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Abstract
Ni50Ti29Hf21−xNdx (x = 0, 1, 2 at.%) and Ni50Ti29−xHf21Ndx (x = 1, 2 at.%) alloys were fabricated via arc melting. For the first 
time, the influence of Nd addition on structure, phase transformation, and hardness of NiTiHf alloy was investigated 
experimentally. It is found that the NiTiHfNd alloys consist of NiTiHf matrix and Nd-rich precipitates. Ni50Ti29Hf21 alloy 
demonstrates a martensitic transformation temperature as high as 314.1 °C, a thermal hysteresis as narrow as 37.7 °C, 
and a Vickers hardness as high as 500 HV. Nd addition obviously decreases the martensitic transformation temperature 
of NiTiHf alloys but still maintains a relatively narrow thermal hysteresis and a relatively high Vickers hardness compared 
with most other components of NiTiHf-based alloys.
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1  Introduction

NiTi-based alloys can occur phase transformation between 
martensite and austenite, thus show so-called shape 
memory effect. Consequently, they have been applied in 
various fields, especially in mechanical engineering and 
medical applications [1]. It is well known that the phase 
transformation behaviors and the mechanical properties 
of NiTi-based alloys are strongly dependent on composi-
tion, alloying, precipitates, and heat treatment history [2]. 
Thus, alloying has been frequently utilized for tuning the 
phase transformation properties of NiTi-based alloys [3]. 
To date, transition metals such as Fe [4], Cu [5], Nb [6], Ta 
[7], Zr [8], Hf [9], Au [10], and Pd [11] have been adopted 
as alloying elements of NiTi-based alloys and the influ-
ence on the structure, phase transformation behavior, 
and mechanical properties have been comprehensively 
studied. These studies demonstrated that most transition 
metals lower the phase transformation temperatures, 
but some transition metals such as Zr, Hf, Au, and Pd can 
increase the phase transformation temperatures to higher 

than 100 °C [8] Therefore, NiTiZr, NiTiHf, NiTiAu, and NiTiPd 
are considered as candidates for high-temperature appli-
cations [2]. However, Au and Pd are noble metals, which 
largely limit the large-scale applications of NiTiAu and 
NiTiPd because of their high cost. Considering the high 
phase transformation temperatures and low cost, NiTiHf 
is a favorite candidate for high-temperature applications 
[12]. However, NiTiHf alloys always exhibits a wide ther-
mal hysteresis (> 50 °C) in previous reports, which is not 
beneficial to fast actuation applications (such as MEMSs 
and robotics) [12, 13]. Thus, quaternary NiTiHf-based 
alloys such as NiTiHfTa are designed for tuning the phase 
transformation behaviors and the mechanical properties 
through structural modifications. However, the thermal 
hysteresis of Ni49Ti36Hf15−xTax (x = 0, 3, 6, 9, 12) alloys is still 
wide, from 50.0 to 80.8 °C [14].

Rare earth (RE) elements such as Ce [15], Gd [16], Dy 
[17], Nd [18], La [19] and Pr [20] have also been added to 
binary NiTi alloys to tune the phase transformation proper-
ties. The addition of Ce, Gd, and Dy to NiTi alloy increased 
the phase transformation temperatures because of some 
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new-type second precipitates that exist in the NiTiRE 
alloys, which change the Ni/Ti ratio of the matrix [21]. 
However, the La or Pr addition to NiTi alloy decreased 
the phase transformation temperatures because of stress 
around NiLa or NiPr precipitates, which provides resistance 
to martensite transformation [19, 20]. Recently, the influ-
ence of Y addition on the structure, the phase transforma-
tion, and the mechanical properties of NiTiHf alloys have 
been systematically investigated [22]. The Y addition only 
slightly decreases the phase transformation temperatures, 
whereas the thermal hysteresis is still wide and remains 
almost constant at ~ 50 °C when the Y content changes. 
Nd is another widely applied RE element, such as in glassy 
laser materials. However, no studies have been conducted 
on the Nd addition to NiTiHf alloy. Therefore, the influence 
of Nd addition on the structure, the phase transformation, 
and the mechanical properties of NiTiHf alloys remains 
unclear.

In this work, quaternary NiTiHfNd alloys with Nd con-
tent of 0, 1, 2 at.% were fabricated via arc melting, and 
the structure, phase transformation behavior, and the 
hardness were studied experimentally following our 
previously published studies [18–20]. It is found that Nd 
addition obviously decreases the martensitic transfor-
mation temperature of NiTiHf alloys but still maintains a 
relatively narrow thermal hysteresis and a relatively high 
Vickers hardness compared with most other components 
of NiTiHf-based alloys.

2 � Materials and methods

NiTiHfNd alloys were fabricated by melting 50 g of raw 
materials (99.9 mass% Ti, 99.7 mass% Ni, 99.9 mass% Hf, 
and 99.95 mass% Nd) with predetermined nominal com-
positions in a vacuum non-consumable arc melting fur-
nace by using a water-cooled copper crucible. The NiTi-
HfNd alloys are denoted by Ni50Ti29Hf21−xNdx (x = 0, 1, 2) 
and Ni50Ti29−xHf21Ndx (x = 1, 2), respectively. Arc melting 
was repeated four times to ensure the uniformity of the 
composition. The as-fabricated alloys were spark-cut from 
the ingots and solution-treated at 850 °C for one hour in 
a vacuum quartz tube furnace. Thereafter, the specimens 
were mechanically and lightly polished to obtain a plain 
surface for the structure, phase transformation, and hard-
ness tests.

The structure and chemical composition of NiTiHfNd 
alloys were examined using a scanning electron micro-
scope (SEM, TM3030, Hitachi, Tokyo, Japan) equipped 
with an energy dispersive X-ray spectroscope (EDS, 
SwiftED3000, Oxford Instruments, Oxford, UK). All SEM 
images were taken at 15 kV in backscattering mode. The 
phase transformation behaviors of NiTiHfNd alloys were 

measured using a differential scanning calorimeter (DSC, 
Q2000, TA Instrument, New Castle, USA) with a tempera-
ture range of 0–500 °C and a heating and cooling rate of 
10 °C/min. The mass of each sample for the DSC measure-
ment was about 10 mg. The hardness of NiTiHfNd alloys 
was tested using a Vickers hardness tester (HXD-1000TMC/
LCD, Shanghai Optical Instrument, Shanghai, China) with 
a loading of 200 g and a holding of 15 s for each indenta-
tion. The values of hardness are the average of at least 10 
measurements for each sample.

3 � Results and discussion

The morphologies of NiTiHfNd alloys are observed using 
SEM and the backscattering SEM images are depicted in 
Fig. 1. For NiTiHf alloy without Nd, the SEM image (Fig. 1a) 
shows a featureless morphology and no precipitate can 
be found, indicating a pure NiTiHf alloy. For NiTiHfNd 
alloys, the SEM images (Fig. 1b–e) clearly show precipi-
tates (dark particles, marked by white arrows) and grey 
matrix morphologies. Obviously, the quantities and size of 
the precipitates increase with the increase in Nd content, 
as indicated by a comparison of Fig. 1b, d with Fig. 1c, e. 
To identify the chemical compositions of the precipitates 
and the matrix, EDS was employed and obtained data are 
summarized in Table 1. The ratio of Ni/Ti/Hf in the matrix of 
each alloy is very close to each other and close to 50:29:21, 
which means the Nd addition almost does not affect the 
chemical composition of the matrix. This result confirms 
that the solid solubility limit of Nd in the matrix is very low, 
which should be attributed to the large atom size of Nd 
[22], whereas the ratio of Nd/Ni/Ti/Hf in the precipitates 
of each alloy is about 82:10:5:3, which can be regarded as 
Nd-rich precipitates. Thus, EDS data can confirm that the 
matrix of NiTiHfNd alloys is ternary NiTiHf, whereas the 
precipitates are Nd-rich precipitates with Ni, Ti, Hf solute. 
This structure is very similar to that of NiTiHfTa [14] and 
NiTiHfY [22] alloys. But this structure is very different from 
ternary NiTiLa [19] or NiTiPr [20] alloys, which consist of the 
NiTi matrix and near-equiatomic NiLa or NiPr precipitates.

The phase transformation behaviors of NiTiHfNd 
alloys are examined using DSC and the DSC curves are 
depicted in Fig. 2. Each DSC curve shows only one peak 
during heating and cooling, which indicates a one-step 
B2 ↔ B19’ phase transformation [2, 12]. This phase trans-
formation behavior is in agreement with ternary NiTiCu 
[5], NiTiTa [7], NiTiPd [11], NiTiCe [15], NiTiDy [17] as well 
as quaternary NiTiHfTa [14] and NiTiHfY [22] alloys. The 
martensitic transformation start temperature (Ms), the 
martensitic transformation finish temperature (Mf ), the 
austenite transformation start temperature (As), and the 
austenite transformation finish temperature (Af ) were 
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determined from the DSC curves by tangent-intersection 
method (shown in Fig. 2), and are summarized in Table 2. 
Meanwhile, the martensitic transformation peak tempera-
ture (Mp), the austenite transformation peak temperature 
(Ap) and some literature data are summarized in Table 2 
in comparison with this work. The Ms of Ni50Ti29Hf21 alloy 
reaches as high as 314.1 °C, which is the highest Ms for 
NiTiHf-based and NiTi alloys shown in Table 2. However, 
the Nd addition obviously decreases the transformation 
temperatures of NiTiHf alloys. For Ni50Ti29−xHf21Ndx (x = 
1, 2) alloys, the Ms is, respectively, decreased by 81.8 °C 
(− 26.0 %) for Ni50Ti28Hf21Nd1 and 121.3 °C (− 38.6 %) for 
Ni50Ti27Hf21Nd2 compared with that of Ni50Ti29Hf21 alloy. 
Meanwhile, for Ni50Ti29Hf21−xNdx (x = 1, 2) alloys, the 
Ms is, respectively, decreased by 112.9 °C (− 35.9 %) for 
Ni50Ti29Hf20Nd1 and 163.7 °C (− 52.1 %) for Ni50Ti29Hf19Nd2 
compared with that of Ni50Ti29Hf21 alloy. Obviously, the 
rate of descent of Ms of Ni50Ti29Hf21−xNdx (x = 1, 2) is faster 

than that of Ni50Ti29−xHf21Ndx (x = 1, 2), which indicates 
that Hf content is more sensitive than Ti content for the 
Ms of NiTiHf-based alloys [2]. The Ms of Ni50Ti29−xHf21Ndx 
is higher than that of Ni50Ti29Hf21−xNdx at same Nd con-
tent because of higher Hf content. The thermal hyster-
esis (HM) of the Ni50Ti29Hf21 alloy (37.7 °C) is notably nar-
rower than that of most NiTiHf-based alloys as shown in 
Table 2. This result confirms a decreased tendency with 
the increase in Hf content when Hf content is above 10 
at.% for ternary NiTiHf alloys [12]. The Nd addition gener-
ally demonstrates an increasing tendency for the HM of 

Fig. 1   Backscattering SEM images of NiTiHfNd alloys: a Ni50Ti29Hf21, b Ni50Ti29Hf20Nd1, c Ni50Ti29Hf19Nd2, d Ni50Ti28Hf21Nd1, e Ni50Ti27Hf21Nd2

Table 1   Chemical compositions of NiTiHfNd alloys

Alloys Phase Ni (at.%) Ti (at.%) Hf (at.%) Nd (at.%)

Ni50Ti29Hf21 Matrix 49.2 29.6 21.2 –
Ni50Ti29H-

f20Nd1

Matrix 49.5 29.2 21.3 0
Precipitates 8.6 4.2 3.5 83.7

Ni50Ti29H-
f19Nd2

Matrix 49.5 29.6 20.9 0
Precipitates 10.5 4.6 3.0 81.9

Ni50Ti28H-
f21Nd1

Matrix 49.6 29.2 21.2 0
Precipitates 10.8 4.5 3.8 80.9

Ni50Ti27H-
f21Nd2

Matrix 49.6 29.1 21.3 0
Precipitates 9.3 4.6 3.2 82.9

Fig. 2   DSC curves of NiTiHfNd alloys. Tangent lines are added to 
the Ni50Ti29Hf21 curve to show how the austenite and martensite 
transformation start and finish temperatures are determined
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NiTiHf alloys. For Ni50Ti29−xHf21Ndx (x = 1, 2) alloys, the HM 
is, respectively, increased by 3 °C (8.0 %, Ni50Ti28Hf21Nd1) 
and 13.9 °C (36.9 %, Ni50Ti27Hf21Nd2) compared with that of 
Ni50Ti29Hf21 alloy. Meanwhile, for Ni50Ti29Hf21−xNdx (x = 1, 2) 
alloys, the HM is, respectively, increased by − 3.5 °C (− 9.3%, 
Ni50Ti29Hf20Nd1) and 8.8 °C (23.3%, Ni50Ti29Hf19Nd2) com-
pared with that of Ni50Ti29Hf21 alloy. Obviously, the rate of 
increase in HM of Ni50Ti29−xHf21Ndx (x = 1, 2) is faster than 
that of Ni50Ti29Hf21−xNdx (x = 1, 2), which implies that Ti 
content is more sensitive than Hf content for the HM of 
NiTiHf-based alloys.

It is well known that the phase transformation tempera-
tures are strongly dependent on Ni content in binary NiTi 
alloy when Ni content is higher than 50 at.% [23]. Previ-
ous reports show that the addition of Hf content above 
10 at.% almost linearly increases the Ms of NiTi alloys at a 
rate of over 20 °C/at.% Hf, when Ni content is not higher 
than 50 at.% [12, 24], also as shown in Table 2. Meanwhile, 
the Ms is not notably affected by a change in Ni content 
for NiTiHf alloys, but it dropped steeply when Ni content 
increased beyond the equiatomic (50 at.%) composition 
[12]. Previous reports showed that the addition of RE ele-
ment in NiTi alloy has evident effects on the martensitic 
transformation, which is because of either the change of 
the Ni/Ti ratio of the matrix [15–17] or the stress around 
NiRE precipitates [19, 20]. As shown in Table 1, Ni content 
in the matrix of NiTiHfNd alloys is very close to each other 
and not higher than 50 at.%. Thus, the decrease in the Ms 
of NiTiHfNd alloys is not due to Ni content. Whereas, SEM 
observations (Fig. 1) suggest that the size and quantity of 
the Nd-rich precipitates increased with the increase in Nd 

content. Thus, we propose that stress around Nd-rich pre-
cipitates is responsible for the decrease in the Ms with the 
increase in Nd content in NiTiHfNd alloys. While, increasing 
Hf contents improves the crystallographic compatibility 
and thus results in lower hysteresis widths [25].

Hardness that is closely related to material strength has 
been regarded as an indicative parameter of the mechani-
cal properties of NiTi-based alloys [13, 22, 24, 27, 28]. Thus, 
the hardness value of NiTiHfNd alloys was measured and 
is shown in Fig.  3. The hardness value of Ni50Ti29Hf21 
alloy is 500 HV, which is much larger than that (261 HV) 
of binary Ni50.3Ti49.7 alloy. This result can be explained 
by the solid solution being strengthened by bigger Hf 

Table 2   Phase transformation temperatures and thermal hysteresis of NiTiHfNd and some literature data

Alloys Ms (°C) Mf (°C) As (°C) Af (°C) Mp (°C) Ap (°C) HM (°C) Hardness (HV) References

Ni50Ti29Hf21 314.1  ±  0.2 253.9 ± 0.3 306.6 ± 0.3 358.8 ± 0.3 301.1 ± 0.1 338.8 ± 0.2 37.7 500.3 ± 0.2 This work
Ni50Ti28Hf21Nd1 232.3 ± 0.2 164.4 ± 0.2 208.5 ± 0.3 282.5 ± 0.3 206.4 ± 0.1 247.1 ± 0.2 40.7 498.1 ± 0.2 This work
Ni50Ti27Hf21Nd2 192.8 ± 0.3 83.6 ± 0.4 148.9 ± 0.2 235.1 ± 0.2 149.1 ± 0.2 200.7 ± 0.1 51.6 480.6 ± 0.4 This work
Ni50Ti29Hf20Nd1 201.2 ± 0.3 146.5 ± 0.3 180.9 ± 0.3 233.2 ± 0.2 181.9 ± 0.1 216.1 ± 0.2 34.2 493.2 ± 0.2 This work
Ni50Ti29Hf19Nd2 150.4 ± 0.2 65.3 ± 0.3 105.5 ± 0.3 195.2 ± 0.3 114.2 ± 0.1 160.7 ± 0.2 46.5 477.4 ± 0.3 This work
Ni50.3Ti49.7 20.8 − 0.8 32.8 54.9 9.4 47.6 38.2 261 [24]
Ni49.8Ti42.2Hf8 110.9 82.8 144.9 175.2 93.5 167.7 74.2 – [25]
Ni50Ti40Hf10 120 – 165 – – – 65 – [3]
Ni49.8Ti40.2Hf10 127.9 104.6 165.3 191.7 119.1 182.5 63.4 – [25]
Ni49.4Ti38.6Hf12 195 100 180 247 – – 52 – [26]
Ni49.8Ti35.2Hf15 206.8 177.9 238.9 257.8 194.9 252.9 58 – [25]
Ni50Ti30Hf20 290 – 317 – – – 60 – [3]
Ni49.8Ti30.2Hf20 299.9 273.3 322.7 337.5 290.5 331.5 41 – [25]
Ni50.3Ti29.7Hf20 146.4 116.6 160.4 177.5 177.4 209.4 32 406 [24]
Ni50.3Ti24.7Hf25 252.3 220.1 264.1 288.8 244.3 280.9 36.6 425 [24]
Ni49Ti36Hf12Ta3 – – – – 177.6 228.6 51 – [14]
(Ni49Ti36Hf15)98Y2 – – – – 189.9 239.0 49.1 388.9 [22]

Fig. 3   Hardness of NiTiHfNd alloys and some literature data
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atoms, and the substitution of Hf against Ti in NiTiHf-
based alloys leads to a linear increase in alloy hardness 
[24]. For Ni50Ti29−xHf21Ndx (x = 1, 2) alloys, the hardness 
decreased by 12 HV (− 2.4%, Ni50Ti28Hf21Nd1) and 20 HV 
(− 4%, Ni50Ti27Hf21Nd2) compared with that of Ni50Ti29Hf21 
alloy. Meanwhile, for Ni50Ti29Hf21−xNdx (x = 1, 2) alloys, the 
hardness decreased by 17 HV (− 3.4%, Ni50Ti29Hf20Nd1) 
and 23 HV (− 4.6%, Ni50Ti29Hf19Nd2) compared with that 
of Ni50Ti29Hf21 alloy. The hardness of Ni50Ti29−xHf21Ndx is 
higher than that of Ni50Ti29Hf21−xNdx at same Nd content 
because of higher Hf content. Previous reports demon-
strated that the hardness of NiTiHf-based alloys can be 
influenced by Hf content [24], precipitates [13], thermal 
treatment [28], and quaternary alloying [22], as shown in 
Fig. 3. SEM observation (Fig. 1) confirms that the size of 
Nd-rich precipitates increases with the increase in Nd con-
tent in NiTiHfNd alloys. Consequently, material strength, 
as observed from the hardness results, decreases with the 
increase in Nd content in NiTiHfNd alloys [13].

4 � Conclusions

This work expands our previous studies on the ternary 
NiTiRE alloy to the quaternary NiTiHfRE alloy. The influence 
of the addition of RE element Nd on the structure, phase 
transformation behavior, and hardness of NiTiHf was inves-
tigated experimentally by SEM, DSC and Vickers hardness 
tester. The structure of the NiTiHfNd alloys consists of the 
NiTiHf matrix and Nd-rich precipitates. The NiTiHfNd alloy 
undergoes a one-step phase transformation during heat-
ing and cooling. Ni50Ti29Hf21 alloy demonstrates a mar-
tensitic transformation temperature as high as 314.1 °C, 
a thermal hysteresis as narrow as 37.7 °C, and a Vickers 
hardness as high as 500 HV. The martensitic transformation 
start temperature decreases gradually with the increase 
in Nd content due to stress around Nd-rich precipitates 
provides resistance to the martensitic transformation. 
However, NiTiHfNd alloys still maintain a relatively nar-
row thermal hysteresis and relatively high Vickers hardness 
compared with most other components of NiTiHf-based 
high-temperature alloys.
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