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a b s t r a c t 

In the present work, the effects of composition and heat treatments and the resulting microstruc- 

tural changes on the martensitic transformation and ferromagnetic transition have been investigated in 

NiCoMnIn metamagnetic shape memory alloys. In this shape memory alloy system, it is observed that 

upon heat treatments at a wide temperature range, the onset temperature of the martensitic transfor- 

mation follows a non-monotonic behavior with respect to heat treatment time, and the nature of the 

non-monotonic behavior is also a function of composition. This behavior cannot be attributed to well- 

known factors such as precipitation, change in local composition due to the precipitation and/or global 

degree of order. In this work, a systematic investigation through synthesis, thermal processing and char- 

acterization via thermo-physical measurements, transmission electron microscopy and in-situ synchrotron 

x-ray diffraction experiments has been used to correlate the non-monotonic dependence of the marten- 

sitic transformation and ferromagnetic transition temperatures to the evolution of L2 1 domains arising 

from a order/disorder phase transition. A thermodynamic model for the magneto-structural transition is 

combined with classical nucleation theory to further ascertain the role of microstructural length-scales 

on the onset of the martensitic transformation. This work thus provides understanding of the thermody- 

namic and kinetic factors that can be controlled to tune the coupled magneto-structural transformations 

in NiCoMnIn metamagnetic shape memory alloys. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

.1. Overview 

Shape Memory Alloys (SMAs) undergo displacive, diffusionless 

nd reversible martensitic transformations (MTs). These reversible 

Ts mediate a wide variety of phenomena, ranging from the 

ell-known shape memory and superelasticity effects [1–14] to 

he more recently discovered tunable thermal expansion [15–

7] tunable stiffness [ 18 , 19 ], and giant elastocaloric effects [20–

7] . Among SMAs, Metamagnetic Shape Memory Alloys (MMSMAs) 

28–47] exhibit a large magnetization change across the MT due 

o the different magnetic ordering ––ferromagnetic (FM), paramag- 

etic (PM), anti-ferromagnetic (AFM)–– in the austenite (high tem- 
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erature/symmetry) and martensite (low temperature/symmetry) 

hases, leading to strong interactions between configurational, 

hermal, structural and/or magnetic degrees of freedom [ 33 , 4 8 , 4 9 ].

hese couplings enable an even wider range of complex phe- 

omena, such as: magnetic field-induced transformation [ 50 , 51 ], 

agnetic exchange bias [52–54] , magnetic shape memory effect 

55–59] , giant magnetocaloric effect (MCE) [60–73] , linear change 

n magnetization with strain [ 74 , 75 ], magnetoresistance [ 76 , 77 ],

train-glass [ 49 , 78–82 ] and cluster spin-glass transitions [83–85] . 

Previous works have shown that it is feasible to modify the 

haracteristics of the MT in MMSMAs in order to optimize their 

unctional response. For example, one can modify the onset of the 

T by altering its chemistry or the microstructure of the alloy, 

ncluding constituent redistribution ––achieved through secondary 

hermal processing–– due to precipitation, phase-separation and/or 

onfigurational ordering. These microstructural modifications re- 

ult in non-trivial changes to the MT temperature, the Curie tem- 

https://doi.org/10.1016/j.actamat.2020.116616
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.116616&domain=pdf
mailto:ikaraman@tamu.edu
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erature of the austenite, and the onset of the spin and strain glass 

emperatures in MMSMAs [ 47 , 49 , 86 , 87 ]. The extreme sensitivity of

MSMAs to minute alterations of its microstructure makes it pos- 

ible for a single alloy composition to exhibit very different func- 

ional properties and behavior depending on its thermal history. 

In many Heusler-based MMSMAs, the most common mi- 

rostructure modification relies on the order-disorder (ODO) L2 1 - 

2 transformation. Originally, it was thought that the overall de- 

ree of order in the microstructure, controlled by the holding tem- 

erature during isothermal annealing experiments, was sufficient 

o explain the MT characteristics of these alloys as a function of 

rocess conditions [49] . Recently, however, we have come to real- 

ze that the dependence of the MT characteristics on thermal pro- 

essing cannot be explained solely by changes in the overall L2 1 
egree of order [46] . Specifically, it was found that the MT char- 

cteristics of Ni 45 Co 5 Mn 36.6 In 13.4 MMSMAs do not vary monoton- 

cally with the heat treatment time at a given isothermal treat- 

ent temperature. Since the overall degree of order should in- 

rease monotonically with time, the non-monotonic nature of the 

T response provided strong indication that more complex mi- 

rostructural processes were in effect. To date, however, the nature 

f these microstructural degrees of freedom remains unresolved. 

In this work, we aim to shed light on the question above by 

arrying a systematic experimental investigation aided by theoreti- 

al analysis. Previous work by the present group focused on single 

rystalline samples of a single composition and involved the exam- 

nation of the effects of a few selected secondary heat treatments 

n the onset of the MT in Ni 45 Co 5 Mn 36.6 In 13.4 alloys. While the

arlier investigations revealed the impact of microstructural pro- 

esses on the MT in this MMSMA system, the results were not 

ufficient to draw general conclusions and to properly deconvolute 

he observed relationship between microstructure and MT from 

ther possible simultaneous effects, such as the ODO reaction men- 

ioned above. 

To address this, we have carried out an extensive investigation 

f the MT properties as a function of initial cooling rate, tempera- 

ure and duration of heat treatments and composition using poly- 

rystalline Mn-rich Co-doped Ni–Co–Mn–In MMSMAs of different 

n/In content. Thanks to the magneto-elastic interactions occur- 

ing during the MT in these alloys, the MT has an enhanced sensi- 

ivity to structural and microstructural changes, facilitating the in- 

estigation of the different contributions to the MT thermostability. 

ccordingly, the chosen chemistries and thermal processing widely 

odify the competition for phase stability between martensite and 

ustenite, permitting us to examine the role of the different struc- 

ural and microstructural factors on the onset of the MT. 

Below, we introduce some basic background on Ni–Mn-based 

MSMAs that will help understand the different correlations be- 

ween structural and microstructural features and the characteris- 

ics of the MT. Some of these concepts are grouped/summarized in 

ig. 1 following a typical processing-structure-properties diagram. 

n summary, the present study experimentally and/or theoretically 

emonstrates that: i) composition modifies the thermodynamics of 

he phase transformation through the modification of elastic and 

agnetic contributions to the free energies of the two compet- 

ng phases; ii) secondary heat treatment (SecHT) temperature sets 

verall degree of order and rate of the microstructural change; iii) 

agnetic field and overall degree of order modifies the thermo- 

ynamic balance between austenite and martensite via magnetic 

ontributions to the free energy differences between austenite and 

artensite; iv) SecHT duration determines the average length-scale 

f the microstructural features; v) initial HT cooling rate modifies 

he microstructure evolution path; and vi) microstructural features 

Anti-Phase Boundaries (APBs) and L2 1 domain size– modify the 

nset of the transformation by producing barriers to the nucleation 

nd/or propagation of martensite domains. 
2 
.2. Effects of chemical composition on the metamagnetic behavior of 

agnetic shape memory alloys 

Ni–Mn-based SMAs are off-stoichiometric Heusler-like alloys, 

ith the X 50 Y 50-X Z X compositions [88] , where X and Y are tran- 

ition metals, Ni and Mn respectively, and Z is a post-transition 

etal, Ga, In, Sn, Sb or Al [ 50 , 89 , 90 ]. In this three-sublattice sys-

em, low temperatures result in distinct occupation in all the sub- 

attices leading to the so-called L2 1 ordered state. At higher tem- 

eratures, the occupation of two of the sublattices becomes indis- 

inguishable, corresponding to the B2 configuration. The Ni–Mn- 

ased SMAs can exhibit reversible martensitic transformations be- 

ween body-centered cubic parent phases, which can present dif- 

erent long-range atomic order configurations, and body-centered 

etragonal martensites, which can be non-modulated or modulated 

 91 , 92 ]. MT for the binary NiMn (Z = 0) alloy occurs at a martensite

tart ( M S ) temperature as high as 965 K [93] . On substituting Mn

y Z atoms, MT temperatures decrease as a result of an increase in 

he lattice elastic constants, increasing the resistance against shear 

hat is responsible for MT [94–96] . 

In addition to MT temperatures, the magnetic behavior of 

ustenite and martensite also depends on Mn/Z content. Mag- 

etism in Ni–Mn-based alloys has its origin on Ruderman- 

ittel-Kasuya-Yosida (RKKY) exchange-type interactions. Following 

uchelnikov et al. [97] , the interaction between Mn–Mn pairs can 

e ferromagnetic or antiferromagnetic depending on the distance 

etween neighboring Mn atoms: Nearest-Neighbor (NN) Mn-Mn 

airs interact anti-ferromagnetically (AFM) while second NN Mn- 

n pairs interact ferromagnetically (FM). While at low tempera- 

ures austenite tends to be FM, the Z content greatly influences 

he onset of the MT and the austenite can be either in a ferro- 

agnetic or paramagnetic state if the Curie temperature of austen- 

te ( T C 
A ) lies below or above the MT temperature, respectively. 

hen the cubic austenite transforms to the tetragonal marten- 

ite, the distance between the NN and second NN Mn-Mn pairs 

hanges, and this tends to increase the number of Mn-Mn pairs 

ith AFM interactions, counter-acting the strong FM interactions 

etween Ni(Co)-Mn pairs. These interactions result in martensites 

ith PM or weakly AFM magnetic order. 

Ni 45 Co 5 Mn 50-X In X alloys with X around 13.3 transform around 

oom temperature exhibiting FM → PM metamagnetic behavior 

ith T C 
A around 380–400 K. In this system, the total entropy 

hange during the MT can be approximated by the sum of the 

onfigurational, vibrational, magnetic and electronic contributions, 

s tot ≈ �s config + �s vib + �s mag + �s el [98] , and needs to 

e negative for the MT to occur. Because the MT is partitionless 

s config is negligible. �s vib is negative as the austenite phase has 

onsiderably more entropy than the martensite due to anharmonic 

ffects. �s el may be positive or negative depending on whether 

he electron concentration at the Fermi level increases or decreases 

uring the transformation. �s mag is always positive because the 

ystem transforms from a magnetically ordered austenite to a dis- 

rdered martensite. 

Umetsu et al. [98] demonstrated a correlation between �s mag 

nd the difference between FM transition and MT temperatures, 

 C 
A -M S . Importantly, this strong dependence of �s tot on T C 

A -M S 

ia �s mag results in a measure that expresses the sensitivity of 

he phase stability to both intrinsic (e.g. composition) and extrin- 

ic (e.g. external magnetic field) factors. For instance, an increase 

n In-content will stabilize the austenite, decreasing MT tempera- 

ures, increasing T C 
A -M S difference, which further stabilizes the FM 

ustenite. Another consequence of the dependence of the phase 

tability on �s mag is that the onset of the MT can be controlled 

hrough the application of an external magnetic field, according to 

he Claussius-Clapeyron relationship. In fact, a large-enough mag- 

etic field can raise �s mag to the point that �s tot will be always 
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Figure 1. Processing-structure-property diagram for the present NiCoMnIn metamagnetic shape memory alloys depicting the influence of composition and thermal process- 

ing parameters on the martensitic transformation characteristics and other key properties, through their effect on the structural and microstructural configuration of the 

material and on the different ener gy contributions to the phase stability. Red/blue color relates properties in austenite/martensite. SHT: Solution Heat Treatment, WQ: Water 

Quenching, FC: Furnace Cooling, ODO: Order-Disorder, SecHT: Secondary Heat Treatment. 
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ositive, and the MT will be completely suppressed [99] . Then, the 

ustenite is said to be fully thermodynamically arrested. 

.3. Effects of Order-Disorder Transition on Martensitic 

ransformation characteristics 

Ni–Co–Mn–Z Heusler-like alloys exhibit different degrees of 

onfigurational ordering depending on their composition and tem- 

erature [88] . The transition between these states is known as 

rder-Disorder (ODO) transition. Ni 45 Co 5 Mn 36.7 In 13.3 alloys only 

how a single ordering transition between B2 and L2 1 phases at 

 B2-L21 around 896 K [86] . Such T B2-L21 is low enough to permit the

uenching of high-temperature B2 order by fast cooling the mate- 

ial to room temperature, meaning that the final configurational or- 

er present at room temperature can be tuned [ 49 , 100 ]. Since the

DO requires atomic diffusion and investigated Ni 45 Co 5 Mn 50-X In X 
lloys transformed well below 373 K, there should be no overlap 

etween ODO transition and MT. As consequence, martensite will 

ave the same NN and second NN atomic species as austenite and 

hus will inherit austenite’s degree of configurational order. 

Many properties of the Ni–Co–Mn–In alloys and its MT transfor- 

ation depend on the quenched-in disorder through the different 

haracteristics of the B2 and L2 1 phases. In particular, the redis- 

ribution of Mn atoms through the crystal alters the strength of 

he FM and AFM interactions, resulting in higher T C 
A and magnetic 

oment for the high order L2 1 phase [ 47 , 86 , 101 ]. Consequently,

he L2 1 degree of order affects the MT phase stability varying 

s mag and, then, it modifies the MT temperatures following the 

elationship between �s tot and T C 
A -M S range [87] . Notably, sam- 

les with different degree of order can present different marten- 

itic structures: modulated BCT (6M) or non-modulated BCT (2M, 

1 0 ) martensite for the ordered and disordered samples respec- 

ively [86] . 

The degree of order thus adds a degree of freedom for tuning 

he characteristics of the MT in Ni 45 Co 5 Mn 50-X In X alloys which can 

e adjusted through simple thermal treatments. Note that this tun- 

ng mechanism is only possible for the MMSMAs in which disorder 

an be quenched-in during the thermal process. Sn and Sb alloys 
3 
resent a more stable L2 1 phase than In and Ga alloys [102] , so

heir M S and T C temperatures are mostly unaffected by heat treat- 

ents. In addition, the strong dependence of the MT thermosta- 

ility on �s mag of In alloys make them more sensitive to order 

hanges than other ferromagnetic SMAs, like Ni–Ga–Fe [103] and 

i–Mn–Ga [104] . 

.4. Effects of microstructure on Martensitic Transformation 

haracteristics 

A recent investigation by Bruno et al. [46] has shown that the 

roperties of the MT in Ni–Co–Mn–In alloys evolve during sec- 

ndary annealing treatments for long periods of time when the 

amples are annealed below 773 K. Such evolution spans time 

cales longer than typical secondary heat treatments performed in 

revious works [49] . Bruno et al. showed that M S could present a 

inimum when the alloy was annealed at 773 K: M S decreased be- 

ween the initial SHT condition and 0.25 h of secondary heat treat- 

ent (SecHT), from 260 to 236 K, but it increased back when the 

aterial was annealed for 0.5 and 3 h, to 270 and 297 K, respec- 

ively. Such behavior could not be explained only with the mono- 

onic evolution of the overall degree of order and Bruno et al. pro- 

osed the competition between the ODO process and the annihi- 

ation of quenched-in vacancies as a possible explanation for this 

ehavior. 

Recent results from both experiments and ab initio calculations 

105] , however, have indicated that the atomic ordering and the 

uenched-in vacancy annihilation processes in Ni–Co–Mn–In al- 

oys are much quicker than the time-evolution of the MT tem- 

eratures during secondary thermal processes. It is therefore un- 

lear what the nature of the microstructural feature(s) affecting 

he thermostability of the MT is. In order to be able to discern the 

ature of the source of the observed SecHT duration-dependence, 

t is necessary to carry out an extensive investigation looking for 

ll the implications of the microstructural dependence on the MT 

roperties. 
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Figure 2. Experimental flowchart depicting the different heat treatment paths (red), the experimental techniques (orange) and the studied transitions (black). Main exper- 

imental variables (purple): Mn/In composition, polycrystalline PC, single crystal SC, heat treatment cooling rate, secondary heat treatment T temperature and t time, and H 

magnetic field. Measured variables for characterization (green): Q heat exchange, M magnetization, width and intensity of diffraction peaks and dark field diffraction inten- 

sity. Transition characteristic properties (teal): T C 
A Curie temperature of the austenite, M S martensitic transformation onset temperature, L2 1 degree of order and average L2 1 

domain size. Red arrows: material processing paths before characterization. Green arrows: characterization. Black arrows: dependencies/relationships. 
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.5. The present work 

The objective of the present work is to investigate the depen- 

ence of the MT characteristics in Ni-Co-Mn-In MMSMAs with dif- 

erent In contents on the evolution of the material microstructure 

ccurring during thermal treatments. First, we introduce the exper- 

mental procedure utilized to characterize the martensitic trans- 

ormation, the ferromagnetic transition in the austenite and the 

icrostructure of the material. We then examine the dependence 

f the M S temperature on composition, applied magnetic field, 

nd thermal processing parameters. These changes are then cor- 

elated to the Curie temperature of the austenite as well as the 

verall degree of L2 1 ordering. Next, we attempt to elucidate the 

echanisms responsible for the non-monotonic response in the 

T by connecting classical nucleation theory with the time evolu- 

ion of microstructural length-scales associated with the evolution 

f L2 1 domains. Finally, we demonstrate the apparent correlation 

etween the evolution of MT temperatures and the observed mi- 

rostructural length-scales between a precipitation-hardened non- 

agnetic SMA and the present Ni-Co-Mn-In MMSMAs which does 

ot feature precipitation hardening. 

. Experimental procedures 

Polycrystalline alloys with the nominal compositions of 

i 45 Co 5 Mn 50-X In X at.%, X ranging from 13.3 to 13.7 were vac- 

um induction melted using high purity constituents. Single crys- 

al ingots of Ni 45 Co 5 Mn 36.6 In 13.4 were grown via the Bridgman 

ethod under a He environment. Figure 2 schematically summa- 

izes all thermal processing procedures and experimental studies 

erformed in the present work. Initially, relatively large polycrys- 

alline plates (about 40 × 5 × 1 mm 
3 ) were cut and homogenized 

t 1173 K for 24 hours and Water Quenched (WQ). After this ini- 

ial Solution Heat Treatment (SHT), the bars were cut into smaller 

amples (about 5 × 1 × 1 mm 
3 ). Then, the samples were exposed 

o different thermal processing paths, as shown in Fig. 2 . A fraction 

f the samples was heat-treated again at 1173 K for 1 h and slow 

ooled (furnace cooling - FC) to 300 K inside the furnace with a 

ontrolled cooling rate of 0.55 K/min. 
4 
Most WQ and FC samples were, in addition, secondary heat- 

reated (SecHT) at different temperatures between 573 K and 873 

 for periods of time ranging from 0.25 h to 240 h. Then, the sam-

les were water-quenched in order to freeze the degree of L2 1 or- 

er achieved at different isothermal treatment temperatures. Se- 

ected SecHTs resulted in a large variety of microstructures, with 

ifferent degrees of L2 1 crystallographic ordering, and a variety of 

omains sizes and morphologies. Note that during each of the heat 

reatments, the material was sealed in a quartz tube under a pro- 

ective low-pressure high-purity Ar atmosphere to minimize oxi- 

ation. Having a large number of heat treatment conditions, we 

ould like to direct the reader to the sample nomenclature and 

escription in Table 1 . 

The temperature dependence of the DC magnetization under 

onstant applied magnetic field of 0.05 T, 1 T or 7 T was measured 

sing a Quantum Design MPMS SQUID VSM magnetometer. Ther- 

omagnetic measurements were made during cooling–heating cy- 

les between 10 K and 400 K at 5 K.min −1 . Fig. 3 a shows the

agnetization response during a cooling-heating cycle for two dif- 

erent samples in the temperature range of the MT. The transfor- 

ation is revealed by the magnetization difference between the 

M austenite and the weak-magnetic martensite, and the hystere- 

is between the forward and reverse transformations. Character- 

stic MT temperatures, M S , martensite finish ( M F ), austenite start 

 A S ) and austenite finish ( A F ), were obtained from the magnetiza-

ion change across the transformation. The MT temperatures were 

etermined using the area between the transformation peak of the 

emperature derivative of the magnetization and the baseline ob- 

ained from the temperature dependence of the magnetization out- 

ide the MT range, as shown in Fig. 3 b. MT temperatures corre- 

pond to the temperature at which there has been a 5% (95%) of 

he forward (reverse) transformation magnetization change. This 

ethod is superior to the typical tangent-based method in cases 

n which the MTs are diffuse or incomplete [ 106 , 107 ]. 

The temperature dependence of the calorimetric response was 

easured in a TA Instruments DSC Q20 0 0 with cooling/heating 

ates of 10 K.min −1 , over a temperature range (170–420 K) span- 

ing both the magnetic and, in some cases, the martensitic trans- 

ormations. Figure 4 presents an example of the calorimetric re- 

ponse and its temperature derivative for a polycrystalline (PC) 
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Table 1 

Description of the nomenclature used to describe the composition and processing of the NiCoMnIn samples 

used in this study. 

Nomenclature Description 

PC Polycrystalline 

SC Single crystalline 

InX Ni 45 Co 5 Mn 50-X In X atomic% 

SHT/WQ Solution heat treatment / Water Quenched 24 hrs. at 1173 K 

FC Furnace Cooled SHT/WQ + 1 hr at 1173 K and controlled slow cooling (0.55 K/min) 

SecHT Secondary Heat Treatment, XKYh Either WQ or FC + Y hrs at X K, Water quenched 

Figure 3. (a) Temperature dependence of the magnetization and (b) of 

the temperature derivative of the magnetization for two polycrystalline (PC) 

Ni 45 Co 5 Mn 36.5 In 13.5 MMSMAs with the same solution heat treatment, 1173 K for 24 

hr and water quenched (WQ), but different secondary heat treatments: 3 h at 723 

K + WQ (cooling in blue, heating in red) and 0.5 h at 873 K + WQ (cooling in green, 

heating in purple). The positions of the MT characteristic temperatures M S , M F , A s 
and A F are indicated by vertical dashed lines. In (b), for simplicity, only the baseline 

of the 3 h at 723 K + WQ peak is shown. The area below the temperature derivative 

of the magnetization curves, used for the calculation of the MT temperatures is 

mark with a diagonal pattern. 
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Figure 4. (a) Temperature dependence of the calorimetric response, normalized by 

sample mass and temperature rate, and (b) of its temperature derivative during two 

thermocycles for a polycrystalline (PC) Ni 45 Co 5 Mn 36.5 In 13.5 MMSMA, controlled slow 

cooled (SC) at 0.55 K/min from 1173 K to room temperature (furnace cooled – FC) 

and secondary heat treated (SecHT) at 723 K for 3 h followed by water quenching. 

The figures show a close up around the Curie temperature of the austenite. Arrows 

indicate the direction, cooling/heating, of the temperature cycle. Open circles in (b) 

indicate the peak temperatures from which the Curie temperature was calculated 

as an average of the four curves (displayed in the middle). 

Figure 5. Polar synchrotron transmission x-ray diffraction spectra for two sin- 

gle crystalline Ni 45 Co 5 Mn 36.6 In 13.4 samples with (a) WQ (24 h at 1173 K + water 

quenched) and (b) FC (WQ + 1 h at 1173 K + slow cooled (SC) (0.55 K/min) ther- 

mal processing conditions, obtained in austenite (423 K). One of the (111) diffrac- 

tion spots is marked with open red circle in both spectra. The integrated intensity 

corresponding to (111) diffracting planes as a function of Bragg angle for the same 

(c) WQ and (d) FC samples. Experimental data (red dots) is compared with Pseudo- 

Voigt profile fitting (black dashed line) and a rectangle with equal area and height 

of the fitting curve (blue solid line). The peak area (diagonal pattern, dependent on 

L2 1 phase fraction) and peak broadening (integral breadth, dependent on crystallite 

size and instrumental broadening, blue line) are shown. Note the different y-axis of 

(c) and (d). 
n13.5, FC, 723K3h SecHT sample close to the FM transition. The 

agnetic transition produces a non-linear change on the calori- 

etric response of the material because of the change in heat ca- 

acity [108] , as shown in Fig. 4 a. This peak can be used to deter-

ine T C 
A . To reduce the uncertainty in the determination of the 

urie temperature, T C 
A was calculated as the average of the peak 

emperatures for four different temperature ramps, two on cooling 

nd two on heating, for each sample. 

Transmission X-Ray Diffraction experiments were conducted at 

he Advanced Photon Source, Argonne National Laboratory using 

igh-energy synchrotron radiation. Different experimental proce- 

ures were carried out on single crystalline (SC) In13.4 and PC 

n13.3 samples with either WQ or FC thermal protocols, sometimes 

ollowed by SecHT during the in-situ high energy synchrotron ex- 

eriments. Polar diffraction spectra for these samples were ob- 

ained at 423 K (to ensure the material was well above M S ). 

ll samples displayed diffracted intensities corresponding to the 

lanes (hkl) with h + k + l = even number, which indicates B2 + L2 1 
hases, and with h + k + l = odd number, produced only by L2 1 
omains [ 102 , 109 , 110 ]. Examples of the diffraction spectra for SC

n13.4 WQ and FC samples are shown in Figs. 5 a and 5 b, respec-

ively. In order to mimic the evolution of the microstructure during 

onventional heat treatments, SC and PC samples with only initial 

eat treatment (WQ or FC) were heated at 25 K/min from room 

emperature to different temperatures below the ODO transition 

emperature, and then held isothermally. During this process, po- 

ar diffraction patterns were recorded in regular time-intervals. The 

ntensity of the (111) diffraction spots was integrated as a func- 
5 
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Figure 6. Martensite start temperature after solution heat treatment (SHT) at 1173 

K for 24 h and water quenching (WQ), followed by secondary heat treatments 

of different duration and temperature, 573 K (blue reverse triangles), 673 K (red 

circles), 723 K (green squares) and 773 K (purple triangles) for Ni 45 Co 5 Mn 50-X In X 
MMSMAs with (a) X = 13.3, (b) X = 13.5, (c) X = 13.6 and (d) X = 13.7 at.%. M S falling 

below the bottom axis indicates that the sample did not show MT (transformation 

arrest). SecHT duration axis is in logarithmic scale. 
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ion of the Bragg angle and utilized to track the evolution of the 

2 1 phase characteristics. As shown in Figs. 5 c and 5 d, the (111)

iffraction peaks were fit using a Pseudo-Voigt profile. 

The change in the degree of order was estimated from the evo- 

ution of the square root of the peak area. In addition, the aver- 

ge size of the coherently diffracting domains was calculated us- 

ng the Scherrer equation L = K λ / B cos θ [ 111 , 112 ]; where λ is the

avelength of the synchrotron radiation (0.1173 Å), B is the integral 

readth of the Pseudo-Voigt peak (after being corrected for instru- 

ent broadening), K is a factor depending on the shape and ori- 

ntation of the diffracting domains, which is 1.1547 for cubic-like 

rystallites for the (111) peak [113] , and θ is the Bragg angle. In 

he present case, the coherently diffracting domains for the (111) 

iffraction peak are the L2 1 ordered domains and the average size 

 will correspond to the typical length scale of the L2 1 domains 

erpendicular to the (111) diffraction plane. 

The L2 1 domain microstructure of SC In13.4 samples was stud- 

ed with a FEI Tecnai G2 transmission electron microscope using 

ark field imaging mode using the (111) diffraction peak of the cu- 

ic austenite. Different single crystalline samples were subjected to 

olution heat treatment and water quenching (WQ), WQ and sec- 

ndary heat treatment (SecHT) at 673K for 3 h, and WQ + SecHT 

t 673K for 24h thermal treatments. Then, TEM foils of 100 μm 

hickness and 3 mm diameter were prepared with their surface 

ormal oriented along the [011] austenite direction. These foils 

ere twin-jet electropolished using a 1:3 nitric acid to methanol 

lectrolyte under 20 V at 243 K. 

To compare the effects of microstructural length scales on 

he MT characteristics in another alloy system with nanoprecip- 

tates as the feature controlling the length scale, polycrystalline 

i 50.3 Ti 34.7 Hf 15 at.% shape memory alloy was prepared using vac- 

um induction melting of elemental Ni, Ti and Hf (99.98%, 99.95% 

nd 99.9% purity, respectively). The material was homogenized un- 

er vacuum at 1323 K for 72 h and furnace cooled to room tem- 

erature. Then, the homogenized ingot was sealed in a mild steel 

an and hot extruded at 1173 K with an area reduction of 7:1. Sam-

les of 1 mm thickness and 5 mm diameter were cut and solution 

eat treated at 1173 K for 1 h to dissolve any possible secondary 

hases formed during fabrication, followed by systematic SecHTs 

erformed at 723, 773 or 823 K for 1, 3, 10, 24 and 48 hours, and

ater quenching. This procedure created a set of samples with dif- 

erent precipitate sizes and volume fractions for modifying the MT 

haracteristics as explained in detail in [114] . 

. Experimental Results 

Figure 6 presents the dependence of M S on both temperature 

nd duration of the SecHT for PC (In13.3, In13.5, In13.6, In13.7) 

Q samples as determined from their thermomagnetic responses. 

ote that each point corresponds to a single sample that has been 

reated either with only the initial SHT, or with the SHT plus a 

ecHT. Some of the main trends can be summarized by focusing 

n the results in Fig. 6 a, which correspond to the data for the

n13.3 samples. The M S of the samples heat treated at 723K first 

ecreases from 275.5 K (SHT sample) to 233.7 K (0.5h sample) and 

hen increases significantly to 301.4 K after 24 h of SecHT. Fur- 

her evolution of M S becomes less sensitive to longer heat treat- 

ent times. The curves for the 773K, 673K and 573K samples, in 

ig. 6 a, exhibit similar trends as the 723K curve, but with three 

ey differences. First, the M S increases with heat treatment tem- 

erature for samples with same SecHT duration. Second, the ex- 

osure time required to achieve the minimum in M S temperature 

ncreases on decreasing annealing temperature. Third, the drop in 

 S between the initial SHT state and the minimum increases on 

ecreasing SecHT temperature, reaching a difference of about 125 

 for the 573K curve. 
6 
These general trends were reproduced in the alloys with higher 

n-contents, as shown in Figs. 6 b-d. These figures demonstrates 

hat substituting Mn by In atoms results in a decrease in M S , in

greement with previous results [ 92 , 115 ]. Interestingly, in some 

ases the increase in In-content leads to the full arrest of the MT 

116] . Note that for all cases presented in Fig. 6 , no sample un-

erwent a MT with M S below 150 K. While all compositions fol- 

owed the same trends observed for In13.3, when the expected 

 S temperature was below a certain limit, close to 150 K for 

i 45 Co 5 Mn 50-X In X alloys, the transformation became arrested. The 

rigin of the thermodynamic arrest is due to the competition be- 

ween the magnetic and vibrational contributions to the MT en- 

ropy change, as the vibrational contribution significantly decreases 

n cooling below 150 K in these alloys [99] . 

Figure 7 displays the dependence of the M S temperature on 

ecHT conditions for the PC In13.3 WQ samples during thermal cy- 

les under different applied magnetic fields: 0.05 T, 1 T and 7 T. As 

an be seen for the 773K samples, Fig. 7 a, the increase of the ap-

lied magnetic field stabilizes the ferromagnetic austenite, which 

ecreases the M S temperature [98] . The same is true for the 723K 

amples in Fig. 7 b, with the change in M S between 1 T and 7 T

urves being larger for the 723K samples than for the 773K ones. 

his effect is caused by the decrease of the MT entropy change: the 

23K samples transformed at lower temperatures, increasing the 

 C 
A - M S difference, which enhances the magnetic ordering, and thus 

he stability, of the austenite. On the other hand, samples trans- 

orming at lower temperatures tend to show a lower MT entropy 

hange and––as predicted by the Clausius-Clapeyron relationship–

are more sensitive to the application of a magnetic field. In the 

imit, the applied magnetic field can stabilize the austenite enough 

o induce the magnetic-field arrest of the MT, as can be observed 

n Figs. 7 c and 7 d. 

It is important here to compare 673K curves in Fig. 7 c under 

ifferent magnetic fields with the 673K results under 0.05T for dif- 
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Figure 7. Martensite start temperature after solution heat treatment (SHT) at 1173 

K for 24 h and water quenching (WQ), followed by secondary heat treatments of 

different duration and temperature, (a) 773 K, (b) 723 K, (c) 673 K and (d) 573 K 

for Ni 45 Co 5 Mn 36.7 In 13.3 MMSMAs. M S is shown for cooling-heating thermal cycles 

under different constant applied magnetic fields: 0.05 T (black circles), 1 T (blue 

diamonds) and 7 T (red squares). SecHT duration axis is in logarithmic scale. 
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Figure 8. (a) Characteristic martensitic transformation temperatures, M S (blue re- 

verse triangles) M F (black squares) A S (red triangles) and A F (purple circles), af- 

ter SHT, followed by SecHT at 723 K for different durations. (b) Critical temper- 

ature T 0 = (M S + A F )/2 and (c) thermal hysteresis (( A F + A S - M S - M F )/2) after SHT and 

SecHTs of different tem peratures and durations, 573 K (blue reverse triangles), 673 

K (red circles), 723 K (green squares) and 773 K (purple triangles). All cases for 

Ni 45 Co 5 Mn 36.5 In 13.5 samples under magnetic field of μ0 H = 0.05 T. SecHT duration 

axis is in logarithmic scale. 

Figure 9. Martensite Start temperature of Ni 45 Co 5 Mn 36.5 In 13.5 samples which initial 

homogenization heat treatment had different cooling rates: uncontrolled fast cool- 

ing (Water Quenching, full symbols, solid lines) and controlled slow cooling (Fur- 

nace Cooling, open symbols, dashed lines); following by secondary heat treatments 

of different duration performed at 673 K (circles) or at 773 K (squares). Color lines 

are guides for the eye connecting the points. Black dashed horizontal line is a con- 

stant temperature (perfectly flat) line for easy comparison with the SecHT duration- 

independence of M S for FC samples. SecHT duration axis is in logarithmic scale. 
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erent compositions (In13.3, In13.5, In13.6) in Fig. 6 (red circles). 

his comparison demonstrates that there is an equivalence in mod- 

fying the phase stability with the application of a magnetic field 

nd through small changes in composition. Such similarity arises 

rom the fact that these alterations will, directly or indirectly, have 

 significant impact on the magnetic contribution to the free en- 

rgy difference between the different phases. 

Note that curves in Figs. 6 and 7 are grouped by composition 

nd SecHT temperature, respectively. If Fig. 7 were grouped by in- 

ensity of applied magnetic field, it would show a pattern very 

imilar to the one observed in Fig. 6 . However, grouping the curves 

y SecHT temperature helps visualizing the trends for the location 

in time) for the minimum in M S at different SecHT temperatures. 

n this way, Figs. 6 and 7 demonstrate that the SecHT time required 

o achieve the M S minimum does not have a significant depen- 

ence on composition or applied magnetic field. From these re- 

ults, it is apparent that the time required to achieve M S minimum 

nly depends on the SecHT temperature. 

In general, the observations for M S temperature reported above 

re also valid for the other characteristic temperatures of MT: M F , 

 S and A F . As an example, Fig. 8 a presents the evolution of all

our characteristic MT temperatures for PC In13.5 WQ samples that 

ere secondary heat treated at 723 K. Notably, the same is true for 

he average of M S and A F temperatures, which is often considered 

s the critical temperature, T 0 , at which austenite and martensite 

hases are at thermodynamic equilibrium. This similarity can be 

learly seen by comparing the dependence of M S and calculated T 0 
emperatures on the SecHT temperature and duration for PC In13.5 

Q samples in Figs. 6 b and 8 b, respectively. It is important to note

ere that the changes in M S (and T 0 ) temperature can also be cor-

elated with the variation of other important characteristics of the 

ransformation, such as thermal hysteresis and MT driving force. 

ig. 8 c presents the dependence of thermal hysteresis, defined here 

s ( A F + A S - M S - M F )/2, on the SecHT temperature and duration for PC

n13.5 WQ samples. If we compare this figure with the evolution 
7 
f M S and T 0 on Figs. 6 b and 8 b there is a clear inverse correlation

etween the evolution of the transformation temperatures and the 

hermal hysteresis. Note that the thermal hysteresis is assumed to 

pproach infinity in Fig. 8 c for the 673K 3h and all 573K samples,

or which the MT is fully suppressed, as thermal hysteresis contin- 

ously increases while approaching the arrest conditions. 

The dependence of the MT on temperature and time of the 

ecHTs was also investigated for the furnace cooled (FC) samples. 

Q and FC samples differ on the initial microstructural state of the 

aterial prior to the SecHT procedures due to their different initial 

ooling rate. Note that the samples were always water-quenched to 

omplete the secondary heat treatments. Figure 9 displays a com- 

arison between M S temperature of PC In13.5 (both WQ and FC) 

amples after exposing them to SecHT at 673 K or 723 K for dif- 

erent amounts of time. In the present work, PC In13.3 FC sample 

no SecHT) did exhibit an MT with M S at 241 K, while PC (In13.5,

n13.6, In13.7) FC samples did not experience any MT (MT is fully 

rrested). The fact that PC In13.5 FC sample did not transform to 
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Figure 10. Square root of the normalized intensity of the (111) L21 diffraction peak 

for a single crystalline Ni 45 Co 5 Mn 36.6 In 13.4 MMSMA during the in-situ heat treat- 

ments at 680 K (red circles), 745 K (green squares) and 790 K (purple triangles), 

recorded using the high energy transmission XRD (synchrotron) experiments. Color 

vertical dashed lines indicate the transition between the heating and isothermal 

stages. 
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artensite is clearly indicated in Fig. 9 as FC 673K and FC 723K 

urves starting below the bottom axis. 

Fig. 9 demonstrates that the response of the WQ and FC sam- 

les to SecHTs is notably different. The WQ 673K and WQ 723K 

urves (solid lines) follow a non-monotonic behavior, with M S min- 

ma at 0.5 h for WQ 723K and 3 h for WQ 673 K (fully arrested

ample). In contrast, FC 673K and FC 773K curves had a large shift 

n M S between the initial state (fully arrested) and samples sec- 

ndary heat treated for 0.25 h, raising M S to 234 K and 255 K, re-

pectively, and became SecHT time-independent beyond this point, 

resenting no M S minimum. The WQ and FC curves seem to con- 

erge for long SecHTs, with the time necessary to achieve this con- 

ergence being a strong function of temperature: 72 h for 673 K, 

4 h for 723 K and 3 h for 773 K (last case not shown in Fig. 9 for

revity). Finally, the main similarity between the WQ and FC sam- 

les is that M S for 723K samples is higher than M S for 673K ones,

ikely due to a lower overall degree of order in 723K samples. 

. Discussion of the Results 

The main objective of the discussion section is to better exam- 

ne how the structure and microstructure of the materials is evolv- 

ng during the thermal procedures applied here and correlate such 

volution with the observed behavior of the MT characteristics. 

.1. The evolution of the degree of L2 1 order 

The unexpected non-monotonic behavior observed in Figs. 6 to 

 seems to be a result of one or more processes occurring in the 

aterial during the thermal treatments. The B2-L2 1 order-disorder 

ransition is a second order phase transformation that requires 

hermally activated atomic diffusion, so its product microstructure 

epends both on temperature and time. It is thus natural to as- 

ume that this process may be responsible for the observed non- 

onotonic evolution of M S , and thus, of the MT characteristics. 

reviously, Bruno et al. [46] suggested that during the first stage of 

he M S evolution, between the SHT state and M S minimum, the be- 

avior of the MT temperatures could be dominated by the change 

n overall degree of L2 1 order: a continuous increase of the degree 

f order would decrease MT temperatures. Under this assumption, 

he subsequent evolution of M S would be dominated by a long- 

erm change in the microstructure, which was suggested to be con- 

ected to the annihilation of vacancies. Such kind of long-term 

volution of the overall degree of order has been observed be- 

ore in Ni-Mn-based alloys. For example, Seguí and Cesari [117] ob- 

erved the evolution of the MT temperatures and Curie tempera- 

ure in a Ni(Co)-Mn-Ga alloy for more than 10 4 min when the ma- 

erial was heat treated at 470 K. In such experiments, though, the 

volution of the MT temperatures was monotonic with heat treat- 

ent time (and implicitly with the change of order). 

Experiments were, thus, carried out here to determine whether 

r not the time-scale of evolution of the degree of order is com- 

arable to the time-scale of the change in M S observed in Fig. 6 .

igure 10 shows the time evolution of the square root of the inten- 

ity of the (111) L21 diffraction peak, normalized with the intensity 

f the solution heat treated sample at low temperature, recorded 

uring the high-energy transmission XRD experiments in SC In13.4 

Q samples in-situ heat treated to 680 K, 745 K and 790 K. This

gure represents the evolution of the L2 1 order parameter during 

oth heating and isothermal stages. Note that t = 0 min was cho- 

en so the samples has the same temperature during the heating 

tage. The samples achieve target isothermal temperature at differ- 

nt times, as indicated by the vertical dashed lines. 

At time t = 0 min, all the samples had a significant amount 

f quenched-in disorder as they had been water-quenched. At 

ow temperatures, the quenched-in disordered state would be 
8 
etastable and there would be a thermodynamic driving force for 

rdering. However, at temperatures below 573 K no evolution to- 

ards ordering was observed due to sluggish atomic diffusion. Fur- 

her increase in temperature increased the atomic mobility and the 

amples’ degree of order started to evolve towards equilibrium. We 

ote that the change in degree of order may not be monotonic 

ince a sample that is initially disordered may first evolve towards 

 more ordered state as it reaches intermediate temperatures but 

t then can devolve back towards a more disordered state if the 

emperature increases further. This can be observed in the sample 

eated to 790 K which reached its maximum degree of order at 

bout 750 K, only to disorder further on increasing temperature. 

n contrast, the 680 K sample exhibited a near-monotonic increase 

n the degree order as a function of time as it progresses towards 

 more ordered state. 

Regardless of the specific time evolution of the degree of or- 

er, the significance of these experiments is that, in all cases, the 

amples reached their equilibrium state within 0.5 h. In compari- 

on, Fig. 6 shows that M S minimum occurs after heat treatments 

f 3 h (0.5 h) for 673K (723K) samples. This suggests that time re- 

uired to reach a stable overall degree of order is notably shorter 

han the time-scale of the evolution of MT temperatures. In other 

ords, overall degree of L2 1 order must be stable much before the 

 S reaches its minimum level in Fig. 6 . 

Further indirect information on the evolution of atomic order 

uring SecHT can be obtained from the evolution of the Curie 

emperature of the austenite, T C 
A , of the post-heat treated (final 

tate) samples since L2 1 phase presents an enhanced magnetic mo- 

ent as compared to B2 phase. As a consequence, a sample with 

uenched-in disorder is expected to present a lower Curie point 

han a more ordered sample. The Curie temperatures were mea- 

ured for the same final state samples used for characterizing MT 

haracteristics, Figs. 6 to 9 , so direct comparison between the evo- 

ution of T C 
A and M S temperatures can be established. Figure 11 

hows the dependence of T C 
A on both temperature and duration 

f the SecHT for PC (In13.3, In13.5, In13.7) WQ samples as deter- 

ined from the calorimetric response. 

To begin with, a significant change in T C 
A occurs between SHT 

amples and the 0.25h samples. This T C 
A shift is bigger on decreas- 

ng annealing temperature, with the exception of two cases where 

amples annealed at 673 K presented similar or higher T C 
A than 

he correspondent isochronal 573K samples. We suggest that this 

nitial T C 
A shift between the SHT and 0.25h samples results from 

he change in overall degree of order observed in Fig. 10 . In this

ase, the initial T C 
A shift should be proportional to the L2 1 order- 

ng difference between the SHT state and the thermal equilibrium 

egree of order at SecHT temperature, where the two observed ex- 

eptions may be due to slow kinetics at 573 K. Beyond the ini- 

ial T A shift, a further change in T A can be observed on increas- 
C C 
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Figure 11. Curie temperature of the austenite after solution heat treatment (SHT) 

at 1173 K for 24 h, followed by secondary heat treatments of different dura- 

tion and temperature, 573 K (blue reverse triangles), 673 K (red circles), 723 K 

(green squares) and 773 K (purple triangles) for Ni 45 Co 5 Mn 50-X In X MMSMAs with 

(a) X = 13.3, (b) X = 13.5 and (c) X = 13.7 at.%. Dashed color lines are just guides for 

the eyes. Black dashed horizontal lines represent the Curie temperature for a sam- 

ple slow cooled (furnace cooled – FC) at a rate of 0.55 K/min. Error bars represent 

the standard deviations after averaging the measured Curie temperatures for the 

different cooling and heating runs, see Fig. 3 . 

Figure 12. The evolution of the Curie temperature of the austenite phase ( T C 
A ) in 

Ni 45 Co 5 Mn 36.5 In 13.5 samples, which had different cooling rates after the initial so- 

lution heat treatment: uncontrolled fast cooling (Water Quenching - WQ, full sym- 

bols) and controlled slow cooling (Furnace Cooling – FC, open symbols); followed 

by secondary heat treatments of different duration performed at 673 K (circles) or 

at 723 K (squares). Dashed color lines present are guides for the eyes. Black dashed 

horizontal line is a constant temperature (perfectly flat) line for easy comparison 

with the SecHT duration-independence of T C 
A for the FC samples. Error bars are not 

shown for visual clearness: average error was ±0.3 K (1 σ ), well below the magni- 

tude of the differences between WQ and FC curves. 
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ng annealing time, at a rate that is much slower than the initial 

hange from a relatively disordered state (SHT) to a more ordered 

ne (SecHT). The trends suggest that the Curie temperature evolves 

n logarithmic time, although data density is low and scattering is 

ignificant. 

Figure 12 presents the effects of SecHTs on T C 
A of the PC In13.5 

amples with two different initial structural states achieved via 

ontrolling the cooling condition after solution heat treatment: wa- 

er quenched (WQ) and controlled slow cooled (furnace cooled –

C). SecHTs were performed at 673 K and 723 K. Note that data 

or WQ samples also appears in Fig. 11 b. During the slow cool- 

ng process of the FC samples, the material has plenty of time for 

he ordering process to occur. Then, FC samples present high over- 

ll degree of order and Curie temperature. Since the equilibrium 

egree of order depends on temperature, WQ and FC samples an- 

ealed at the same SecHT temperature should approach, over time, 

o the same state of order. However, these samples start from op- 
9 
osite states. As a consequence, FC samples disorder (relative to 

heir highly ordered state) upon secondary heat treatment, while 

he opposite happens to the WQ samples. Fig. 12 demonstrates 

hat although WQ and FC samples tend to the same T C 
A value, they 

resent distinct evolution after the initial 0.25 h of SecHT. T C 
A for 

he WQ samples evolves slowly towards equilibrium over a long 

eriod of time while for FC samples, the T C 
A is stabilized to its 

quilibrium value over very short times. The very different times 

equired to achieve equilibrium suggests a marked asymmetry in 

he order/disorder kinetics, depending on the direction of the re- 

ction. 

The results, however, are somewhat counterintuitive as previous 

ork on the ordering kinetics in Ni-Mn-Al alloys [101] suggest that 

rdering for FC samples should be slower than for water quenched 

nes. The reasoning is that WQ samples have quenched-in vacan- 

ies that enhance atomic mobility and should thus increase the 

ate of the order/disorder reaction. Since it is clear that the FC 

amples reached equilibrium within very short times, one can as- 

ume that atomic ordering processes are sufficiently fast. These 

tomic processes are expected to be invariant with regards to the 

irection of the reaction so they can be expected to be equally fast 

n the WQ samples. The slow kinetics in the evolution of T C 
A for 

he WQ samples thus may have an origin that is not dependent on 

he rate of atomic exchange between In and Mn atoms. 

The results are also counterintuitive from another point of 

iew: T C 
A is a direct proxy for degree of order. Since WQ samples 

ave lower T C 
A than FC samples––until they converge after long 

eat treatment times––they should have a lower degree of order. 

 lower degree of order would decrease the stability of the austen- 

te and would result in a higher M S for the WQ samples as com- 

ared to the FC samples. However, M S of WQ samples is in fact 35

 and 53 K lower than the corresponding FC samples, respectively, 

s shown in Fig. 9 . Once again, the underlying reason for the be-

avior of M S in the WQ samples seems to be related to features 

hat go beyond the atomic scale. 

Besides the evolution of overall degree of order, there should 

xist a second mechanism/microstructural feature that would be 

ble to explain the increase in M S after achieving M S minimum, 

hile also being compatible with the slow evolution of T C 
A for 

he WQ samples. Bruno et al. [46] suggested that such microstruc- 

ural feature could be the annihilation of quenched-in vacancies. 

owever, recent numerical simulations by the present authors 

 105 , 118 ] have shown that although the vacancy annihilation pro- 

ess is slower than the atomic exchange associated with ordering, 

t is still much faster than the timescales associated with the evo- 

ution of the non-monotonic dependence of M S with SecHT time. 

Summarizing the above observations and discussions, one can 

ssume that: i) overall degree of L2 1 order should be stable af- 

er the first 0.25 h of SecHT for WQ and FC samples; ii) a possi-

le change in the overall order or vacancy concentration can only 

lay a role in the very early stages of the dependence of M S with

ecHT time, and cannot be the origin of the non-monotonic be- 

avior of M S ; and even more, iii) they cannot be the major con- 

ribution to M S change neither before nor after the M S minimum. 

herefore, we need to search for a more plausible mechanism that 

an explain both the decrease and increase of M S temperature 

uring long periods of time. Since overall degree of order is dis- 

arded, one should investigate possible microstructural factors af- 

ecting the thermostability of the phases. 

.2. Compositional effects 

Figs. 6 and 11 clearly show how small changes in composition 

ave a significant impact on the properties of both the MT and 

he ferromagnetic transition of the austenite. It is thus natural to 

riefly consider possible local compositional variations during the 
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Figure 13. Martensite start ( M S ) temperature after solution heat treatment at 1173 

K for 1 h, followed by secondary heat treatments of different duration and temper- 

ature, 723 K (green squares), 773 K (purple triangles) and 823 K (orange diamonds) 

Ni 50.3 Ti 34.7 Hf 15 SMAs. Arrows indicate the position of M S minimum. Data was origi- 

nally published in [114] . 
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hermal processes that could explain the SecHT time dependen- 

ies of M S and T C 
A temperatures. The observed dependence of M S 

nd T C 
A on nominal change of Mn/In ratio in the solution heat 

reated and WQ conditions is in good agreement with previous 

orks. Substituting Mn by In atoms decreases the density of va- 

ence electrons, increasing lattice stiffness [119] . This effect is ex- 

ected to decrease MT temperatures, increasing T C 
A - M S and reduc- 

ng total entropy change during the MT. The latter effect explains 

hy samples with higher In-content were more likely to show par- 

ial or full MT arrest. In turn, T C 
A may change only slightly on in-

reasing In-content, since two compensating effects are expected: 

 decrease in the ferromagnetic interactions between the Ni(Co) 

nd Mn atoms, reducing Curie point as observed in Fig. 11 [47] ; 

nd a slight increase of the overall degree of order as ODO tem- 

erature increases, increasing Curie temperature [120] . 

The composition of PC In13.5 for WQ, WQ + 573K168h and FC 

amples was measured using a Cameca SXFive electron microprobe 

sing Wavelength Dispersive X-ray Spectroscopy (WDS) in order 

o determine the possible effect of thermal processing on material 

omposition. No significant change in composition was found ei- 

her between different samples, or between different grains within 

he samples. Simultaneously, the samples were observed by scan- 

ing electron microscopy and no precipitate phases were observed 

ven in the FC samples. Furthermore, diffraction patterns from 

ifferent experiments, including the synchrotron radiation results 

sed in this work as well as previous TEM observations [46] , did 

ot show extra peaks or peak broadening/split that could be asso- 

iated with the formation of domains with different composition 

and thus lattice parameters). For in-situ XRD experiments at tem- 

eratures between 675 K and 815 K for both WQ and FC samples, 

attice parameter of the cubic austenite did not show any clear 

rend with a standard deviation below 0.02%. Such experimental 

vidence seems to discard the possibility of phase decomposition. 

Nevertheless, Niitsu et al. [121] were able to detect micro- 

egregation of In atoms into the AntiPhase Domain Boundaries 

APBs) for a Ni 50 Mn 20 In 30 alloy. In their work, an In-rich sample 

as annealed at 873 K for 168 h achieving a low density of APBs. 

sing HAADF-STEM and EDX, Niitsu et al. calculated a maximum 

f 2.7 at.% additional In content on the center of a 24 Å width APB

s compared to the composition of the ordered domain. If we as- 

ume a similar micro-segregation process in the present Ni-Co-Mn- 

n samples close to M S minimum, which demonstrate L2 1 domains 

ith average length-scale about 30 0-40 0 Å, 24 Å APBs would rep- 

esent around 16-21% of the sample volume, and an 1.35 at.% aver- 

ge segregation of Mn along APBs volume could results on a varia- 

ion of average 0.25-0.35 at.% Mn/In change on the ordered L2 1 do- 

ains. Such a compositional change would be expected to notably 

ecrease the transformation temperatures. One could hypothesize 

hat the decrease of the MT temperatures, before M S minimum, is 

aused by gradual segregation of Mn into the APBs, changing the 

omposition of the domains. Such micro-segregation process can- 

ot be excluded with current experimental evidences because WDS 

easurements result from averaging the composition over an area 

f the order of few micrometers. Still, any compositional change 

ould need to be small enough not to be detected by the in-situ 

volution of lattice parameters. In addition, we should consider the 

ifferent thermal history of the samples. For Ni 50 Mn 20 In 30 alloy 

121] , a long heat treatment of 168 h was performed below ODO 

emperature, where order domains and APBs exits and segrega- 

ion could proceed over time. In the present work, however, WQ 

amples were solutionized for 24 h above ODO temperature, so 

2 1 order domains and APBs had to be produced during quench- 

ng and following SecHTs. Starting from WQ state and comparing 

ith SecHTs performed at lower temperatures, M S minimum state 

hould have been reached in a few minutes at 873 K. Therefore, 
m

10 
he evolution of MT temperatures and micro-segregation process 

ay have quite different time-scales. 

Çakır et al. have shown the decomposition of Mn-rich Ni–Mn–

n alloys [122–124] , being this process quite fast for low In-content 

Ni 50 Mn 45 In 5 ), but almost undetectable for Ni 50 Mn 30 In 20 . Follow- 

ng these works, the present alloys would be expected to decom- 

ose into FM Ni 2 MnIn-like and AFM NiMn-like domains. Such pro- 

ess would increase In-content of the matrix, resulting in a de- 

rease of M S . The effect on T C 
A is harder to predict since it would

e determined by the redistribution (or not) of Co atoms and the 

agnetic interactions of the matrix with the incipient and more 

FM Ni-Mn-like precipitates. Then, only the SecHT time depen- 

ence of WQ samples before M S minimum seems compatible with 

 compositional effect, while, after M S minimum, MT temperatures 

hange should necessary be related with another mechanism. In 

onclusion, i) there is no experimental evidence of composition 

ariation in present Ni 50 Co 5 Mn 50-X In X alloys and ii) the composi- 

ion effect cannot explain, by itself, the entire experimental obser- 

ations. 

.3. Microstructural size effects: Precipitates 

Different SMAs, such as Fe-Ni-Al [125] , Ni-Ti [126] and Ni-Ti- 

f alloys [114] , have been previously shown to present a non- 

onotonic dependence of the MT temperatures on SecHT time 

s the consequence of a precipitation reaction occurring during 

uch secondary heat treatments. For instance, Fig. 13 presents 

he dependence of M S on SecHT temperature and duration for 

i 50.3 Ti 34.7 Hf 15 alloy. The comparison between Figs. 6 and 13 re- 

eals notable similarities: i) for the same SecHT duration, M S in- 

reases with SecHT temperature; ii) below certain SecHT temper- 

ture, time-dependence of M S presents a minimum; and iii) the 

ime required to achieve M S minimum increases on decreasing 

ecHT temperature. Despite the fact that no second phases were 

ound on Ni-Co-Mn-In alloys, as detailed in the previous section, it 

s important to explore the origins of such similar behaviors: what 

icrostructural features at length scales beyond local fluctuations 

n composition and/or order parameter can affect the onset of the 

T? 

In precipitation-strengthened SMAs, there is a mechanical ef- 

ect generated by the interaction, via local heterogeneities in strain 

elds, between the precipitates and nucleation and growth of the 

T. In such systems, during the SecHT processes, small secondary 

hase particles precipitate from the matrix, leading to high parti- 

le density populations with very small interparticle spacings. This 

mall interparticle distance can be comparable to the critical nu- 

leus size of the martensite and this increases the energy barrier 

hat the MT nucleus must overcome in order to propagate through- 

ut the austenite matrix. To overcome such increasing barriers a 

ore significant undercooling is required, thus decreasing the M 
S 
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Figure 14. Average L2 1 order domain size as calculated from the width of the 

(111) L21 diffraction peaks for polycrystalline Ni 45 Co 5 Mn 36.7 In 13.3 . Data from in-situ 

experiments performed at the indicated temperatures is represented with full 

symbols-solid lines, while data from the pre-heat treated samples is shown with 

open symbols-dashed lines. Note that color represent curves with similar tempera- 

ture, but not the same. In-situ samples were initially solution heat treated and then 

secondary heat treated while doing in-situ synchrotron measurements at certain 

time intervals. The Pre-SecHT samples were heat treated at the given heat treat- 

ment for specific durations shown in the figure and then water quenched to freeze 

in the order at that temperature. The synchrotron measurements were performed 

at 423 K on the Pre-SecHT samples. 

Figure 15. (111) L21 dark-field micrographs collected in the (011) cubic austenite 

zone axis for Ni 45 Co 5 Mn 36.6 In 13.4 SC samples with (a) only solution heat treatment 

followed by water quenching (WQ) or with additional secondary heat treatments 

at 673 K for (b) 3 h and (c) 24 h. Note that the magnification is different for the 

different images. (d)-(f) The same images processed for domain size determination. 

These micrographs were published in [46] . 
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emperature. In some cases, the energy barriers can be sufficiently 

igh to completely arrest the MT. As precipitates coarsen upon fur- 

her annealing, the barriers to the MT decrease and the M S recov- 

rs, as shown in Fig. 13 for the case of the Ni-Ti-Hf precipitation 

trengthened SMA. Fig. 13 seems to be analogous to Fig. 6 and 

hile the presence of nano-precipitates has been discarded in the 

nvestigated Ni-Co-Mn-In alloys, there are other microstructural 

rocesses that evolve over diffusive times and that can exist at 

ength scales that could interfere with the onset of the MT. 

.4. Evolution of L2 1 atomic order domains 

On decreasing temperature below the critical temperature, 

 B2-L21 , the second order B2 → L2 1 ordering transition should occur 

y successive local rearrangements. These successive rearrange- 

ents should lead to a continuous series of intermediate states 

hich progressively increases the stability of the system and the 

rder parameter. This process requires time as it is controlled by 

he kinetics of the atomic diffusion of Mn and In atoms through 

hermally activated jumps. The crystal can gain high overall degree 

f L2 1 order with a relatively small number of thermally activated 

umps. However, B2 symmetry can be broken into two equivalent 

2 1 states depending on the stacking order of Mn and In atoms. 

Consequently, during the beginning of the ordering process, 

nitial local rearrangements will randomly select one of the 

wo equivalent L2 1 phases, producing a microstructure with 

any antiphase domains of nanosize length scales. The crys- 

al then will contain many APBs and antisite defects. These de- 

ects/microstructures have positive excess free energy, so the sys- 

em will reduce the total area and curvature of APBs by grow- 

ng/coarsening the L2 1 order domains over time. Interestingly, the 

oarsening process may require a much larger number of thermally 

ctivated atomic jumps than those required for achieving the ther- 

al equilibrium degree of order and may have a weaker driving 

orce, so coarsening can span over longer periods of time than the 

volution of overall degree of order observed in Fig. 10 . 

To gain further insight on the coarsening process during the 

eat treatments, the synchrotron transmission XRD experiments 

ere performed on PC In13.3 WQ samples. Two different exper- 

mental procedures were used. In the first one, in-situ samples 

ere in solution heat treated condition at the start of the exper- 

ments and, as for those shown in Fig. 10 , heated from room tem-

erature to different target temperatures and held at those tem- 

eratures for a period of time while performing XRD scans at reg- 

lar time intervals. For the second procedure, Pre-SecHT samples 

ad already been secondary heat treated and water quenched to 

oom temperature, and their diffraction spectrum was obtained in 

he austenite state at 423 K. Regardless of the nature of these two 

inds of experiments, Fig. 14 suggests very little difference in the 

ime evolution of the characteristic length scale of L2 1 domains, 

. This observation indicates that the quenching process after the 

econdary heat treatments does not have a significant effect on the 

nal average domain size for heat treatment temperatures below 

73 K, i.e. for the same range of temperatures that present non- 

onotonous dependence of MT characteristics on SecHT time. 

In general, L presents a strong dependence in both annealing 

ime and temperature. Average domain size for the in-situ sample 

nnealed to 675 K increases only slightly during the heating pro- 

ess to 675 K, from around 90 Å to 115 Å. However, coarsening ac-

elerates on continuing heating, so the in-situ sample annealed to 

15 K achieved a characteristic length scale L of around 200 Å be- 

ore it was held isothermally. Once entered in the isothermal stage, 

he ordered domain size increased following a power law, L ∝ t n , in

hich the exponent n depends on temperature and seems to de- 

ay over time while L coarsens towards a temperature-dependent 
11 
aturation size. Early exponent n for PC in-situ samples annealed 

t 675, 750 and 810 K was around 0.3, 0.5 and > 1, respectively. 

Such temperature dependence was unexpected since a typical 

econd order transition which is diffusion based and “curvature 

riven” is usually found to follow a Lifshitz-Allen-Cahn growth 

127] , which is proportional to t 1/2 . This rate, at least in the early

oarsening stage, should be temperature independent. However, 

he present results deviate from this behavior, especially in the 

ase of the sample annealed at 675 K, which shows slow kinetics 

 n < 0.5) during 8 h of the experiment. The strong dependence of 

he exponent n on temperature suggests that the coarsening mech- 

nism should depend on temperature as well. The origin of this 

henomenon would be the focus of a future work. 

In order to corroborate the average ordered domain size calcu- 

ated using diffraction peak broadening, we have analyzed the L2 1 
rdered domains as observed using (111) dark field mode in TEM. 

igure 15 presents the dark field micrographs of SC In13.4 samples 

fter different thermal procedures: a) SHT WQ, b) WQ + 673K3h 

nd c) WQ + 673K24h, which were originally published in ref. [46] . 

hese images should correspond to microstructural states approxi- 

ately equivalent to the PC In13.3 WQ sample in-situ heat treated 

o 675 K in Fig. 14 . At first glance, L2 1 order domains, bright re-

ions in Figs. 15 a-c, clearly coarsen over time when the material 
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Figure 16. Comparison between the time necessary to minimize M S temperatures 

at different secondary heat treatment temperatures, black circles, and time required 

to obtain an average L2 1 domain size of 300 Å, blue circles, 350 Å, red squares, and 

400 Å, green diamonds, as a function of secondary heat treatment temperature. 

Error bars point out the uncertainty of M S minimum determination because of the 

low density of data points. Dashed lines extrapolate the dependence of the average 

domain size on temperature to 573 K. 
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Figure 17. Size dependence of the reduced Curie temperature shift t C = ( T C ( ∞ )- 

T C ( L ))/ T C ( ∞ ) for polycrystalline WQ Ni 45 Co 5 Mn 50-X In X MMSMAs in austenite phase 

with X = 13.3 (circles), 13.5 (squares) and 13.7 (triangles) samples secondary heat 

treated at 573 K (blue), 673 K (red) or 723 K (green) for different times. Dashed 

line presents a power law fitting. 
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s secondary heat treated at 673 K. This coarsening process was 

uantified by calculating the average L2 1 order domain size us- 

ng ImageJ software [128] . The distinction between ordered and 

isordered regions was established choosing a threshold intensity 

alue for each image, as shown in Figs. 15 d-f. Approximated aver- 

ge sizes for SC In13.4 samples are 50-60 Å for WQ, 250-270 Å for

Q + 673K3h and 680-700 Å for WQ + 673K24h cases. In compar- 

son, the values obtained using XRD peak broadening method are 

0 Å for SC In13.4 WQ sample, 80, 350 and 590 Å for PC In13.3

Q, WQ + 673K3h and WQ + 673K24h samples, respectively. Dif- 

erences in sizes between single crystalline and polycrystalline WQ 

ases may be related with different effective cooling rates during 

he quenching process, which should produce different L2 1 overall 

rder and domain size. 

In addition, PC In13.3 FC samples were also used in the in-situ 

xperiments, equivalent to the ones shown in Fig. 14 for WQ sam- 

les. During both heating and isothermal stages of these experi- 

ents, the peak broadening was always equivalent, within scatter- 

ng, to the one of LaB 6 standard sample. This fact indicates that 

omain size peak broadening of FC samples was negligible and 

hus average size of the L2 1 domains was large, above 10 0 0 Å,

uring the thermal processes. Consequently, it was not possible to 

easure accurately the heat treatment time evolution of L on the 

C samples with this experimental technique, and for this reason, 

hese data are not presented in Fig. 14 . 

Note that initial domain size of FC samples was expected to be 

arge because of the controlled slow cooling at 0.55 K/min. The 

egligible peak broadening during heating experiments demon- 

trate that, despite of the ongoing disordering process, the or- 

er domains didn’t reduce their average size to measurable lev- 

ls. Therefore, these results point out a significant difference in the 

ecHT duration dependence of the microstructures of WQ and FC 

amples: only WQ samples present L2 1 order domain sizes at the 

anoscale. 

.5. Microstructural size effects: L2 1 order domain size 

By comparing Figs. 6 , 12 and 14 , it is evident that the evolution

n M S , Curie temperature and L2 1 order domain length scale L span 

imilar time scales in the WQ samples. Figure 16 presents a com- 

arison between the SecHT time required to achieve M S minimum, 

 MS , as seen in Fig. 6 , with the SecHT temperature dependence of

ime necessary to achieve different average L2 1 domain sizes, 300 
˚ , 350 Å and 400 Å, t L21 . To account for the heating rate effect on 

he calculated time, a constant level of 8 min has been subtracted 

rom the latter. After this correction, data presents a good linear fit 

etween SecHT temperature and log( t L21 ). Error bars on t MS data 

re based on the experimental SecHT time intervals. Given the un- 

ertainty on t data, the precision of such calculation is relatively 
MS 

12 
ow, but the similar correlation between t MS and t L21 is observed 

or data at 673 and 723 K, where t MS data lie slightly below 350
˚  line. Note that these two cases are the most reliable, because 

heir coarsening rate was suitable for the in-situ experiments. Even 

hough the comparison between t MS and t L21 at 573 K can only be 

one through the extrapolation, t MS (573 K) lies above extrapolated 

00 Å line, being in the same size range as other data points. 

Overall, and considering the uncertainty in t MS data, the mini- 

um of the non-monotonous behavior of the time-dependence of 

T temperatures on WQ samples is correlated to the existence of 

ntermediate average L2 1 order domain sizes between 300 and 400 
˚ , likely close to 350 Å, suggesting that this behavior is, in fact, 

 size effect. Note that this critical length scale depends on the 

ssumed shape of the domains, factor K in the Scherrer equation, 

ased on the TEM images [46] . Interestingly, L for FC samples dur- 

ng SecHTs is in all cases well above 30 0–40 0 Å size range (likely

bove 10 0 0 Å), which may explain the absence of non-monotonous 

ehavior (size effects) in these samples, Fig. 10 . 

Furthermore, evolution of average L2 1 domain size may also ex- 

lain the different time dependence of T C 
A in WQ and FC sam- 

les. As shown in Figs. 11 and 12 , T C 
A in WQ samples increased

lowly over time, especially for 573 and 673 K cases, while in FC 

amples T C 
A is completely SecHT time independent. As a conse- 

uence of occurring in a finite medium, the second order PM → FM 

ransition cannot occur sharply at a certain T C 
A ( L = ∞ ) [129] . In-

tead, the transition peak will be rounded and shifted to T C 
A ( L ).

uch shift can be significant when the characteristic microstruc- 

ural length scale decreases to become comparable to the charac- 

eristic magnetic length scale [130] . The dependence of the sec- 

nd order magnetic transition temperature on crystallite size is 

xpected to be described by the critical exponent ν as t C = ( T C ( ∞ )-

 C ( L ))/ T C ( ∞ )~L −1/ ν , where t C is the reduced Curie temperature shift

ue to the length scale of the magnetic domains [130] . 

Figure 17 shows the comparison between the calculated re- 

uced Curie temperature shift, t C , and the estimated average size 

f the L2 1 order domains, L , for the PC WQ MMSMA samples 

sed in Fig. 11 . Samples annealed at 773 K are skipped since no 

et T C 
A change with annealing time is observed in Fig. 11 and 

arge domains are expected after the first 0.25 h of secondary 

eat treatment. Fit in Fig. 17 gives a critical exponent ν of 

.86 ±0.05 (1 σ ). This value is larger than the critical exponent ν
or a 3-dimensional vector Heisenberg model for isotropic mag- 

ets ( ν= 0.71) [131] . Different phenomena can deviate the size- 

ependent critical exponent from the theoretical value, like surface 

ffects or magnetic anisotropy. However, both L and T C ( ∞ ) data 

re indirectly estimated and scattering is significant, being one 

tandard deviation (1 σ ) around 6% of the calculated value. Nev- 

rtheless, the correlation between t C and L observed in Fig. 17 is 

ompatible with a possible interaction between the average length 
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Figure 18. Temperature dependence of the (a) experimental magnetization and (b) 

calculated reversible free energy difference for a polycrystalline Ni 45 Co 5 Mn 36.7 In 13.3 
sample secondary heat treated at 573 K for 0.25 h during cooling under different 

constant applied magnetic fields: 0.05, 1 and 7 T. Arrows show the direction of the 

temperature ramp. 
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cale of the L2 1 order domains and the characteristic length scale 

f the magnetic domains. 

Summarizing the line of arguments presented above, we have 

hown that the SecHT time dependence of WQ and FC samples of 

oth MT temperatures and T C 
A are different, Figs. 9 and 12 , where 

Q presented a non-monotonic behavior for M S and slow increase 

or T C 
A , while FC samples were time-independent. The explana- 

ion for such behaviors should lie on the microstructural evolu- 

ion of the material during the secondary heat treatment process. 

here is no experimental evidence of compositional variations, nei- 

her phase separation nor micro-segregation. Even if undetected, a 

ypothetical composition effect cannot explain, by itself, the non- 

onotonic behavior of M S temperature. Average degree of L2 1 or- 

er and vacancy concentration achieves thermal equilibrium levels 

n time scales shorter than the evolution of M S and T C . The only

otable demonstrated difference between the microstructures of 

Q and FC samples and its dependence on SecHT duration lies in 

he L2 1 order domain coarsening process. In addition, SecHT time 

ependence of both M S and T C 
A of WQ samples present a correla- 

ion with the average L2 1 order domain size. 

Altogether, we suggest that sufficient evidence of the existence 

f atomic order microstructure-related size effects on marten- 

itic transformation characteristics of MMSMAs has been gathered. 

owever, the available experimental data do not permit us to de- 

uce the interaction mechanism between the martensitic transfor- 

ation and the order domain microstructure. Our hypothesis is 

hat certain atomic order microstructural configurations (and espe- 

ially those with average order domain size between 300 and 400 
˚ ) produce elastic energy barriers to the transformation. In par- 

icular, the MT may be significantly hindered by the microstruc- 

ure when the critical nucleus radius required for the formation of 

artensite plates has dimensions comparable to average order do- 

ain size. 

.6. Thermodynamic modeling of magneto-thermo-mechanical 

ransitions 

Following Classical Nucleation theory (CNT), the energy barrier 

hat needs to be overcome in order to form a stable nucleus of 

artensite within the parent phase will depend on nucleus shape, 

ts dimensions as well as elastic interactions between the nucleus 

nd the matrix. Kurdjumov and Ruitburd [ 1 , 132 ] demonstrated that 

or a thin plate-like martensitic nucleus of side length L, diagonal D 

nd thickness H, the critical dimensions D 
∗ and H 

∗ that minimizes 

he energy barrier can be approximated as: 

 
∗ = 

8 
√ 

2 

3 

γ e L 

�F ∗2 
(1) 

 
∗ = 

4 

3 

γ

�F ∗
(2) 

here γ is the interfacial energy at the austenite-martensite 

oundary, e L is the specific energy of the elastic field close to 

he plate nucleus edge and �F ∗ is the effective thermodynamic 

riving force for the nucleation of martensite. Following [132] , we 

ave approximated e L as e L = Gu 0 / π , where G is the shear modulus

f the austenite and u 0 is the transformation strain. These prop- 

rties were evaluated using the elastic parameters in Ref. [133] . 

n turn, the effective driving force for nucleation has been esti- 

ated as the difference between the reversible terms of the MT 

ree energy difference and an irreversible contribution that ac- 

ounts for energy losses occurring during the MT, �F ∗= �F REV - 

F IRR . To evaluate the reversible transformation thermodynamic 

ree energy, we have utilized the recent model developed by L’vov 

t al. [133] based on Landau theory of phase transitions to investi- 

ate the magnetostructural transformation in Ni–Co–Mn–In MMS- 

As. In this model, the free energy difference between austenite 
13 
FM phase) and martensite (AFM phase) accounts for magnetic ( m ), 

lastic ( e ), and magneto-elastic ( me ) contributions: 

F REV = F F M − F AF M = �F m + �F e + �F me (3) 

F m = 

1 

2 
J ( T ) M 0 

2 
( T ) − M 0 ( T ) H + 

1 

2 
M ( T , H ) H (4) 

F e + �F me = −1 

2 
c 2 ( T , H ) u 3 

2 − 1 

3 
a 4 ( T , H ) u 3 

3 − 1 

4 
b 4 u 3 

4 (5) 

n which J is the magnetic exchange interaction, M 0 /M are the sat- 

ration/total magnetization, respectively, H is the magnitude of ap- 

lied magnetic field, c 2 , a 4 and b 4 are modified Landau coefficients, 

nd u 3 is the Landau order parameter. Please, see ref. [133] for the 

etailed formulation of these parameters and properties. Figure 18 

resents an example of the calculated reversible free energy differ- 

nce for a PC In13.3 WQ 573K0.25h sample during cooling under 

ifferent applied magnetic fields. As expected, MT driving force de- 

reases on increasing applied magnetic field till it is negative for 

he entire temperature range under 7 T, leading to the thermody- 

amic arrest of the austenite. 

This arrest phenomenon is a consequence of the severe reduc- 

ion in the MT total entropy difference, �s [ 98 , 99 ]. For a set of

C In13.3, In13.5 and In13.7 samples with various thermal histories 

nd transformations under different applied magnetic fields (0.05, 

 or 7 T), �s has been calculated both from calorimetric data, 

s DSC = ∫ δq/T , where q is the transformation exchange heat, and 

rom magnetic data, �s SQUID = �m ( ∂ H/∂ M S ) , where �m is the 

agnetization difference between austenite and martensite phases 

nd ∂ M S /∂H is the shift in the transformation temperatures with 

pplied magnetic field. Note that �s DSC was calculated by averag- 

ng the response from forward and reverse transformations, while 

s SQUID was calculated at M S and M F temperatures. These data are 

resented in Fig. 19 a. Both calculations of the entropy change ex- 

ibit similar values and dependence on the T C 
A - M S difference. The 

ntropy difference at M F is a bit lower than that at M S , as the mag-

etization of austenite increases with decreasing temperature. In- 

erestingly, �s SQUID ( M F ) reaches a saturation level at T C 
A - M S val- 

es above 190 K. This range of T C 
A - M S values corresponds to the 

et of samples that typically exhibits partial martensitic transfor- 

ation. For these cases, experimentally determined M F is the tem- 

erature at which MT entropy difference becomes very small and 

t is not possible to achieve the MT driving force level required 

or continuing the forward transformation. This leads to a mixture 

f austenite and martensite phases at low temperatures. The ob- 

erved evolution of �s has a significant impact on MT thermal hys- 

eresis, calculated as �T = ( A + A - M - M )/2. As shown on Fig. 19 b,
F S S F 
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Figure 19. (a) Total entropy difference for the martensitic transformation calcu- 

lated from DSC data (orange) and from thermomagnetic data evaluated at M S (blue) 

and M F (purple), (b) martensitic transformation thermal hysteresis and (c) esti- 

mated irreversible martensitic transformation free energy for the polycrystalline 

Ni 45 Co 5 Mn 50-X In X MMSMAs with X = 13.3 (circles), 13.5 (squares) and 13.7 (trian- 

gles) and with different thermal processing conditions and under different applied 

magnetic fields. Horizontal dashed line in (a) shows the saturation of entropy dif- 

ference at M F for partial martensitic transformations and dashed line in (c) shows 

the best fit line used for the calculation of �F ∗ . 
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Figure 20. (a) Calculated martensitic transformation free energy difference at M S 

temperature and critical (b) diagonal D ∗ and (c) thickness H ∗ of a martensite plate 

nucleus for different values of interfacial energy, γ = 10 (blue), 25 (red) or 40 mJ/m 
2 

(green), for the direct MT (cooling, constant magnetic field of 0.05 T) in poly- 

crystalline Ni 45 Co 5 Mn 50-X In X MMSMAs with X = 13.3 (circles), 13.5 (squares) and 

13.7 (triangles) and with different thermal processing conditions. Horizontal dashed 

lines delimit the calculated range of the critical average L2 1 order domain size for 

comparison. 
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hermal hysteresis displays a monotonic increase with increasing 

 C 
A - M S difference. One can note that neither MT entropy differ- 

nce nor thermal hysteresis exhibit a significant dependence on 

omposition, in the composition range studied here, pointing out 

nce again the strong dependence on the magnetic entropy differ- 

nce between austenite and martensite phases. Then, as the total 

ntropy difference decreases, the amount of undercooling required 

or achieving certain value of MT driving force increases. 

Next, we have employed the experimental data for the MT en- 

ropy change and thermal hysteresis to estimate the value of the ir- 

eversible MT free energy, �F IRR . Following Panchenko et al. [126] , 

he energy losses associated with the friction stresses required for 

he motion of the transformation interface and the plastic relax- 

tion of the elastic energy due to the formation of crystalline de- 

ects can be approximated as: 

F IRR = 

1 

2 
�s �T (6) 

This term was evaluated at M S temperature for PC (In13.3, 

n13.5, In13.7) samples. As it can be observed on Fig. 19 c, the es-

imated irreversible free energy difference presents a weaker de- 

endence on temperature as compared to MT entropy change and 

ysteresis, decreasing on increasing T C -M S difference. 

Figure 20 a shows the effective free energy for nucleation, �F ∗= 

F REV - �F IRR , evaluated at M S temperature for PC (In13.3, In13.5, 

n13.7) samples after different thermal processing conditions un- 

er 0.05 T. For this calculation, we have used the experimentally 

btained values for M S , T C 
A , saturation magnetization, MT magne- 

ization change, MT entropy change and hysteresis; and estimated 

ritical magnetic field for reverse martensitic transformation and 

lastic coefficients from ref. [133] . Note that scatter in the �F ∗ val- 

es is significant due to the variability of some of the experimen- 

ally measured properties, such as the magnetization change dur- 
14 
ng MT; thus we have utilized fitted curves, such as the dashed 

ine in Fig. 19 c, for obtaining a clear picture of the order of mag-

itude and temperature dependence of the properties presented in 

ig. 20 . Since some of these properties, like hysteresis and critical 

agnetic field for inducing the transformation, depend strongly on 

he MT magnetic entropy difference, �s mag , the calculated effec- 

ive MT free energy demonstrates a monotonic dependence on T C 
A - 

 S . In other words, the MT driving force decreases as the magnetic 

ntropy difference increases. Note that samples that did not trans- 

orm (arrested) would appear at the right side of Fig. 20 a; however, 

heir theoretically higher T C 
A - M S difference would have resulted in 

n insufficient MT driving force for overcoming the elastic energy 

arriers for the nucleation and growth of martensite. 

We would like to point out that the evaluation of the austenite- 

artensite interfacial energy γ is not straightforward since it is 

ormally indirectly inferred from related crystallographic phenom- 

na. For example, Olson and Cohen [134] derived the interfacial 

nergy of coherent FCC–HCP boundary in Fe–Cr–Ni alloy as half 

f the intrinsic stacking fault energy, giving a value within 10-15 

J/m 
2 . On the other hand, Zhang et al. [135] assumed that nucle- 

tion and growth of martensite requires the formation of marten- 

ite twin-boundaries, and so the transformation interfacial energy 

hould account for twin-boundary energy in addition to bulk elas- 

ic stored energy and bulk austenite-martensite free energy dif- 

erence. Using these considerations, they selected 25 mJ/m 
2 for 

he contribution of martensite twins to the transformation inter- 

acial energy in their work on the investigation of MT hysteresis 

n Ni-Ti-based SMAs. Similarly, in the case of ferromagnetic Ni- 

n-based alloys, O’Handley et al. [136] determined that the inter- 

ace energy of martensite twin-boundaries formed during cubic- 

o-tetragonal ferromagnetic transformation in Ni-Mn-Ga alloys was 

bout 40 mJ/m 
2 , taking into account the Zeeman energy change 

cross the martensite twin boundary. 
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None of the cases above are fully equivalent to the scenario on 

i 45 Co 5 Mn 50-X In X alloys as martensite twins are weakly magnetic, 

ikely decreasing twin-boundary energy as compared to Ni-Mn-Ga, 

ut there should be an enhanced Zeeman energy contribution at 

he FM austenite – PM martensite interface. To be able to esti- 

ate the critical nuclei dimensions, we have assumed that 10–40 

J/m 
2 is an appropriate range to delimit the order of magnitude 

f the MT interfacial energy on Ni–Co–Mn–In alloys. Figures 20 b 

nd 20 c present an estimation of the martensite nucleus critical 

imensions, D 
∗ and H 

∗, using the calculated effective MT free en- 

rgy difference, Fig. 20 a, and different values of interfacial ener gy 

. Note that the temperature-dependencies of D 
∗ and H 

∗ observed 

n Fig. 20 are not reliable because γ is expected to have a weak 

ependence on T C 
A -M S because of the variation of Zeeman energy 

t the interface. Notably, following CNT, the average L2 1 order do- 

ain size at M S minimum, i.e. the average distance between an- 

iphase domain boundaries, is of the same order of magnitude as 

he roughly estimated diagonal D 
∗ of the martensite plate-like crit- 

cal nucleus, which should be its largest characteristic length. In 

urn, the estimated thickness of the critical nucleus H 
∗, in Fig. 20 c,

ay be sensibly smaller than the critical average L2 1 order do- 

ain size, and this means that the nucleus should be less likely to 

nteract with antiphase boundaries along the thickness direction. 

ltogether, calculations reinforce the possible existence of interac- 

ions between the atomic order microstructure and the marten- 

itic transformation, which may account for the observed non- 

onotonic dependence of MT properties on heat treatment dura- 

ion. 

. Summary and Conclusions 

The main contribution of the present work is the experimental 

nvestigation of order domain coarsening phenomenon and its ef- 

ects on the martensitic transformation (MT) characteristics in Ni–

o–Mn–In MMSMAs. These microstructural size effects have been 

emonstrated through the correlations between thermal process- 

ng parameter dependence of the average order domain size L and 

oth the martensitic transformation M S and the Curie temperature 

 C 
A . The evolution of L was investigated via in-situ high-energy 

RD diffraction experiments and TEM observations, while M S and 

 C 
A evolutions were monitored through a systematic investigation 

f their dependence on composition, thermal processing parame- 

ers and applied magnetic field. Finally, theoretical estimations for 

he MT free energy were performed to calculate the magnitude of 

he critical nucleation dimensions (in the framework of the classi- 

al nucleation theory). These calculations suggest that atomic or- 

er domain size effects have their origin in the elastic interaction 

etween the martensite nuclei and antiphase boundaries. 

The MT characteristics, in particular the transformation tem- 

eratures, in Ni–Co–Mn–In MMSMAs are a complex function of 

omposition, through its effect on magnetism and elastic stiffness; 

tomic order microstructure, through its impact on magnetism and 

he mechanical interaction between mesoscale atomic order do- 

ains and the MT microstructural features; and of applied exter- 

al magnetic (or stress) field, through its direct (indirect) impact 

n the phases’ magnetism and thermostability. Increase in aver- 

ge atomic order domain size over time has been demonstrated to 

esult in unexpected non-monotonic behavior of the MT temper- 

tures. Other possible contributions, specifically other crystalline 

efect features like anti-site defects or grain boundaries, seem not 

o play a primary role on the change in martensitic transformation 

haracteristics with thermal processing within the present work. 

From the engineering point of view, the thermal processing 

ariables controlling the martensitic transformation characteristics 

re the initial cooling rate, which changes overall degree of order 

nd the average size of the atomic order domains; the secondary 
15 
eat treatment temperature, which varies the overall degree of or- 

er to the thermal equilibrium spontaneous degree of order and 

odifies order domain size growth rate; and secondary heat treat- 

ent duration, which selects the overall degree of order (only for 

ery short heat treatments at low temperatures) and, more signif- 

cant, the final average size of the order domains for the water 

uenched samples. Altogether, secondary heat treatments can re- 

ult in samples of different overall degree of order, for both WQ 

nd FC samples, and different average order domain size, only for 

Q samples, allowing us to largely modify the properties of these 

aterials. 

Many MT characteristics, such as transformation enthalpy 

hange, transformation hysteresis, transformation range, and mag- 

etization change upon transformation are dominated by the 

hange in the magnetic free energy/entropy during the MT, which 

n turn is strongly correlated with the difference between the fer- 

omagnetic transition and MT characteristic temperatures, T C 
A - M S . 

he average L2 1 order domain size strongly affects all these MT 

haracteristics, when below certain size (roughly about 40-50 nm), 

y controlling M S , and thus T C 
A - M S , since T C 

A is not as sensitive

o the average L2 1 order domain size as M S . In other words, the 

verage L2 1 order domain size can control the MT magnetic free 

nergy/entropy. As a consequence, many characteristics of MT in 

i–Co–Mn–In MMSMAs have a direct correlation with the average 

rder domain size, similar to T C 
A - M S . 

The similarities between the order domain effects in Ni–Co–

n–In MMSMAs and precipitation effects in other SMAs arise 

rom the resemblance in the variation of order domain size and 

nter-precipitate distances with changes in SecHT temperature and 

ime, and from analogous mechanical interactions between the 

T microstructural features and the growing atomic order do- 

ains/precipitates. 
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