of the second phase increases with increasing
aging time.

2. Effect of Aging on the Transformation Temperatures

The electrical resistance versus temperature curves of thiTiHf, 5 alloys aged at 973K for Oh, 5h,
40h and 120h are shown in Fig. 5. It can be found that the shape of these curves shows no obviou:
changes whereas the transformation temperatures vary greatly. Fig. 6 shows the variation curves of M
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Figure 6. Effects of the aging time on the transformation temperatures Ms and Af.
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Figure 7. Stress-strain curves for the,gNi,gHf 5 alloy aged at 973K for different hours.

and Af temperatures with the aging time. The transformation temperatures decrease rapidly with
prolonging aging time at first and then keep constants as the aging time further increases.

3. Effect of Aging on the Mechanical Behavior

Fig. 7 shows the stress-strain curves at ambient temperature of the specimen aged at 973K for differer
hours. Unlike that of annealed TiNi alloys [13], no stress plateau is observed. The stress-strain curve:s
are characterized by continuous yielding and high work-hardening, which is similar to that of TiNiPd
[14], cold-worked TiNi alloys [15] and solution-treated ;d\i,gHf,5 alloys [16]. The high work
hardening probably results from some defects introduced during the martensite variant reorientation ol
the stress induced martensitic transformation. The yield strength and the elongation change a little a:
the aging time increases from Oh to 120h, as shown in Fig. 8. It is clear that the yield strength of the
specimen reaches a weak peak value when the aging time is about 20h and then slightly decreases. T
elongation of the aged specimen changes slightly as the aging time further increases and then decreas
rapidly when the aging time exceeds 80h. There is no apparent hardeningh,Jif, 5 alloy aged

at 973K.

4. Effect of Aging on the Shape Memory Effect

The SME of the alloy changes with increasing aging time. The shape recovery ratio ofgNe,JHif, 5
alloy is shown in Fig. 9 as a function of the aging time. The recovery ratio increases with increasing
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Figure 8. Effect of the aging time on the yield strength and the elongation.
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Figure 9. Effect of the aging time on the shape recovery ratio.

aging time, and reaches a maximum at about 20h, then decreases slowly. The maximum recovery rati
is about 90%, which is lower than that of hot-rolled and annealggNTjHf 5 alloy [16].
For the TiNiHf alloys, no two-way shape memory effect (TWSME) was reported in the previous
literatures. However, obvious TWSMEs both in the solution-treated and in the agdd,IHf, 5 alloy
are observed in the present study. The TWSME in the agggNiLiHf,5 alloy is unstable, and
decreases as the number of cycles increases, which is similar to that in TiNi alloys [17]. The curve of
0., With the aging time and the number of cycles are plotted in Fig. 10. It is apparers jfagcreases
rapidly at the first several cycles, then decreases slowly as the number of cycles increases, finally
reaches a saturation value. The phenomenon may be explained by a change in the dislocation pattel
[17]. 1t is well known that the TWSME originates from the complex dislocation arrays caused by
bending deformation. These dislocations form a stress field that is beneficial to the forward and reverse
transformations of preferentially oriented martensites under thermal cycles. Perhaps the second phas
particles grown up during the aging interact with the dislocations, which deteriorates the TWSME.
Although no new kinds of precipitate particles are observed in thgNijgHf, 5 alloy after aging at
973K, the aging affects the transformation temperatures, the mechanical properties and the SME of th
alloy. The further precipitation of (Ti,H§Ni and the coarsening of original (Ti,Bfli maybe occur
during the aging, which results in the change of matrix composition (o KIF)/Ni atomic ratio). The
decrease of the transformation temperatures can be attributed to the change of composition (o
(Ti+Hf)/Ni atomic ratio) in the matrix, especially in the change of Hf content in the matrix.
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Figure 10. Effect of the aging time and the number of cycles on the TWSME.
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The experimental results suggest that some (TjMifparticles freshly precipitated at the beginning
of the aging. With increasing aging time, all (Ti,HRi particles including preexisted ones coarsen,
which affects the mechanical properties and SME of the alloy. When the aging time is less than 20h,
the precipitated small particles strengthen the matrix slightly, which results in the slight increase of the
yield strength of the alloy. In addition, these particles increase the SME of the alloy by reacting with
the dislocations. With further increasing the aging time, the coarsening of the second phase particle:
leads to the decrease of the strength and SME of the alloy.

Obvious TWSME is observed in the present alloy. After several thermal cycles, the TWSME
decreases probably because the stress field introduced by dislocations relaxes, or in other word, th
dislocations rearrange. The fact that, with increasing aging time, the TWSME is deteriorated may be
explained by the effect of second phase particles.

Allin all, no new fine second phase was observed in thgNij,Hf, s alloy aged at 973K for various
hours. The process of aging maybe includes the precipitation of fresh (INiHfgrticles and the
growth up of preexisted ones. As a result, the mechanical properties and SME change corresponding|
with increasing aging time.

Conclusions

1. No new kinds of precipitate particles are observed in thgNTi Hf, 5 alloy but (Ti,Hf),Ni during
aging at 973K.

2. The transformation temperatures of thggNi,gHf,5 alloy decrease rapidly with prolonging aging
time at first and then keep constants as the aging time further increases.

3. The yield strength reaches the maximum when the alloy was aged at 973K for about 20 hours.
Whereas the elongation almost keeps constant at first and then decreases rapidly when the aging tin
exceeds 80 hours. No obvious age hardening was found in tgdiJHf,s alloy aged at 973K.

4. With increasing aging time, a weak peak of SME of aged alloy is observed when the aging time is
about 20 hours.

5. An obvious TWSME is observed in the;fNi,gHf,5 alloy, which is deteriorated with increasing
aging time. After several thermal cycles, the TWSME decreases.
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