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We have studied the correlation between the elastocaloric effect and the crystallographic direction

where a uniaxial stress is applied in a textured polycrystalline Ni-Mn-In-Cr ferromagnetic shape

memory alloy; this alloy displays martensitic transformation around room temperature and presents

an L21 cubic structure in the austenite phase. The texture in the material was induced by simple arc

melting synthesis; using inverse pole figures, a favored grain growth was shown in the direction

[001] perpendicular to the cooled surface. The elastocaloric effect was determined by direct

measurements of the adiabatic temperature change (DTad
me), while compressive stress was applied

and released; hereby, it has been shown that it is possible to exploit the columnar growth texture in

order to obtain a large and reversible elastocaloric effect. The reversible elastocaloric response was

measured between 280 and 310 K by applying moderate stresses of 50, 75, and 100 MPa in the

[001], [111], and [011] directions. A strong interrelation was found in the cyclic DTad
me values of

�3.9, �2.0, and �1.3 K after unloading a compressive stress of 100 MPa applied mainly in the

[001], [111], and [011] directions, respectively. Published by AIP Publishing.
https://doi.org/10.1063/1.5018732

A caloric effect refers to the thermal response (isother-

mal entropy change, DSiso, or adiabatic temperature change,

DTad) of a material when it is subjected to external stimuli.

This response can be larger in the vicinity of a structural

phase transition.1 Caloric materials can be classified as mag-

netocaloric when the caloric response is due to an external

magnetic field, electrocaloric if the response is due to an

electric field, mechanocaloric when the response is due to

hydrostatic pressure (barocaloric effect) or uniaxial stress

(elastocaloric effect), and multicaloric if the material shows

more than one type of caloric effect.2 During the past few

years, solid-state refrigeration has become a fast-growing

research field. Environmentally friendly and potentially high

efficient cooling technologies might replace the common

compression-vapor refrigeration cycle. So far, efforts have

been focused around the magnetocaloric effect;3–5 neverthe-

less, the elastocaloric effect has been highlighted as one of

the most promising among refrigeration technologies6 thanks

to the large values of DTad in a wide working temperature

span obtained at lower costs than in magnetic systems.7

Recent work has pointed out the relevance of the develop-

ment of multicaloric materials in order to improve the range

and response for their applications. It stimulates the research

related to solid-state refrigeration in order to approach this

technology in development to reality in the near future.1,8

The caloric effect reports, including the elastocaloric

effect, are broadly based in DSiso, calculated via a Maxwell

relation (indirect method); the highest values were reported

for TiNi alloys;2 nevertheless, a large applied stress is often

needed, and also, large DSiso has been recently shown in

Heusler alloys.9,10 Direct DTad measurements are often the

most straightforward method to evaluate the elastocaloric

effect, and a comparison between different alloys was pre-

sented in Ref. 11. Both DSiso and DTad are related to DH and

DStransformation, which limits the maximum response due to an

external stimuli; latent heat in TiNi alloys can be as large as

30 J g�1, and meanwhile, in ferromagnetic alloys, it is up to

10 J g�1.12 With this in mind, extensive studies that correlate

the latent heat (and transformation entropy) with the trans-

formation temperatures are of deep interest.13,14

The application of an external field, named the magnetic

field or the mechanical field (hydrostatic pressure or uniaxial

stress), to ferromagnetic shape memory alloys produces a

modification of the equilibrium conditions in the material,

giving thermodynamic stability to one phase over the other.

This is the case for the metamagnetism in Ni-Mn-In-Co15,16

or Ni-Mn-Sn-Co17 alloys, where the austenite phase can be

induced by the application of a magnetic field well below the

zero field austenite start temperature (As
H¼0). Conversely,

the martensite can be favored over the austenite by applying

a mechanical field to those alloys that present conventional

baro- or elastocaloric effects.18–20 As the phase favored by

the application of uniaxial stress is the martensite and this is

highly anisotropic, in the elastocaloric effect, it is relevant to

correlate the applying stress direction with the crystalline

direction in the material. This is relatively simple in single

crystal materials; for instance, in Ni-Fe-Ga single crystals,
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the adiabatic temperature change due to releasing an external

stress of Dr¼ 300 MPa was compared for the [001] and

[111] directions, displaying quite different values of 10.2 K

and 3.2 K, respectively.21 Nevertheless, a highly textured

material can offer a good approximation, avoiding the com-

plexity of single crystal growth or a highly specific orienta-

tion process. In recent reports, the elastocaloric effect

response as a function of the crystallographic direction in a

mechanocaloric material has been highlighted in Ni-Mn-In-

Co alloys;22,23 nonetheless, a specialized process to promote

texture was necessary.

In this paper, we report the mechanical adiabatic tempera-

ture change (DTad
me) near the martensitic transformation (MT)

of a textured arc-melted Ni50Mn32In16Cr2 alloy due to the

release of a uniaxial compressive stress of up to 100 MPa. The

alloy exhibits a DTad
me of �3.9, �2.0, and �1.3 K 6 0.1 K

after releasing the applied stress close to the [001], [111], and

[011] directions of the austenite phase, respectively.

The polycrystalline ingot of work was prepared by arc-

melting from pure metals (>99.9%) under an argon atmos-

phere on a water-cooled Cu crucible. The bulk was re-melted

several times and annealed at 1173 K for 24 h to ensure

homogeneity and then quenched into a mixture of ice-water.

The exploited texture in the sample was induced only by arc

melting cooled surface synthesis; it is well known that it pro-

duces a columnar grain growth in the normal direction to the

surface.

The nominal Ni50Mn32In16Cr2 presents an average com-

position determined by EDS of Ni50.161.0Mn32.061.0In15.460.2

Cr2.560.2. Using a low speed diamond saw, three pieces were

cut from the ingot and prepared as parallelepipeds with

cross-sections of 6.20, 5.41, and 4.43 mm2, lengths of 4.07,

3.48, and 2.77 mm, and masses of 0.2054, 0.1534, and

0.1002 g, for samples called 1, 2, and 3, respectively. The

cross-section of the sample where the stress was applied was

perpendicular to the growth direction in sample 1 and paral-

lel in samples 2 and 3. The crystal texture was determined

with an X-Ray diffractometer, model Rigaku Ultima IV

equipped with cross beam optics (CBO) and wavelength Cu-

Ka. Inverse pole figures (IPF) were calculated using MTEX

(Matlab Toolbox).24 The samples undergo martensitic trans-

formation (MT) between 295 K and 279 K (AF and MF,

respectively). The DSC curves presented in Fig. 1 were

obtained using a commercial TA-instrument calorimeter

TA-Q200. Room temperature X-Ray diffraction (XRD) pat-

terns (Fig. 2) were collected using a Rigaku SmartLab X-ray

diffractometer over the corresponding cross-section of each

sample and in a powdered sample.

The adiabatic temperature change in the Ni50Mn32In16Cr2

samples was determined using purpose-built equipment fully

described in Ref. 25. In the measurement of the adiabatic tem-

perature change, a 0.13 mm diameter K-type thermocouple

attached to the middle of the sample was employed, with a

sampling frequency of 4 Hz, while uniaxial stress is manually

applied or released.

The average transformation enthalpy and entropy were

quantified from the DSC curves shown in Fig. 1 as 11.0

6 0.6 J g�1 and 39.0 6 2.4 J K�1 kg�1, respectively. It can

be seen that the martensitic transformation occurs around

room temperature, and the small differences in the transition

path between samples are caused by unavoidable small com-

position differences, impurities, etc.26 Nevertheless, a good

agreement in these curves is observed for the three studied

samples.

Figure 2 shows the XRD patterns of samples 1, 2, and 3,

as compared with those from powder and theoretical ones.

The powder sample [Fig. 2(d)] presents a good agreement

with the theoretical XRD pattern of a cubic L21 austenite

structure at 295 K with space group 225 [Fig. 2(e)]. From

this, a lattice parameter of 0.600(5) nm was determined.

FIG. 1. Thermograms of the Ni50Mn32In16Cr2 alloy samples.

FIG. 2. X-ray diffraction patterns (a)–(c) of the bulk samples measured on

the surface of applied stress. (d) XRD pattern of the powdered sample and

(e) theoretical pattern for the cubic L21 structure with Ni50Mn32In16Cr2 stoi-

chiometry. It is important to note the break in the y axis at the theoretical

pattern, whose function is to help to visualize smaller diffraction peaks.

164101-2 Hern�andez-Navarro et al. Appl. Phys. Lett. 112, 164101 (2018)



Sample 1, with its cross-section perpendicular to the growth

direction, shows (400) as the favored diffracted plane [Fig.

2(a)]. The samples with cross-sections parallel to the growth

direction present main diffraction peaks in the (111) and

(220) planes [Figs. 2(b) and 2(c), respectively]. These results

show that the (400) planes are stacked perpendicular to the

direction of the columnar growth. This kind of texture has

been also reported in Mn-Ni-In ribbons with an undercooled

surface.27

The texture characterization was analyzed by the exami-

nation of inverse pole figures (IPF) over sample 3 schema-

tized in Fig. 3(a), where the sample is located in the origin of

the x, y, and z axes and the length of the sample is parallel to

the z axis. The IPF taken in the x-axis of sample 3 corre-

sponds to a parallel direction to the one where the elasto-

caloric effect has been measured in sample 1 [Fig. 3(b)] and

analogously occurs with the y-axis of sample 3 and the direc-

tion of the measurement of the elastocaloric effect in sample

2 [Fig. 3(c)]. It can be seen in Fig. 3(d) that in the z-axis

(parallel to the applied stress direction), the sample presents

texture on the [011] crystallographic direction.

By analyzing these results, XRD and IPF support the

proposal to obtain textured materials from arc melting. It can

be seen that the [011] texture observed in the IPF [Fig. 3(d)]

is in good agreement with the preferential (220) planes pre-

sented in the XRD pattern of Fig. 2(c) for sample 3. The

same occurs with sample 1 where the diffracted planes in

XRD presented in Fig. 2(a) are (200) and (400), and the tex-

ture determined by IPF in Fig. 3(b) shows [001]. Sample 2

exhibits agreement as well between the XRD (111) diffracted

planes and the IPF [111] texture presented in Figs. 2(b) and

3(c), respectively.

Some considerations should be taken in order to reduce

the error in direct measurements of DTad
me. In our setup, the

loading/unloading process was done manually in one step, and

the sample was thermally insulated using fiberglass to dimin-

ish the heat interchange with the surroundings. A polymer

with low thermal conductivity is located between the com-

pressive stem and the sample. The sample holder, on the other

hand, tends to lead the sample temperature to the measure-

ment temperature, which can result in a lower DTad
me than

those actually displayed by the sample. Recently, the inhomo-

geneity of DTad
me over the sample due to a partial induction

of the martensite has been pointed out as inconvenient in the

determination of the average adiabatic temperature change via

a thermocouple. Nevertheless, in order to improve the mea-

surement using thermocouples to ensure good thermal contact

with the sample, a small mass sensor and high sampling fre-

quency are recommended.28 It should be mentioned that our

measurements were taken using a single thermocouple, and

therefore, it is not possible to describe an adiabatic tempera-

ture change gradient along the sample. However, it is

expected to be small due to the thermocouple placement and

size of the sample. The cyclic adiabatic temperature change

was measured while applying and releasing stresses of 50, 75,

and 100 MPa near to the [001], [011], and [111] crystallo-

graphic directions of the austenite phase. An example of these

measurements is shown in Fig. 4(a) for the alloy compressed

along the [001] direction as a function of time at 297 K. From

times 0 to 1, the sample stabilizes its temperature (T0); at time

1, the compressive stress is applied, and the maximum adia-

batic temperature change is obtained at time 2. From times 3

to 4, the stress remains applied to the sample whilst it thermal-

izes, and suddenly, the sample is unloaded at time 4, and its

temperature changes adiabatically to the minimum value at

time 5, and the cycle is repeated. The resulting DTad
me values

as a function of applied stress, Dr, and measured temperature,

T0, are presented in Figs. 4(b)–4(d). With the maximum

applied stress of 100 MPa in the [001] direction, the tempera-

ture of the sample changes as þ4.8 and �3.9 K for loading

and unloading the stress, respectively. In contrast, the samples

compressed in [111] and [011] directions change as þ2.0

and �2.0 K and þ1.3 and �1.3 K for loading and unloading

the stress, respectively. The peak of DTad
me is displayed at a

higher value of T0 with increasing compressive stress, indicat-

ing a shift of the MT to higher temperatures; this has been

observed in other magnetic shape memory alloys.10,21 As the

phase induced by the applied stress is the martensite, and this

is highly anisotropic, it is expected to find differences in

DTad
me with different directions of the applied stress.

A comparison of the dependence of the adiabatic

temperature change with the direction of applied stress on fer-

romagnetic shape memory alloys was made only for single-

crystals21 but not on textured polycrystals. It can be seen that

there is a clear relationship between DTad
me and the direction

in which the stress is applied. The response in the [001] direc-

tion continue to grow for T0>AF (295 K), in contrast with

[111] where the elastocaloric response starts to decrease or

[011] where practically vanished. The theoretical maximum

value is non-dependent of the direction of application of stress

FIG. 3. (a) Measured sample scheme to determine the inverse pole figures. The stress was applied on the surface xy, and thus, the z axis and the compression

stress direction are parallel. (b) IPF obtained on the x-axis of sample 3 of Ni50Mn32In16Cr2. (c) IPF obtained on the y-axis of sample 3 and (d) IPF obtained on

the z axis of sample 3.

164101-3 Hern�andez-Navarro et al. Appl. Phys. Lett. 112, 164101 (2018)



since the transformation entropy change and the specific heat

are the same. Then, the difference of the top value between

the measured directions should be related to the proportion of

the martensitic phase driven by the applied stress. This con-

clusion is perfectly compatible with the mechanism of forma-

tion of martensite in these alloys since the martensitic

transformation starts by a first shear in the compact planes of

the L21 structure, i.e., the {110} planes, for which the larger

Schmid factor of the applied stress is obtained for the [001]

direction, followed by [111] and finally by [110] directions.

By comparing the top value of DTad
me, it is noticeable that

applying stress in the [001] direction of the parent phase can

easily induce martensite compared with [111] or [011]. In

order to get a more accurate proof of this, stress-strain curves

were obtained with an universal test machine Shimadzu AG-1

100 kN at 293 K. Tests were performed in a different ingot

with As ¼ 289 K and Af¼ 298 K, and then, it is expected a

large irreversibility after the first load at 293 K. Figure 5

shows that from fully austenite, the critical stress to start to

induce martensite in [001] can be as low as 20 MPa, whilst

for [110], it increases to 60 MPa. The large non-recovery

strain between the first and the second load can be related to

the amount of martensite induced by stress during the first

cycle. Then, applying the stress in [001] induces a larger

amount of martensite compared with [110]. Besides, it can be

seen that the adiabatic temperature change displayed in the

directions [111] and [011] presents a similar value during

loading and unloading; the same behavior is presented in the

direction [001] but only up to 50 MPa. The slight discrepancy

between DTad
loading and DTad

unloading exhibited in [001] for

applied stress over 50 MPa may be attributed to intrinsic dissi-

pative heat of internal friction, which causes an entropy gen-

eration, increasing DTad
loading but decreasing DTad

unloading. It

considers a complete transformation into heat of the dissipa-

tive energy due to the hysteresis.23,29–31 Then, it suggests that

the heat generated by internal friction has a minor influence in

DTad
me when only a small amount of martensite is induced by

stress. By comparing the value of DTad
me, the main contribu-

tion is due to the relationship between the crystallographic

direction and the applied stress direction; nevertheless, differ-

ences into the grain size between the samples have not been

considered. It is expected that the sample with texture in

(400) possesses the largest grains and the least amount of

grain boundaries in the applied stress direction due to the

columnar growth induced by the arc melting process.

A figure of merit proposed for the comparison of the

elastocaloric response between materials is the strength of the

elastocaloric effect (jDTad
mej/jDrj); in the Ni50Mn32In16Cr2

samples, during the unloading, this criterion reaches values of

39, 20, and 13 k GPa�1 in the [001], [111], and [011] direc-

tions, respectively. Values near to 20 k GPa�1 are comparable

with those presented by Ni48.9Ti51.1.30 The strength of the

FIG. 4. (a) Description of the cyclic DTad
me measurement as a function of

time for loading (positive) and unloading (negative) a 100 MPa stress in the

[001] direction at 297 K for the Ni50Mn32In16Cr2 polycrystalline alloy. The

adiabatic temperature change as a function of the temperature of the mea-

surement (T0) and of the applied stress (Dr) in the [001] (b), [111] (c), and

[011] (d) directions is shown. Continuous lines are used as a guide for the

eyes.

FIG. 5. Stress-strain curves of Ni50Mn32In16Cr2 applying compressive stress

up to 160 MPa in (a) [001] and (b) [110]. The second load is presented as the

dashed line.

164101-4 Hern�andez-Navarro et al. Appl. Phys. Lett. 112, 164101 (2018)



elastocaloric effect during the unloading for the

Ni50Mn32In16Cr2 alloy for [001] is as good as recent reports in

Ni45.7Mn36.6In13.3Co5.1
23 and Ni50Mn31.5In16Cu2.5

32 and also

higher than in other similar alloys previously reported.22,31,33

Nevertheless, this value is slightly lower than the one pre-

sented in Ni54Fe19Ga27.
34 It is worth noticing that the revers-

ible adiabatic temperature change in our Ni50Mn32In16Cr2

alloy due to Dr ¼ 75 MPa is comparable with that presented

in the Ni45.7Mn36.6In13.5Co4.2 alloy due to an Dl0H¼ 2 T

external magnetic field.35

In summary, we measured the elastocaloric effect in tex-

tured polycrystalline Ni50Mn32In16Cr2 samples. We propose

taking advantage of the characteristic texture induced

through synthesis by arc melting to reach a high and revers-

ible value of adiabatic temperature change. The unloading of

100 MPa induces a reversible adiabatic temperature change

DTad
me of �3.9 along the columnar growth direction [001],

and it is remarkably larger than the DTad
me value of �2.0

and �1.3 K displayed when the stress is applied along the

[111] and [011] directions, respectively. In spite of the char-

acteristic brittleness of the ferromagnetic shape memory

alloys synthetized by arc melting, a 100 MPa compressive

stress was applied on Ni50Mn32In16Cr2 without inducing vis-

ible fracture in the sample. The strength of the elastocaloric

effect in the direction [001] is comparable with the highest

values reported up until now.
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