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In this article, the effect of aging on the microstructure and shape memory effect (SME) of a hot-rolled
Ni49Ti36Hf15 alloy is studied. The alloy was prepared by vacuum induction melting (VIM) and homogenized
at 1000 �C for 2 h. The homogenized alloy was then undergone 45% hot rolling at 850 �C and aging at
temperatures of 500 and 600 �C for 2 h. Optical microscopy (OM) and scanning electron microscopy
(SEM) conducted on the hot-rolled samples revealed that hot rolling improves microstructure, deformation,
and recoverable strains such that the alloy recovers 3.10 of 3.23 and 5.61 of 6.25 strain in the homogenized
and hot-rolled state, respectively. Aging, however, adversely affects the formability and SME of the alloy,
which stems from the embrittling effect of the newly formed precipitates during the aging process.

Keywords high-temperature shape memory alloy, hot rolling,
microstructure, Ni-Ti-Hf, shape memory effect

1. Introduction

In the most common group of shape memory alloys, binary
NiTi alloys, the transformation temperatures hardly exceed
100 �C (Ref 1, 2). Recently, shape memory alloys, called NiTi-
based high-temperature shape memory alloys, have been
developed, in which the transformation temperatures are above
100 �C. These alloys include NiTiX (X = Pt, Pd, Au, Zr, Hf),
and have the potential to meet the requirements for high-
temperature applications. Among these alloys, NiTiHf alloys
seem to be more practical for engineering applications,
primarily due to high transformation temperatures, good
thermal stability, and lower price relative to NiTiX (X = Pt,
Pd, Au) (Ref 1, 3-6). Nevertheless, NiTiHf alloys suffer from
poor ductility and low strength of the matrix. The former, along
with a high critical stress required for reorientation of the
martensite variants (Ref 7) have caused these alloys to show
only about 3% fully recoverable strain, which is lower than
those of NiTi alloys (Ref 8). These limitations hinder their
applications; thus their properties should be improved.

To date, several features such as phase composition,
shape memory properties, martensitic transformations,
mechanical properties, and aging of NiTiHf have been
investigated (Ref 3-15). However, no study is published on
the combined effects of aging and hot rolling on NiTiHf alloys.
Therefore, this study is undertaken to perform aging on a hot-
rolled NiTiHf alloy and to investigate their combined influences
on the microstructure and shape memory effect (SME).

2. Experimental Procedure

A Ni49Ti36Hf15 alloy was prepared by vacuum induction
melting (VIM) using 99.9% Ni, 99.2% Hf, and 99.7% Ti in a
graphite crucible under the vacuum of 10�4 mbar. The cast
sample was homogenized at 1000 �C for 2 h under Ar
atmosphere followed by quenching in water. Then, the
homogenized specimen was polished and prepared for the
subsequent hot rolling. The process of hot rolling was
performed at 850 �C in four passes; each applying about 10%
deformation in such a way to deform the specimen 45% in total.
The specimens were solution treated at 950 �C for 2 h;
afterward, they were aged at 500 and 600 �C for 2 h, under
the protection of Ar atmosphere. Microstructure and phase
examinations were performed by optical microscopy (OM),
scanning electron microscopy (SEM), x-ray diffraction (XRD)
technique, and energy-dispersive x-ray spectroscopy (EDS).
The etchant of HF:HNO3:H2O = 1:4:5 was used for preparing
the samples for microstructural examinations. Bending test was
used for evaluation of SME, which is also described by Meng
et al. (Ref 7). Schematic illustration of this method is shown in
Fig. 1. At first, the specimen was deformed to deformation
position at room temperature, and then unloaded to the spring
back position. When heated to 300 �C, the specimen recovered
its shape to heating position, and then cooled to room
temperature, corresponding to the cooling position. The applied
strain, ed, recovered strain, ere, and recovery ratio, R, can be
calculated by ed = d/(d + D), ere = (180�� hh)9 ed/180�, and
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R = (hd� hh)/hd 9 100%, respectively, where d is the thickness
of the plate specimen and D is the diameter of the rod.

3. Results and Discussion

3.1 Microstructural Examinations

XRD pattern of the homogenized specimen is shown in
Fig. 2 which demonstrates that the alloy is consisted of B19¢
martensite and (Ti,Hf)2Ni second phase. This microstructure is
consistent with the results published in the literature (Ref 15).

Figure 3 illustrates the microstructure of as-cast, homoge-
nized, hot-rolled and 500 �C-aged specimens. According to

Fig. 3(a), in the cast specimen, some voids are noticed
throughout the rose-like structure. Through homogenizing at
1000 �C for 2 h, the microstructure changes to a less dendritic
structure, and the quantity of the voids decreases. The
combination of heat and deformation during the hot rolling
process improves the microstructure through annihilation of the
voids. In the specimen aged at 500 �C for 2 h, the second phase
roughly covered the grain boundaries, and the grains grew in
comparison with the microstructure of the hot-rolled specimen.

The SEM micrographs of the as-cast, hot-rolled, solution-
treated and 500 �C-aged samples are illustrated in Fig. 4.
Comparing as-cast and hot-rolled microstructures shows that
hot rolling decreases the size of the second phases and increases
their uniformity distribution. As can be seen in Fig. 4(c), the
microstructure of the solution-treated specimen consists of two
phases: a matrix phase and a rod-like second phase. When the
specimens are aged at 500 and 600 �C, in addition to the rod-
like phase (phase A), a new second phase appears which is
almost spherical in shape (phase B).

The results of the EDS analysis of the second phases along
with the matrix of the aged samples are shown in Table 1.
These results demonstrate that phases A and B are both Hf-rich,
which are close to the chemical composition of (Ti,Hf)2Ni and
(Ti,Hf)4Ni, respectively. The formation of the later phase is not
reported in the literature (Ref 10). According to Meng et al.
(Ref 10), microstructural examination confirms that the aging
of non-Ni-rich NiTiHf alloys does not lead to the formation of
Ni-rich (Ti,Hf)3Ni4 precipitates.

The fracture surface of the 600 �C-aged specimen, after
bending at room temperature, is shown in Fig. 5 in two
magnifications. The aged samples were too brittle to undergo
any plastic deformation. No dimple could be observed on the

Fig. 1 Schematic illustration of shape memory effect measurement
using bending test (Ref 7)

Fig. 2 X-ray diffraction pattern of the homogenized Ni49Ti36Hf15 alloy
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Fig. 3 Microstructure of the (a) as-cast, (b) homogenized, (c) hot-rolled, and (d) 500 �C-aged samples 4009

Fig. 4 SEM micrographs of the (a) as-cast, (b) hot-rolled, (c) solution-treated, and (d) 500 �C-aged specimens
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fracture surface, which confirms the brittle and cleavage
fracture of the aged alloy.

3.2 Shape Memory Effect

The results of SME measurements are shown in Table 2. It
is should be noted that homogenized specimen with the
thickness of 1 mm could not experience deformation and
fractured during the process of deformation. Therefore, a
0.5-mm thickness specimen from the homogenized sample was
chosen for the tests. According to the results of the SME test,
the recoverable strains for the homogenized and hot-rolled
specimens were 3.10 of 3.23 and 5.61 of 6.25, respectively.
Hence, it is clear that hot rolling enhances the capability of the
alloy to undergo and recover deformation strain. With increas-
ing the strain applied on shape memory alloys, the recovery
ratio decreases as a result of the occurrence of partial
unrecoverable plastic deformation (Ref 7). Based on this fact,
the recovery ratio in hot-rolled specimen is declined to 84.12%
since the deformation strain is increased to 6.25 (Table 2). The
amount of recovery ratio in the rolled specimen is comparable
to another study (Ref 10), in which the same amount of
recovery ratio is obtained by aging of the alloy at 550 �C for
2 h. There are some probable reasons for this enhancement:
first, as mentioned before, hot rolling improves microstructure
through annihilation of voids together with breaking the
remnant dendrites. The second and more influential reason,
however, concerns the low strength of the matrix in NiTiHf
alloys. Since the strength of the matrix is low, plastic
deformation can easily occur through the slip of dislocations
which is not recoverable. Hot rolling can strengthen the matrix
and prevent this kind of inappropriate deformation (Ref 7). In
addition, better distribution of the fine (Ti,Hf)2Ni phase, which

occurs as the result of hot rolling, can have a strengthening
effect on the matrix. The role of second phase in hardening the
material was also shown in NiTiPd alloys (Ref 16).

The 500 and 600 �C-aged specimens were too brittle to
experience any deformation and fractured during the bending
test. The poor SME of the aged specimens also emanates from
their microstructures; new Hf-rich precipitates embrittle the
alloy such that it cannot undergo deformation. This shows that
aging cannot improve the SME of the non-Ni-rich NiTiHf, even
when the alloy is hot rolled. Results confirm that only Ni4Ti3
precipitates, formed in the aging of Ni-rich NiTiHf alloys, can
enhance SME (Ref 10) while the formation of (Ti,Hf)2Ni and
(Ti,Hf)4Ni phases in this research are proved to have opposite
effects.

4. Conclusions

In this article, the effect of aging on the microstructure and
SME of a hot-rolled Ni49Ti36Hf15 alloy was studied. The results
show that, contrary to the cast alloy, hot-rolled Ni49Ti36Hf15
can be used as a high-temperature shape memory alloy. Hot
rolling significantly improves the microstructure via annihila-
tion of the microstructural voids and uniform distribution of the
(Ti,Hf)2Ni second phase, resulting in a recovery of 5.61 of 6.25
deformation strain for the 45% hot-rolled alloy. These amounts
of deformation and recovery strain are better than those of cast
and homogenized specimens. However, aging of the Ni49-
Ti36Hf15 alloy at 500 or 600 �C for 2 h is not fruitful since in
this treatment, a new kind of Hf-rich precipitate is formed,
which embrittles the alloy and, consequently, the alloy cannot
experience the deformation and strain recovery.

Table 1 Composition of the constituents of the 500 and
600 �C-aged specimens (second phases are both Hf-rich)

Composition (at.%) Ni Ti Hf

Matrix 45.68 26.17 28.15
Phase A 17.25 16.65 66.10
Phase B 30.31 23.01 46.68

Fig. 5 Fracture surfaces of the 600 �C-aged specimen after bending at room temperature (a) 5009 and (b) 20009

Table 2 Results of SME measurements

Sample ed ere Recovery ratio (%)

As-cast Too brittle to deform
As-homogenized 3.23 3.10 91.77
As-rolled 6.25 5.61 84.12
As-aged Too brittle to deform
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