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Fe doped Ni2Mn1.5In0.5, particularly, Ni2Mn1.4Fe0.1In0.5, despite having an incommensurate,

modulated 7M martensitic structure at room temperature exhibits frequency dependent behavior of

storage modulus and loss which obeys the Vogel-Fulcher law as well as shows ergodicity breaking

between zero field cooled and field cooled strain measurements just above the transition tempera-

ture. Both frequency dependence and ergodicity breaking are characteristics of a strain glassy phase

and occur due to the presence of strain domains which are large enough to present signatures of

long range martensitic order in diffraction but are non-interacting with other strain domains due to

the presence of Fe impurities. Published by AIP Publishing. https://doi.org/10.1063/1.5004054

The term Glass describes a frozen state of a certain local

order of a statistically disordered system in general. The

glassy phase comprises a wide range of systems which

include amorphous, ferroic systems, polymers, biological

systems, etc.1,2 A strain glass is a ferroelastic state with a

short range ordering of the elastic strain vector. It is analo-

gous to spin glass and relaxor in ferromagnetic and ferroelec-

tric states, respectively.3 The evidence for the existence of

the strain glass phase in the off stoichiometric NiTi martens-

itic binary alloy (Ni50þxTi50�x, x� 0.15) is first reported in

Ref. 4. It is believed to be a result of sufficient doping of

point defects (Ni at the Ti site) suppressing the long range

ordering of the elastic strain vector (martensitic transforma-

tion) preferring a B2! R (trigonal) over B2! B19 (mono-

clinic) transformation. The strain glass is unable to reach the

long range strain order and is locked in a state in which short

range persists.4,5

Apart from Ni rich NiTi alloys, the strain glassy phase

has been found in other impurity doped alloys including

Ti50Ni50�xDx (D¼ Fe, Co, Cr, and Mn)6,7 with D acting as an

impurity. A similar situation is seen in Ti50Pd50�xCrx (Ref. 8)

wherein a crossover from martensitic transition to strain glass

transition is observed at a critical doping concentration. The

magnetic shape memory alloy Ni55�xCoxFe18Ga27 also exhib-

its characteristics of strain glass transition at a critical Co

level of 10%.9

In the literature, a strain glassy phase has been clearly

distinguished from pre-martensitic tweed formation.3 Strain

glass exhibits a frequency dependent anomaly in its dynami-

cal mechanical properties around the transition temperature

Tg. The anomaly is the existence of a dip in the ac storage

modulus curve and the corresponding peak in the loss (tan d)

curve. A frequency dependence of Tg obeying the Vogel-

Fulcher law is also seen.10 The other trait of glass transition

which distinguishes it from pre-martensitic tweed is the exis-

tence of ergodicity breaking evidenced in zero field cooled

(ZFC) and field cooled (FC) experiments. Strain glass transi-

tion is also characterized by an invariant crystal structure

across the glass transition. The strain glassy phase is identi-

fied with the formation of nanosized domains with the frozen

elastic strain vector and long range structural order, and con-

sequently, the crystal structure does not change.

Fe doping in martensitic Ni-Mn-In alloys results in the

suppression of TM and strengthening of ferromagnetic interac-

tions.11,12 The suppression is rather rapid and is explained to

be due to the destruction of Mn-Ni-Mn antiferromagnetic

interactions and formation of Fe-Fe ferromagnetic interactions

due to site occupancy disorder.12 The question then arises is

to whether Fe doping in martensitic Ni2MnIn alloys also

results in impeding long range ordering of the elastic strain

vector and formation of the strain glass phase similar to the

one observed in impurity doped NiTi alloys. We attempt to

answer this question by studying the structural, thermal, and

frequency dependent elastic properties of Ni2Mn1.5�xFexIn0.5

alloys. Here, the undoped Ni2Mn1.5In0.5 is martensitic below

422 K, and our results show that Fe doping results not only in

a decrease in TM but also in the formation of an unusual strain

glassy phase.

The synthesis of Ni2Mn1.5�xFexIn0.5 (x¼ 0, 0.025, 0.05,

0.075, 0.1, 0.15, and 0.2) was carried out by arc melting in the

argon atmosphere by taking stoichiometric proportions of

each constituent element. The beads of each alloy formed

were melted several times by flipping over to ensure homoge-

neity. A part of each bead was cut into suitable sizes and the

remaining powdered. The powder covered in tantalum foil

and the pieces were encapsulated in evacuated quartz tube,

annealed at 750 �C for 48 h and subsequently quenched in ice

cold water. Room temperature x-ray diffraction (XRD) pat-

terns of the powdered alloys were recorded using Mo Ka radi-

ation in the angular range of 10� to 70� to obtain structural

information. The prepared compositions were checked by

scanning electron microscopy with energy dispersive X-ray

(SEM-EDX) measurements. All alloys were found to have

compositions within 2 to 5% of stoichiometric values. To con-

firm martensitic transformation temperatures, differential

scanning calorimetry (DSC) and four probe resistivity meas-

urements were performed. DSC measurements were accom-

plished using Shimadzu DSC-60 on 6 to 7 mg pieces of each

alloy crimped in aluminium pans, and resistivity measure-

ments were concluded using Oxford Instruments Optistat

DNV on rectangular pieces of about 9.7 mm in length.

Frequency dependent measurements of AC storage modulus

and internal friction (tan d) were carried out using a dynamic

mechanical analyzer (Q800, TA Instruments). Measurements
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were carried out as a function of temperature, using the 3

point bending mode by applying a small AC stress that gener-

ated a maximum displacement of 5 lm at different frequencies

in the range of 0.1 Hz to 7 Hz on samples cut in rectangular

bars of (10 mm � 3 mm� 1 mm) dimensions.

The room temperature x-ray diffraction patterns pre-

sented in Fig. 1 show a modulated martensitic structure for

samples with x � 0:1, indicating that these alloys undergo

martensitic transformation at a temperature TM> room tem-

perature. On the other hand, compositions x¼ 0.15 and

x¼ 0.2 show a two phase pattern consisting of the cubic aus-

tenite and modulated martensite phases (indicated in Fig. 1

with * and þ signs, respectively). Estimated phase fractions

of cubic and martensitic phases from Lebail refinement were

obtained as 57.8:47.2 for x¼ 0.15 and 89.5:10.5 for x¼ 0.2

alloys, respectively. This indicates that Fe doping results in

the growth of the cubic phase at the expense of the martens-

itic phase. The rate of growth of the cubic phase suggests a

possibility of the existence of a minor cubic phase even in

the x¼ 0.1 alloy but present diffraction measurements did

not detect the presence of any impurity phase. The austenite

to martensite transition temperature was determined through

the DSC measurements which are depicted in Fig. 2. The

transformation to martensitic state reflects as exothermic and

endothermic peaks during warming and cooling cycles,

respectively. The hysteresis in positions of the peaks during

warming and cooling confirms the first order nature of the

transformation.

The sensitivity of TM to the Fe content is evident

through the fact that the transition temperature decreases

sharply with a small doping concentration of Fe at the

expense of Mn in Ni2Mn1.5In0.5. While the undoped alloy

transforms from the austenitic to martensitic state at 422 K,

in Ni2Mn1.425Fe0.075In0.5, the transformation occurs at 355 K.

Interestingly, the composition x¼ 0.1 seems to show a broad

feature over an otherwise sharp transition observed in the

DSC when a material transforms via a first order transition

(Fig. 2). Such a nearly vanishing DSC peak has been

attributed to short range ordering of the strain vector across

the ferroelastic transition.3 It may be noted that the composi-

tions with x¼ 0.15 and x¼ 0.2 do not show any transition

down to the lowest measured temperature despite having a

sizable (>10%) fraction of the martensitic phase. Recently,

crystallization of strain glass via an isothermal transforma-

tion has been reported in Ni rich NiTi alloys.13 In order to

check such a possibility of isothermal growth of the martens-

itic phase in these alloys, DSC measurements were per-

formed on the x¼ 0.1 alloy using the same procedure as

described in Ref. 13. No growth of a heat loss peak indicat-

ing the appearance of the martensitic phase was observed in

these measurements. Therefore, the observed weak feature in

DSC of the x¼ 0.1 alloy could possibly be due to a continu-

ous transformation due to compositional disorder or due to

the existence of more than one structural phases wherein one

of them is martensitic and its transformation is inhibited by

the other impurity phases. Compositional disorder can be

ruled out in x¼ 0.1 as the SEM-EDX measurements report

its composition to be Ni2.00Mn1.36Fe0.14In0.50 which is quite

close to the prepared composition.

Resistivity measurements (Fig. 3) carried out on the com-

positions x¼ 0.05 and x¼ 0.075 expectedly show a sharp rise

in resistance values as a signature of first order transition in the

same temperature range as DSC measurements. In the case of

the x¼ 0.1 alloy, a much slower rise in resistivity is observed

around 350 K, which is consistent with the broad transition in

the DSC thermogram. Additionally, a weak first order transition

is seen at �380 K in the resistivity measurements of the x¼ 0.1

alloy [see inset of Fig. 3(g) for clarity]. While the weak first

order transition at 380 K could be due to martensitic transfor-

mation which explains the observation of the modulated struc-

ture in XRD at room temperature, the broad transition at 350 K

could be due to short range order of the elastic strain vector.

The presence of two transitions, one hinting at long range mar-

tensitic order and the other pointing to some sort of glassy

phase transition, indicates the presence of phase co-existence in

this alloy, and hence, further on in this letter, we focus our

attention on alloy compositions x � 0:1.

FIG. 1. X-ray diffraction patterns of Ni2Mn1.5�xFexIn0.5 indicating the incom-

mensurate 7M modulated martensitic structure in the alloys x¼ 0, 0.025, 0.05,

0.075, and 0.1. The phase co-existence can be clearly seen in the composition

x¼ 0.15 in the form of cubic and martensitic peaks marked as � and þ ,

respectively, while x¼ 0.2 shows an almost fully grown cubic phase.

FIG. 2. Differential scanning calorimetry plots during warming and cooling

cycles in Ni2Mn1.5�xFexIn0.5 (x¼ 0, 0.025, 0.05, 0.075, and 0.1).
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Impurity doping in martensites is known to be an initia-

tor of a conjugate transition from the austenitic phase to a

strain glass phase which is a frozen disordered state of short

range ordered strain vectors. The characteristics of such a

glassy state are (a) frequency dependence of ac modulus/loss

exhibiting behavior according to the Vogel-Fulcher relation,

(b) ergodic symmetry breaking between ZFC and FC curves

around the glass transition temperature, (c) invariance of the

average structure, and (d) existence of short range order in

the glassy state. Here, Ni2Mn1.4Fe0.1In0.5 though exhibiting a

long range ordered martensitic structure at room temperature

shows a vanishingly small DSC peak and a broad transition

in resistivity at about 350 K which are considered to be sig-

natures of glassy dynamics. To understand this seemingly

paradoxical situation better, AC storage modulus and inter-

nal friction or loss were measured as a function of tempera-

ture at several different frequencies between 10 Hz and

0.1 Hz and compared with other alloys with a lower Fe con-

tent. Behavior of storage modulus and loss (tan d) for three

alloy compositions, x¼ 0.05, 0.075, and 0.1, at a characteris-

tic frequency of 5 Hz is presented in Fig. 3.

Temperature evolution of ac storage modulus and tan d
exhibit a dip followed by a sharp increase and a peak at

around TM in all alloy compositions up to x¼ 0.075 (Fig. 3),

respectively. The intensity of the peak as well as the sharp-

ness of the rise however decreases with the increasing Fe

content. In Ni2Mn1.4Fe0.1In0.5, the sharp anomaly converts to

a broad feature followed by a slow rise of storage modulus at

about 350 K which is in good agreement with the results

obtained from DSC and resistivity measurements. The peak

in tan d observed at the same temperature and classified as

Tg exhibits a frequency dependence as can be clearly seen in

Fig. 4. Such a frequency dependence is absent in all other

alloys with a lower Fe content. A plot of Tg versus log (fre-

quency) presented in the inset of Fig. 4 can be fitted to the

Vogel Fulcher law, x ¼ x0 exp ½�Ea=kBðT � T0Þ	, where Ea

is the activation energy and T0 is the “ideal glass” tempera-

ture. This indicates a possibility of a glassy transition in

Ni2Mn1.4Fe0.1In0.5. The relative shift of glass transition tem-

perature is assessed by a parameter k ¼ DTg

TgðD log xÞ and is esti-

mated to be 0.025. In comparison, the value of the k
parameter in Ni rich NiTi alloys is about 0.02.4 This slightly

higher value of the k parameter in Ni2Mn1.4Fe0.1In0.5 could

be due to the presence of larger sized domains in the present

alloy as compared to those in Ni rich NiTi alloys. Another

interesting aspect to be noted is the presence of a smaller but

distinct feature in temperature dependence of tan d. This fea-

ture appears between 375 K and 400 K (marked by arrow in

Fig. 4) and matches with the weak first order transition seen

in the resistivity measurements on this alloy.

To further check the presence of the strain glassy phase

in Ni2Mn1.4Fe0.1In0.5, history dependence of strain during

zero field cooled (ZFC) and field cooled (FC) cycles was car-

ried out and the results are presented in Fig. 5. A clear devia-

tion between the two curves, which is considered as a critical

proof of existence of the strain glassy phase, can be seen

FIG. 3. The temperature dependence of the normalized resistance and the ac

storage modulus and tan d in Ni2Mn1.5�xFexIn0.5.

FIG. 4. The frequency dependent behavior of ac storage modulus and tan d
observed in Ni2Mn1.4Fe0.1In0.5. The inset shows the logarithmic dependence

of the peak in tan d along with a best fit to Vogel Fulcher relation (solid line).

FIG. 5. % Strain as a function of temperature recorded during zero field

cooled and field cooled cycles at 6 Hz.
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from �363 K which is above Tg¼ 350 K. This confirms that

Ni2Mn1.4Fe0.1In0.5 is indeed a strain glass.

The question then arises about the room temperature

structure of Ni2Mn1.4Fe0.1In0.5 and the presence of a first

order transition in its resistivity measurement. For a strain

glass, the structure is expected to be invariant across the tran-

sition. However, the x¼ 0.1 alloy exhibits a martensitic

structure. In magnetic cluster glasses, there are examples of

materials exhibiting glassy characteristics and yet presenting

long range magnetic order. Recently, such a phenomenon

has been explained to be due to the presence of clusters large

enough to show characteristics of long range magnetic order

in neutron diffraction but still exhibit glassy behavior due to

limited interaction between clusters.14 The presence of such

large strain domains separated by nonmartensitic regions in

Ni2Mn1.4Fe0.1In0.5 cannot be ruled out. Structural studies on

higher Fe content (x � 0:15) alloys show the presence of

two, austenitic and martensitic, structural phases. Such a sce-

nario, wherein either the concentration of the cubic austenitic

phase is quite low or the grains are not large enough to be

detected in XRD, could be also present in the x¼ 0.1 compo-

sition. It is in fact supported by the presence of a weak but

distinct features corresponding to a first order transition in

resistivity and ac storage modulus and loss measurements. It

appears that Ni2Mn1.4Fe0.1In0.5 consists of clusters that are

largely deficient in Fe and hence undergo martensitic transi-

tion at a temperature very close to that of the undoped alloy.

These clusters are large enough to show signatures of the

incommensurate modulated 7M structure in XRD but have

very limited interactions with other similar clusters due to

the presence of minor Fe rich impurity phases. The slightly

higher value of the k parameter (0.025) as compared to that

observed in NiTi alloys also supports the presence of large

clusters. Such an unusual strain glassy phase reported here

needs to be investigated further using temperature dependent

structural and local structural techniques.

In conclusion, Fe doping in Ni2Mn1.5�xFexIn0.5 results in

the reduction of martensitic transition temperature with increas-

ing x as evidenced from exothermic and endothermic peaks

during warming and cooling cycles in DSC. Although at room

temperature Ni2Mn1.4Fe0.1In0.5 exhibits an incommensurate,

modulated 7M martensitic structure, its DSC thermograms

show a nearly vanishing feature indicating the presence of short

range ordering of the strain vector. A frequency dependent

behavior of storage modulus and loss which obeys the Vogel-

Fulcher law and the presence of ergodicity breaking between

zero field cooled and field cooled strain measurements just

above the transition temperature confirm the presence of a fro-

zen glassy state below Tg¼ 350 K. Despite the martensitic

structure, the presence of a strain glassy phase can be explained

to be due to the presence of strain domains which are large

enough to present signatures of long range martensitic order in

diffraction but remain non-interacting with each other due to

the presence of impurity phases rich in Fe.
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