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Magnetic and martensitic phase transitions in the Ni-Al-Fe shape memory alloys 
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The martensitic and magnetic phase transformations of Ni7s.xA12sF'e,c fJ phase alloys (X: 10 - 25 at.%) were 
investigated The Curie temperature (T c) and the magnetization curve were measured by vibration sample 
magnetometer (VSM) and the martensitic characterized temperatures (Ms, Mf, As and Af) were measured by 
differential scanning calorimetry (DSC). The martensite temperatures decrease and the Tc increases with 
increasing Fe content. The Tc curve intersects the equilibriwn temperature T0 (=(Af+Ms)/2) curve at around 22 
at.% Fe. Thus, possessing the ferromagnetic martensite phase, the fJ phase alloys including Fe more than 20.5 at% 
become a ferromagnetic shape memory alloy (FSMA), while the Tc of the FSMAs is limited below 250 K. 
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1. INTRODUCTION 

Ferromagnetic shape memory alloys (FSMAs) have 

received attention as high performance magnetically 

controlled actuator materials, because some of them show a 

large magnetically induced strain by a rearrangement of twin 

variants in a martensitic phase and a magnetically induced 

shape memory effect (SME) by a thermoelastic martensitic 

transformation. Up to now, several FSMAs candidate 

systems have been proposed including Ni2MnGa, U- 21 

Fe-Pd. l3.4J Fe-Pt, [S.6J Ni2MnA1[7.sJ and C~iGa [9J systems. 

Recently, the present authors have proposed new FSMAs 

in Co-Ni-AI,Uo-131 Co-Ni-Gat131 and Ni-Fe-Gat14
•1SJ 

ternary alloys with bee ordered structure. The crystal 

structures of the austenite phase ~ and the martensite phase 

~· are B2 and Ll0 structure in the Co-Ni-AluoJ and 

Co-Ni-Gat131 FSMAs, respectively. On the other hand, 

the~ and W phases in the Fe-Ni-Ga FSMAs are L21 and 

10M or 14M modulated structures, respectively.t14•151 The 

order-disorder transition temperature from the B2 to L21 

structure was confirmed about 700 oc in the ~ phase of the 

Ni-Fe-Ga system.USJ One of the common characteristics 

of these FSMAs are the ductility which can be improved by 

introduction of several percent of y phase (A1 disordered fee 

structure) in the ~ matrix using the same manner as that 

previously reported in the Ni-AI-Fe ~ (B2 structure) 

based alloys. [l6J 

The ~ phase (B2 structure) in the Ni-Al-Fe ternary 

system exists over a wide range of composition. U?J The Ni

rich ~ phase has been known to undergo a thermoelastic 

martensitic transformation from B2 to Ll0 structure and to 

exhibit SME.t18
•
191 It is expected that the Ni-Fe-AI ~ 

alloys replacing AI for Ga of the Ni-Fe-Ga FSMAs show 

ferromagnetism on the analogy with relation between the 

Co-Ni-A! and Co-Ni-Ga FSMAs. Although the 

effects of Fe addition on the martensitic transformation in 

the Ni-AI base alloys have been reported, us.201 the magnetic 

properties are still unknown. The present study undertakes 

to investigate the details of the magnetic and martensitic 

transformations of the ~ phase in the Ni-Al-Fe ternary 

system. 

2. EXPERIMENT 

Ni75.x Al25 Fex alloy ingots (X: 10-25 at.%), weighing 

about 300 g each, were prepared by melting pure iron 

(99.9%), nickel (99.9%) and aluminum (99.7%) in an 

induction furnace under argon gas atmosphere and cast into 

the steel mol d. Small pieces were cut out of the ingots and 

sealed in the quartz capsule filled with argon gas and heat

treated at 1623 K for 3 hours to prepare ~ single phase 

alloys. After the heat treatment, the samples were 

quenched into ice water. The magnetic properties were 

measured using a vibrating sample magnetometer (VSM), 

and the martenstitic transformation temperatures (Ms, Mf, 

As and Af) were determined by differential scanning 

calorimetry (DSC) with scanning rate of 10 K/min. The 

Curie temperature (T c) was defined as the minimum point of 

the temperature derivative of magnetization (dM/dT) vs 

temperature at a field strength H of 500 Oe, where such the 

method for determining T c was performed because no 

straight parallel lines of Arrot plots could be obtained It was 

265 



266 Magnetic and Martensitic Phase Transitions in the Ni-Al-Fe Shape Memory Alloys 

Table 1 The Composition, martensitic characterized temperature and the Curie 
temperature of Ni7S-xFexA115 alloys. 

Alloy M.(K) Mr(K) A.(K) Ar(K) Tc(K) Tk(K) To(K) 

Nis6.sFeu.sAhs 410 379 409 438 220 28 424 
Niss.sFe19.sAhs 330 312 337 354 241 24 342 
NissFe1oAhs 290 272 297 312 247 22 301 
Nis4.sFe1o.sAhs 252 238 258 276 24 264 
Nis4FeuAhs 219 203 221 236 17 227.5 
Nis3.sFen.sAhs 172 149 172 195 23 183.5 
Nis3Fe11Ahs 152* 17~ 
Nis1.1FemAhs 12.5* 15~ 157 
Nis1Fe13Ahs 166 
Nis1FeuAhs 184 
NisoFe1sAhs 202 

M., Mr, A., Ar and Tc: martesite start, martensite finish, austenite start, austenite finish 
and Curie temepratures. 
Tk =Ar-M.: martensite transformation hysterisis and To=(At+M.)/2: equilibrium temperature. 
* A. and Ar were determined from the M-T curve. 

previously reported for this method to yield reliable Tc.1211 

3. RESULTS AND DISCUSSION 

The Tc and the martensitic transformation characterized 

temperatures are listed in Table 1 and those data are plotted 

in Fig. 1 as a function of Fe content. It is seen in Fig.1 that 

the T c temperatures increase with increasing Fe content, 

while the M, and Ar temperatures decrease, and that the Tc 

in the martensite phase is about 60K higher than that in the 

austenite phase. The T c and equilibrium temperature T 0 

(=(M,+Ar)/2) curves cross at around 20.6 and 22.1 at.% Fe, 

and the T c is higher than the T 0 temperature in the 

composition region (Region I) over 22.3 at.% Fe. This 

result means that the alloys in Region I exhibit the 

, I nq,n,, 
. I 
I 

To 

OM. 
eAr 
+ Tc 

~fcrro 

so~----~~--~----~--~ 
18 20 22 24 26 

Fe content [at. %] 

Fig. 1 Composition dependence of the Curie temperature T c• 
the martensitic start M, and the austenitic finish A1 

temperatures, and the equilibrium temperature T0=(M.+A1)/2 
in Ni75.xFexA115 alloys. 

martensitic transformation in the ferromagnetic state. Since 

the M, temperatures are very low in the high Fe region, no 

alloy exhibiting the martensitc transformation in 

ferromagnetic state could be confirmed in this study. 

Reducing AI content is expected to lead to increase of the T c 

and the martensite temperatures as reported in the 

Co-Ni-A! uoJ and Ni-Al-Fe SMAs [tsJ. However, since 

the ~ iy+~ solubility boundary which restricts composition 

of the ~ single-phase alloys is located along just about 25 

at.% AI in the isothermal phase diagram of 1623 K, it is 

difficult to obtain the ~ single-phase bulk samples with AI 

content less than 25 at.% by conventional treatments. Some 

novel processes such as the rapid solidification may be 

useful to fabricate a FSMA with high transition temperatures 

in Ni-Fe-Al system. The rg· curve extrapolated from the 

martensite to austenite phase is not continuous with the T g 
of the austenite ~ phase and these curves show a temperature 

step around the cross point of the T 0 and the T c curves, 

because the Tc of martensite phase is different from that of 

austenite. This feature of the phase diagram is very similar 

to that of the Co-Ni-AJ,lll.BJ Co-Ni-Ga1131 and 

Ni-Fe-Gau51 ternary FSMA s. Based on the behavior of 

the T c and T 0 curves, the phase diagram is divided into three 

regions as shown in Fig. 1 following the previous study of 

the Co-Ni-A\1111 and Co-Ni-Ga1131 systems. Region I: 
~ . ~· ~ . w T0 < Tc. RegiOn I!: Tc >T0 >Tc. Reg10niii: Tc <T0• 

Figure 2 shows a typical thermomagnetization curve on 

heating of the Ni53.5Fe21.5Al25 alloy in Region II. The 

magnetization drastically decreases with increasing 

temperature in the region from A, to A1• The minimum 

point of dM/dT is located at the middle point between A, 
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and Ar, and the spontaneous magnetization disappears above 

Ar temperature, namely the magnetic transition from the 

ferromagnetism to the paramagnetism occurs together with 

the reverse martensitic transformation as well as in the 

CO:J5Ni35AI30 (B2), [Ill the Ni54Fe1Plln (L21)u
41 and the 

NiS4.7sMnz0. 25G<~zs (L21)[221 alloys. 

Both AI and Ga belong to column IIIb in the periodic 

table. The FSMAs replaced by AI or Ga each other have 

many similarities on the configuration of phase diagram as 

well as that between the Co-Ni-AJU11 and Co-Ni-GaU31 

systems or between the Ni2MnAJU7·231 and Ni2MnGa[241 

systems. In the case of Ni-Fe-Al systems, however, 

the order-disorder transition from B2 to L21 structure has not 

been confirmed so far, whereas confirmed at around 973 K 

in the Ni-Fe-Ga systems. Although the Ni55F~0AI25 
alloy was tried to anneal at 573 K for three hours, the 13 
phase still kept the B2 structure. 
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Fig. 2 Thermomagnetization curve on heating in a magnetic 
field of 500 Oe for Type II Ni53.5F~l.SAI15 alloy. 

4. CONCLUSIONS 

The martensitic and magnetic phase transformations of 

the Ni75.xFexAI25 (X: 10 - 25 at.%) 13 phase alloys were 

investigated and the following results were obtained The 

martensitic characterized temperatures decrease with 

increasing Fe content, while the Curie temperature increases. 

The Tc temperatures of the martensite phase are relatively 

higher than those in the austenite, and the Tc curves in the 

martensite and austenite phases intersect the T0 curve around 

20.6 and 22.1 at.% Fe, respectively. The 13 phase alloys 

including Fe more than 22.3 at% undergo the martensitic 

transformation in the ferromagnetic state. Thus, the 

Ni-Fe-Al alloys have a potential as the ferromagnetic 

shape memory alloys (FSMAs). Further investigations for 

raising the Tc of them may be required 

267 

Acknowledgment 

This study was supported by the Industrial Technology 

Research Grant Program in '02 from New Energy and 

Industrial Technology Development Organization (NEDO) 

of Japan and a Grant-in-Aid for Scientific Research of the 

Ministry of Education, Science, Sports and Culture, Japan.. 

REFERENCES 

[1] K. Ullakko, J. K. Huang, C. Kanter, V. V. Kokorin and R 

C. O'Handley, Appl. Phys. Lett., 69, 1%6 (1996). 

[2] RC. O'Handley, J. Appl. Phys. 83, 3263 (1998). 

[3] R D. James and M. Wuttig, Philos. Mag., A 77, 1273 

(1998). 

[4] Y. Furuya, N. W. Hagood, H. Kimura and T. Watanabe, 

Mater. Trans. J/M, 39, 1248 (1998). 

[5] T. Kakeshita, T. Takeuchi, T. Fukuda, T. Saburi, R 

Oshima and S. Muto, Appl. Phys. Lett., 77, 1502 (2000). 

[6] T. Kakeshita, T. Takeuchi, T. Fukuda, T. Saburi, R. 

Oshima, S. Muto and K Kishio, Mater. Trans. J/M, 41, 882 

(2000). 

[7] F. Gejima, Y. Sutou, R Kainuma and K Ishida: Metal!. 

Mater. Trans. A 30 (1999) 2721-2723 • 

[8] A. Fujita, K Fukamichi, F. Gejima, R Kainuma and K. 

Ishida: A pp!. Phys. Lett. 77 (2000) 3054-3056. 

[9] M. Wuttig, J. Li and C.Craciunescu, Scr. Mater. 44, 2393, 

(2001). 

[10] K. Oikawa, L. Wullf, T. Iijima, F. Gejima, T. Ohmori, 

A. Fujita, K. Fukamichi, R. Kainuma and K Ishida, Appl. 

Phys. Lett. 79, 3290 (2001). 

[11] K Oikawa, T. Ota, F. Gejima, T. Ohmori, R Kainuma 

and K Ishida, Mater. Trans., 42, 2472 (2001). 

[12] H. Morito, A. Fujita, K. Fukamichi, R. Kainuma, K 

Ishida, K. Oikawa, Appl. Phys. Lett., 81, 1657 (2002). 

[13] Y. Murakami, D. Shin do, K Oikawa, R. Kainuma and 

K. Ishida, Acta. Mater., 50, 2173 (2002). 

[14] K Oikawa, T. Ota, Y. Sutou, T. Ohmori, R Kainuma 

and K. Ishida, Mater. Trans., 43, 2360 (2002). 

[15] K. Oikawa, T. Ohmori, Y. Tanaka, H. Morito, A. Fujita, 

R. Kainuma, K. Fukamichi and K. Ishida, Appl. Phys. Lett. 

80, in press. 

[16] K. Ishida, R Kainuma, N. Ueno and T. Nishizawa, 

Metal/. Trans., 22A, 441 (1991). 

[17] A. J. Bradley, J. Iron Steel Inst., 163, 13 (1949). 

[18] S. Furukawa, A. Inoue and T. Matsumoto, Mater. Sci. 

Eng., 98, 515 (1988). 

[19] R Kainuma, K Ishida and T. Nishizawa, Metall. Trans., 

23A, 1147 (1992). 

[20] R. Kainuma, H. Ohtani and K Ishida, Metal/. Mater. 

Trans., 27A, 2445 (1996). 

[21] H. Saito, T. Yokoyama, K. Fukamichi, K Kamishima 

and T. Goto, Phys. Rev., B59, 8725 (1999). 



268 Magnetic and Martensitic Phase Transitions in the Ni-Al-Fe Shape Memory Alloys 

[22] A. N. Vasil'ev, A. D. Bozhko, V. V. Khovailo, LE 

Dikshtein, V. G. Shavrov, V. D. Buchelnikov, M. 

Matsumoto, S. Suzuki, T. Takagi and J. Tani, Phys. Rev., 

BS9, 1113, (1999). 

[23] R Kainuma, F. Gejima, Y. Sutou, I. Ohnuma, K. ishida, 

Mater. Trans. JIM, 41, 943 (2000). 

[24] V. V. Khovailo, "Thesis for Doctor's Degree", Tohoku 

University, (2002) pp. 16-24 

(Received December 21, 2002; Accepted March 30, 2003) 


