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The influence of thermal cycling on the characteristics of the martensitic transformation in

Ni45.4Mn40.9In13.7 alloy was investigated. It was shown that after 1000 repeated thermal cycles

trough temperature interval of the martensitic transformation, application of magnetic field of 1.1 T

resulted in higher transformation temperatures shift of 10 K/T compared to 7 K/T before cycling.

On the other hand, the measurements display a steady increase of electric resistivity with the

number of cycles that along with decrease of the transformation latent heat indicate the phase

hardening. The means to prevent functional degradation of magnetocaloric materials due to phase

hardening are suggested. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4895585]

I. INTRODUCTION

In recent years, extensive attention was paid to the study

of materials that exhibit the giant magnetocaloric effect

(MCE), as they can be utilized for magnetic refrigeration. A

series of new materials showing large MCE was found.1–4

Ni-Mn-In based alloys are among them demonstrating meta-

magnetic behavior as well.5 The martensitic transformation

in these alloys is accompanied by a considerable drop in

magnetization on cooling because the martensitic phase is

non-ferromagnetic.

In accordance with the Clausius-Clapeyron equation,

dTm=dH ¼ �DM=DS; (1)

effect of magnetic field H on the characteristic temperatures

Tm of martensitic transformation depends on DM and DS,

which are the differences in magnetization and entropy

between the high- and low-temperature phases.

The ability to control the Tm value is a key issue in the

development of materials for a magnetic refrigerator.

Increase in DM, which can be achieved by addition of Co,6–8

leads to an increase of dTm/dH. In this study, we report on

another possibility to increase dTm/dH: by variation of DS.

When Ni-Mn-In is used as a magnetocaloric material, it

undergoes a forward and reverse martensitic transformation.

Taking into account that the martensitic transformation in this

alloy is accompanied by a substantial change of the specific

volume,9 one can expect an increase of dislocation density

during the phase transformation. This, in turn, implies that the

martensitic transformation occurs in the material exhibiting

phase hardening with the characteristics of transformation

changing during repeated thermal cycles. In particular, a

variation of the entropy DS occurs. Our investigations

demonstrate that after many thermal cycles, the decrease in

DS will increase the sensitivity of the phase transformation to

the magnetic field, which results in a more pronounced meta-

magnetic behavior of the alloy. It should be noted that effect

of repeated thermal cycles on physical properties of magneto-

caloric rare earth and Heusler materials has been investigated

in a number of studies. In Gd5 (Si1.95Ge2.05)10 as well as in

metamagnetic Ni–Co–Mn–Sb,11 thermal cycling leads to an

increase in electrical resistance and a weak change in transfor-

mation temperatures. It has been suggested to occur due to an

increase in the number of defects and a change in the degree

of atomic ordering introduced by redistribution of atomic

positions. In Ni-Mn-Ga,12 transformation temperatures and

the latent heat were found to remain almost constant after

1000 thermal cycles through the interval of martensitic

transformation.

II. EXPERIMENTAL DETAILS

In the present study, Ni-Mn-In alloy of nominal compo-

sition Ni-45.4 at. %, Mn-40.9 at. %, In-13.7 at. % has been

studied. A vibration sample magnetometer (VSM) was used

for the magnetization measurements in the range from 50 to

400 K. A calorimeter scan was performed using Netzsch 204

F1 differential scanning calorimeter (DSC) at a rate of 10 K/

min. In addition, resistivity measurements were carried out

by a four terminal sensing method. Ni-Mn-In ingot was ho-

mogenized at 1173 K for 48 h in a vacuum furnace.

III. RESULTS AND DISCUSSION

After homogenization, magnetic measurements were

performed in different magnetic fields to determine their

influence on the phase transformations (Fig. 1).

The characteristic temperatures obtained from the magnet-

ization curves corresponding to a magnetic field of 50 Oe were

found to be: the Curie temperature TC¼ 323 K, characteristic
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temperatures of the forward and reverse transformations

Ms¼ 214 K, Mf¼ 205 K, As¼ 217 K, and Af¼ 231 K. As

shown in Fig. 1, a magnetic field of l0 H¼ 3 T shifts character-

istic temperatures by 21 K (or by 7 K/T) towards lower temper-

atures. Without a superimposed field (zero field cooling

(ZFC)), magnetization shows a spike at a temperature of 145 K

in the martensitic phase. By contrast, for the field cooling (FC)

protocol, transformation results in a steady increase of the rela-

tive magnetization upon cooling below 145 K. These features

can be attributed to the formation of ferromagnetic ordered

regions in the martensite as reported earlier for Ni-Mn-In

alloys of different composition.13

After the initial annealing, equilibrium atomic order was

not achieved in the alloy upon cooling. Thus, an additional

annealing (1023 K/50 h) was employed to provide higher level

of a long range order of the L21 type in the austenitic phase.

As demonstrated in Fig. 2, this brought about a noticeable

change of the transformation temperatures: Ms¼ 225 K,

Mf¼ 210 K, As¼ 220 K, and Af¼ 235 K. Although the char-

acteristic phase transformation temperatures increased, the

width of temperature hysteresis decreased after the additional

annealing.

The formation of martensite is accompanied by a rise of

resistivity, and resistivity measurement was employed as

effective means to track the changes in phase transformation

during thermal cycling. As seen in Fig. 2, the repeated

austenite-martensite transformations lead to an increase in re-

sistivity of both the low-temperature and the high-temperature

phases; and after 1000 cycles, the resistivity is approximately

doubled. The effect of increasing with number of cycles is

attributed to a notable build-up of dislocation density in both

phases. Microstructural observations of Ni-Ti alloys14,15 dur-

ing thermal cycling revealed that similar increase in electrical

resistance was accompanied by introduction of appreciable

amount of dislocations. As outlined before, the difference in

the specific volumes of martensite and austenite can give rise

to the generation of dislocations upon movement of phase

transformation front. Indeed, in Ni-Mn-In alloys, the change

in the specific volume upon the martensitic transformation is

considerable and amounts to 0.6%.9

Fig. 3 shows a calorimeter scan recorded during cooling

of the sample. It is important to note that these measurements

were taken on exactly the same specimen before and after cy-

cling to avoid any differences between calorimetric properties

of alloy except for those introduced by cycling. The curves

demonstrate an influence of the repeated martensitic transfor-

mations on the latent heat L. Clearly, thermal cycling causes a

drop in the heat release from 3.4 J/g in the virgin sample to

2.8 J/g upon completion of 1000 cycles. Since L¼TDS, the

difference in entropies also diminishes after cycling. Thus,

the characteristics of the martensitic transformation change as

a result of phase hardening. Similarly, electrical resistivity is

affected and Fig. 4 summarizes the effect of thermal cycling

on the temperature dependence of electrical resistivity. The

data shown were recorded without a magnetic field and with a

superimposed field of 1.1 T. The application of the magnetic

field reduces the phase transition temperatures by 11 K,

FIG. 1. Temperature dependence of the relative magnetization M/Mmax,

measured in different applied fields. M/Mmax at H¼ 50 Oe was determined

using the FC protocol (upper black curve) and ZFC protocol (lower black

curve). See main text for details.

FIG. 2. Influence of repeated martensitic transformations on the electrical

resistivity of the Ni45.4Mn40.9In13.7 alloy.

FIG. 3. Differential scanning calorimetry of Ni45.4Mn40.9In13.7 in cooling

mode: (a) before thermal cycling, (b) after 1000 thermal cycles between 150

and 340 K.
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resulting in dTm/dH¼ 10 K/T. This value exceeds the ones

reported in literature for Ni-Mn-Co-In.16 It is also higher than

the 7 K/T obtained in the virgin samples, i.e., before addi-

tional annealing and thermal cycling (Fig. 1). Modification of

the temperature dependence of electrical resistivity by mag-

netic field results in significant magnetoresistance in the tem-

perature interval of the martensitic transformation. Indeed, the

maximal value of magnetoresistance is about 15% exceeding

the obtained earlier17 in the magnetic field of 1.1 T.

It should be noted that the decrease in the latent heat

brought about by the repeated martensitic transformations

introduces difficulties in realization of the idea of magnetic

refrigeration using the metamagnetic transition in Ni-Mn-In

alloys. In contrary to conventional MCE, the cooling capa-

bility of the inverse MCE materials relies on the amount of

the latent heat absorbed during metamagnetic transition since

magnetic contribution to MCE is smaller and opposite in

sign. Sensitivity of characteristic temperatures to magnetic

field improves after thermal cycling that is favorable for

MCE applications but in the process of the repeated struc-

tural transformations, this material undergoes phase harden-

ing due to the large volume changes accompanying them. It

reduces the latent heat of the phase transition. To restore the

latent heat to the original value, high-temperature annealing

could possibly be used. As mentioned above, the extent of

phase hardening is proportional to the volume effect of mar-

tensitic transformation. In its turn, the volume effect depends

on the difference in the lattice parameters between parent

and martensitic phases. Therefore, in order to decrease the

phase hardening and prevent fast functional degradation of

the magnetocaloric material, the lattice parameters can be

modified by variation of composition as well as by alloying

with additional element.

IV. SUMMARY

The results can be summarized as follows:

(1) The substantial volume change associated with the mar-

tensitic transformation results in an increase of disloca-

tion density upon repeated thermal cycling of the alloy.

(2) The structural changes, in particular, the generation of

dislocations and their accumulation in the course of

repeated martensitic phase transformations affect both

the electrical and calorimetric properties of the alloy.

(3) The phase hardening brings about an increase of electrical

resistivity and a drop in the latent heat of the

transformation.

(4) The magnetocaloric properties of the alloy can be

adjusted by proper choice of composition and doping

element or restored after phase hardening by an appropri-

ate heat treatment to provide prolonged service life of

material for magnetic refrigeration.

ACKNOWLEDGMENTS

Financial support of this study by Deutsche

Forschungsgemeinschaft under grant No. MA 1175/37-1 and

Ukrainian SFFR under grant No. F39/363-2013 is gratefully

acknowledged. The authors would like to thank M. Lyange

for calorimetric measurements.

1Y. Sutou, Y. Imano, N. Koeda, T. Omori, R. Kainuma, K. Ishida, and K.

Oikawa, Appl. Phys. Lett. 85, 4358 (2004).
2Z. D. Han, D. H. Wang, C. L. Zhang, S. L. Tang, B. X. Gu, and Y. W. Du,

Appl. Phys. Lett. 89, 182507 (2006).
3T. Krenke, E. Duman, M. Acet, E. F. Wassermann, X. Moya, Ll. Ma~nosa,

and A. Planes, Nature Mater. 4, 450 (2005).
4M. Khan, N. Ali, and S. Stadler, J. Appl. Phys. 101, 053919 (2007).
5K. Oikawa, W. Ito, Y. Imano, Y. Sutou, R. Kainuma, K. Ishida, S. Okamoto,

O. Kitakami, and T. Kanomata, Appl. Phys. Lett. 88, 122507 (2006).
6J. Liu, T. Gottschall, K. P. Skokov, J.-D. Moore, and O. Gutfleisch, Nature

Mater. 11, 620 (2012).
7R. Kainuma, Y. Imano, W. Ito, Y. Sutou, H. Morito, S. Okamoto, O.

Kitakami, T. Kanomata, and K. Ishida, Nature (London) 439, 957 (2006).
8H. E. Karaca, I. Karaman, B. Basaran, Y. Ren, Y. I. Chumlyakov, and H.

J. Maier, Adv. Funct. Mater. 19, 983 (2009).
9L. Ma~nosa, X. Moya, A. Planes, O. Gutfleisch, J. Lyubina, M. Barrio, J. L.

Tamarit, S. Aksoy, T. Krenke, and M. Acet, Appl. Phys. Lett. 92, 012515

(2008).
10E. M. Levin, A. O. Pecharsky, V. K. Pecharsky, and K. A. Gschneidner,

Jr., Phys. Rev. B 63, 064426 (2001).
11A. K. Nayak, K. G. Suresh, and A. K. Nigam, Acta Mater. 59, 3304 (2011).
12Y. Q. Ma, C. B. Jiang, G. Feng, and H. B. Xu, Scr. Mater. 48, 365 (2003).
13T. Krenke, M. Acet, E. F. Wassermann, X. Moya, L. Ma~nosa, and A.

Planes, Phys. Rev. B 73, 174413 (2006).
14J. Perkins, Metall. Trans. 4, 2709 (1973).
15S. Miyazaki, Y. Igo, and K. Otsuka, Acta Metall. 34, 2045 (1986).
16L. Chen, F. X. Hu, J. Wang, J. Shen, J. R. Sun, B. G. Shen, J. H. Yin, L. Q.

Pan, and Q. Z. Huang, J. Appl. Phys. 109, 07A939 (2011).
17S. Y. Yu, Z. H. Liu, G. D. Liu, J. L. Chen, Z. X. Cao, G. H. Wu, B. Zhang,

and X. X. Zhang, Appl. Phys. Lett. 89, 162503 (2006).

FIG. 4. Electrical resistivity of the Ni45.4Mn40.9In13.7 alloy as a function of

temperature in a magnetic field and without field.

103515-3 Kokorin et al. J. Appl. Phys. 116, 103515 (2014)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  195.208.192.21 On: Thu, 07 Jul 2016

17:00:58

http://dx.doi.org/10.1063/1.1808879
http://dx.doi.org/10.1063/1.2385147
http://dx.doi.org/10.1038/nmat1395
http://dx.doi.org/10.1063/1.2710779
http://dx.doi.org/10.1063/1.2187414
http://dx.doi.org/10.1038/nmat3334
http://dx.doi.org/10.1038/nmat3334
http://dx.doi.org/10.1038/nature04493
http://dx.doi.org/10.1002/adfm.200801322
http://dx.doi.org/10.1063/1.2830999
http://dx.doi.org/10.1103/PhysRevB.63.064426
http://dx.doi.org/10.1016/j.actamat.2011.02.004
http://dx.doi.org/10.1016/S1359-6462(02)00450-5
http://dx.doi.org/10.1103/PhysRevB.73.174413
http://dx.doi.org/10.1007/BF02644571
http://dx.doi.org/10.1016/0001-6160(86)90263-4
http://dx.doi.org/10.1063/1.3565189
http://dx.doi.org/10.1063/1.2362581

