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a b s t r a c t 

This work reports the existence of the strain glass state in Ni-rich Ni-Ti-Zr shape memory alloys in- 

duced by the precursor stages of the H-phase precipitation, typical of this alloy system. The strain glass 

is detected from dynamic mechanical testing and microstructural observations by electron diffraction and 

Transmission Electron Microscopy (TEM). The elastic modulus measurements also suggest the elinvar ef- 

fect in these alloys. The strain glass state of this material exhibits superelastic effect in compression with 

recoverable strain levels over 4% and very little temperature dependence of the stress-strain curves over 

a temperature range of 230 to 300 K. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The thermoelastic martensitic transformation (MT) is a diffu- 

ionless solid state phase transition that results in special proper- 

ies such as the shape memory effect and superelasticity. The low 

ymmetry martensite phase is formed from the high symmetry 

arent phase (austenite) upon cooling or mechanical loading. The 

omains of martensite phase correspond to different orientation 

ariants of the martensitic crystal structure and exhibit twinning 

elationships to accommodate the strain emerged during the tran- 

ition. Under an external stress, the martensitic domains reorient 

owards the variants most favored by the applied stress, produc- 

ng a macroscopic strain in the material. This behavior is denoted 

s ferroelasticity , in analogy with ferromagnetism or ferroelectric- 

ty. In the latter systems, the ferroic property is the magnetiza- 

ion/electric polarization, which can be tuned by an external field 

hrough reorientation of magnetic/electric domains. For ferroelas- 

ic shape memory alloys, the lattice strain constitutes the ferroic 

egree of freedom. 

A normal martensitic transformation, or ferroelastic transition, 

s accompanied by the formation of relatively large martensite do- 

ains with a uniform lattice strain. This situation can be inter- 

reted as a long-range ordering of lattice strains. However, a novel 

tate of locally disordered lattice strain was found in alloys with 

uppressed ferroelastic transition, denoted as strain glass [1] . The 
∗ Corresponding author. 
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train glass (SG) state appears in systems containing nanometric 

ized spatial heterogeneities that frustrate the long-range order- 

ng of lattice strains typical for the ferroelastic transition. For the 

rst reported cases of SG, the spatial heterogeneity was created by 

oint defects, i.e. excess Ni atoms in Ni-rich binary Ni-Ti or Ni- 

i-X (X = Fe, Co, Cr, Mn, Pd, Nb) [2–6] . Other sources of spatial

eterogeneities leading to the SG state have been identified. These 

nclude the onset of Ni 4 Ti 3 precipitation in Ni-Ti alloys resulting 

n nanometric precipitates [7] , severe plastic deformation forming 

ense dislocation tangles [ 8 , 9 ] and atomic order with nanometric 

ized ordered domains and antiphase boundaries in Ni-Co-Mn-In 

10] . Strain glass has been reported in many different SMA sys- 

ems, including Fe-based alloys [ 11 , 12 ], Ti-based alloys [13–15] , fer-

omagnetic Ni-Mn-Ga-Co and Ni-Fe-Ga-Co [ 16–19 ] and metamag- 

etic SMAs [ 10 , 20 , 21 ]. 

The SG state is typically identified from low frequency dynamic 

echanical tests. The alloys with normal martensitic transforma- 

ion present a maximum in the internal friction ( IF ) temperature 

volution and a minimum in the elastic modulus ( E) at the phase 

ransition, and the peak temperature is independent of the fre- 

uency of the applied alternating stress. Conversely, the materials 

ith SG state exhibit much lower modulus minima and IF maxima 

nd these anomalies show a clear frequency dependence, follow- 

ng a Vogel-Fulcher relationship [1] . This is, in fact, the main sig- 

ature of the SG state. The origin of such anomalies in the mod- 

lus and internal friction signals is attributed to the freezing of 

martensitic-like” disordered nanodomains (which are “frustrated”

rom developing into large martensite plates due to the spatial 

eterogeneity existing in the system) into a glassy state with no 
. This is an open access article under the CC BY-NC-ND license 
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ong-range correlation [1] . However, in a study using low and high 

ultrasonic) frequencies and alloys with different Ni contents, the 

F and E anomalies were interpreted as relaxational premartensitic 

nelasticity [22] . In the frozen (or relaxed) state, the average crys- 

al structure is the cubic austenite. However, the electron diffrac- 

ion patterns exhibit prominent streaking developing diffuse spots 

t positions close to those corresponding to the martensite phase 

or R phase in Ni-rich Ni-Ti), concomitant with a mottled con- 

rast in conventional TEM images and randomly distributed nan- 

domains revealed by HRTEM [ 1,15,23–25 ]. This is another distinc- 

ive feature of the SG state. 

Over the same timeframe that the concept of strain glass was 

eing developed, large research effort s were also focused on de- 

elopment of Ni-rich Ni-Ti-Hf and Ni-Ti-Zr alloys with elevated 

artensitic transformation temperatures, as cheaper alternatives 

o the Ni-Ti-Pd or Ni-Ti-Pt high temperature shape memory al- 

oys [ 26–46 ]. The Ni-rich Ni-Ti-Hf/Zr alloys can be strengthened by 

anoprecipitation of the so-called H-phase, which increases the di- 

ensional stability of the material for shape memory and supere- 

astic effects and its cyclic responses. The H-phase, which is not 

ormed in binary Ni-Ti alloys, is described as a superstructure of 

he B2 phase obtained from a recombination of the Hf/Zr and Ti 

toms in their sublattice, followed by shuffling of all the atoms 

 47 , 48 ]. However, in a recent work by some of the present au-

hors, the B2-phase of the Ni 50.3 Ti 29.7 Zr 20 alloy was shown to be 

nstable upon prolonged ageing at 520 K and to undergo short 

ange atomic reordering processes in the B2 phase producing dif- 

use streaks in the diffraction patterns, with a concomitant sup- 

ression of the thermal martensitic transformation [49] . 

The present work reports new results about the instability of 

he B2 phase in Ni 50.3 Ti 29.7 Zr 20 and Ni 50.9 Ti 24.1 Zr 25 alloys. It will be

hown that both alloys exhibit suppressed martensitic transforma- 

ion as well as other features that are commonly associated with 

he strain glass state. 

. Experimental methods 

Two alloys with nominal compositions of Ni 50.3 Ti 29.7 Zr 20 at.% 

alloy 1) and Ni 50.9 Ti 24.1 Zr 25 at.% (alloy 2) were vacuum induction 

elted from high purity elemental constituents of Ni, Ti and Zr 

99.98%, 99.95% and 99.9%, respectively) under argon atmosphere 

n a graphite crucible, and subsequently cast into a copper mold. 

he resulting ingots were homogenized at 1320 K for 72 h, sealed 

n mild steel cans and hot extruded at 1170 K with an area reduc- 

ion of 7:1. Samples were cut from the extruded rods using electro- 

ischarge machining (EDM) or a low-speed diamond saw. Then, 

he samples were encapsulated in quartz ampoules under partial 

r atmosphere and solution heat treated (SHT) at 1170 K for 1 h 

ollowed by water quenching (WQ) by breaking the ampoule. Sub- 

equently, some SHT specimens were subjected to isothermal aging 

reatments at 520 K in air followed by WQ. 

Differential Scanning Calorimetry (DSC) measurements were 

erformed in a Mettler-Toledo DSC823e unit at cooling/heating rate 

f 10 K/min. Low frequency cyclic mechanical characterization was 

erformed in a Dynamic Mechanical Analyzer (DMA) Q800 from 

A Instruments in the single cantilever mode under a fixed strain 

mplitude of 0.05% and a frequency range of the oscillating stress 

etween 0.2 and 20 Hz. The elastic storage modulus ( E) and in- 

ernal friction ( IF or tan δ, δ being the phase shift between the 

scillating stress and strain) signals were recorded in the tem- 

erature range from 370 K to the lowest temperature ( ∼ 200 K) 

chievable by the liquid nitrogen cooling system. Uniaxial mechan- 

cal tests in compression were conducted on a Zwick Z100 mate- 

ials testing machine at a strain rate of 5.3 × 10 −4 s −1 to investi- 

ate superelastic behavior at different temperatures. Custom made 

ompression plates were used to change the sample temperature 
2 
y thermal conduction through the plates, which were equipped 

ith electric heaters driven by PID temperature controllers. Cool- 

ng was achieved by cold nitrogen flowing through copper coils 

rapped around the grips. X-ray diffractometry (Bruker D8 Ad- 

ance, equipped with a cooling chamber) was used to investigate 

he crystal structure of the samples at low temperatures. The mi- 

rostructural characterization was performed by Transmission Elec- 

ron Microscopy (Hitachi H60 0 at 10 0 kV, FEI Tecnai G2 F20 at 

00 kV) with an in-situ cooling sample holder. The TEM samples 

ere double jet electropolished in a solution of 30% nitric acid in 

ethanol at 250 K. 

. Experimental results 

.1. Thermal characterization 

The main results of the DSC tests are summarized in Fig. 1 . 

he alloy 1 (Ni 50.3 Ti 29.7 Zr 20 ) after SHT exhibits exothermic and en- 

othermic peaks characteristic of the forward and reverse marten- 

itic transformation, respectively ( Fig. 1 a). However, the MT char- 

cteristics have poor reproducibility and depend on the rapidity of 

he ampoule breaking and water quenching process. In fact, inten- 

ional delays in breaking the ampoules to reduce the quenching 

ate have been shown to lead to a complete suppression of the 

T in Ni 50.3 Ti 29.7 Zr 20 when measured by DSC [49] . Fig. 1 a also

resents the DSC thermograms of the SHT sample after subsequent 

geing treatments in air at 520 K for different times. The transfor- 

ation peaks are progressively shifted to lower temperatures and 

iminished in area until their complete suppression in the DSC sig- 

al after 12 h ageing at 520 K. 

Suppression of the martensitic transformation was also ob- 

erved in alloy 2, even after SHT. None of the tested SHT samples 

f Ni 50.9 Ti 24.1 Zr 25 , even with high quenching rate, exhibited trans- 

ormation peaks in the DSC, as shown in Fig. 1 b. Therefore, in the 

lloy with higher Ni and Zr content, the thermal martensitic trans- 

ormation is already suppressed just after the solution heat treat- 

ent, without any additional ageing. It is worth noting that a ther- 

al martensitic transformation was detected in both alloys in the 

s-extruded state (hot extrusion at 1170 K, prior to the SHT treat- 

ent), as shown in Fig. 1 b for alloy 2. In this state, alloy 2 con-

ains H-phase precipitates formed during air cooling after the hot 

xtrusion process. The microstructure of the alloys will be further 

iscussed in Section 3.2 . For alloy 1, the transformation tempera- 

ures for the as-extruded and solution heat treated states are very 

imilar to each other. 

Fig. 2 presents the elastic modulus and internal friction curves 

btained by DMA for Ni 50.3 Ti 29.7 Zr 20 . In the SHT state ( Fig. 2 a),

he IF data present clear peaks around 235 K related to the ther- 

al martensitic transformation and the peak temperature is fre- 

uency independent. The IF peaks observed in Fig. 2 a are consid- 

rably broadened in relation to the DSC peaks of Fig. 1 a. This is a

onsequence of the large size of the DMA sample and possible ex- 

stence of temperature gradients along its length. The storage elas- 

ic modulus does not show the typical dip observed in most SMAs, 

or which E decreases upon cooling in the austenite state and then 

ncreases during the martensitic transformation. Instead, the elas- 

ic modulus is practically temperature independent in the austen- 

te state ( elinvar effect) and then starts to increase upon cooling 

oncomitantly with the martensitic transformation. Fig. 2 b and c 

orrespond to the SHT sample aged at 520 K for 12 h (treatment 

hat completes the MT suppression in the DSC, Fig. 1 a) and 10 

ays, respectively. In these cases, the curves only present a slight 

requency dependence in the low temperature side. However, af- 

er extending the ageing treatment at 520 K to 14 or 16 days, a 

lear frequency dependence appears in the E and IF signals at low 

emperatures ( Fig. 2 d,e). The storage modulus data show again a 
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Fig. 1. DSC cooling and heating runs in the solution heat-treated (SHT) state and as a function of the ageing time at 520 K for the Ni 50.3 Ti 29.7 Zr 20 alloy (a) and in the SHT 

and as-extruded states for a Ni 50.9 Ti 24.1 Zr 25 alloy (b). 

Fig. 2. Storage elastic modulus ( E ) and internal friction ( IF ) for the Ni 50.3 Ti 29.7 Zr 20 alloy in (a) the SHT state and after ageing treatments at 520 K for (b) 12 h, (c) 10 days, (d) 

14 days and (e) 16 days. Insets in (d,e) show a semilogarithmic plot of the frequencies as a function of T m together with the Vogel-Fulcher fitting to obtain the strain glass 

freezing temperature ( T 0 ). 

3 
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Fig. 3. Storage elastic modulus ( E ) and internal friction ( IF ) for Ni 50.9 Ti 24.1 Zr 25 alloy in (a) the SHT state and (b) after ageing at 520 K for 2 h. Insets show a semilogarithmic 

plot of the frequencies as a function of T m together with the Vogel-Fulcher fitting to obtain the strain glass freezing temperature ( T 0 ). 

Fig. 4. Micrographs at different magnification of as-extruded Ni 50.9 Ti 24.17 Zr 25 showing (a) martensite plates together with oxide and carbide inclusions and (b) H-phase 

precipitates embedded in the martensitic matrix. 
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ather flat curve at higher temperatures followed by an increase 

fter some level of cooling. The temperature of the modulus “min- 

mum”, T m , has been taken at the point where the signal starts to 

ncrease from the nearly constant regime, as indicated by an ar- 

ow in Fig. 2 d for the curve at 20 Hz. The values of T m obtained

t different frequencies ω fit reasonably well with a Vogel-Fulcher- 

ype equation, ω = ω 0 exp[- E a / k B ( T m −T 0 )], as shown in the inset

f Fig. 2 d,e. The ideal freezing temperature T 0 obtained from the 

tting is T 0 = 230 K in both cases. 

Fig. 3 a corresponds to the alloy 2 (Ni 50.9 Ti 24.1 Zr 25 ) in the

HT state, without any additional ageing. Again, clear frequency- 

ependent anomalies appear in both IF and E curves at low tem- 

eratures that fit the Vogel-Fulcher equation with T 0 = 220 K. An 

dditional ageing at 520 K for 2 days shifts the T 0 temperature to 

08 K ( Fig. 3 b). Therefore, the DMA results are consistent with a 

train glass state developed in the Ni 50.3 Ti 29.7 Zr 20 after SHT and 

rolonged ageing at 520 K and in the Ni 50.9 Ti 24.1 Zr 25 alloy just af-

er the SHT treatment without any additional ageing. 

.2. Structural and microstructural characterization 

The general microstructure of the alloys after casting and hot 

xtrusion contains some large particles ( Fig. 4 a) identified as ox- 

de and carbide inclusions (mostly ZrC), formed as a consequence 

f carbon diffusion from the graphite crucibles used for induction 

elting. Moreover, H-phase precipitates of a few tens of nm in 

ize are also present in alloy 2, as shown in Fig. 4 b, whereas al-

oy 1 is free of H phase in the as-extruded condition. The H-phase 

recipitates in alloy 2 were formed during the slow air cooling of 

he hot extruded rod, which was surrounded by a steel layer from 

he original canning material, due to the enhanced driving force 

or precipitation arising from the composition of this alloy. With 

uch a microstructure, the martensitic transformation takes place 
4 
n the as-extruded alloy 2, as commented in the previous section 

 Fig. 1 b). In fact, martensite plates containing the H-phase precip- 

tates are visible in Fig. 4 . The solution heat treatment, performed 

t 1170 K after hot extrusion, dissolves the H-phase precipitates 

nd the subsequent water quenching prevents their renewed for- 

ation, in such a way that the SHT samples are only composed 

f the B2 phase (transformable to B19’ martensite in alloy 1) and 

he occasional oxide and carbide inclusions. These inclusions are 

onsidered not to play a significant role on the main focus of the 

resent study. 

Fig. 5 presents selected-area electron diffraction patterns 

SADP) of the [001] B2 zone axis taken in different conditions. For 

he Ni 50.3 Ti 29.7 Zr 20 alloy in the SHT state, the pattern at room tem- 

erature consists of sharp reflections of the B2 phase accompa- 

ied by very little diffuse intensity ( Fig. 5 a). However, the diffuse 

ntensity at room temperature increases significantly after ageing 

or 14 days at 520 K ( Fig. 5 b) and also in the Ni 50.9 Ti 24.1 Zr 25 al-

oy after SHT with no additional ageing ( Fig. 5 d), corresponding 

o states with suppressed MT and well established strain glass 

tate. The diffuse streaks are close to the positions of superlat- 

ice spots characteristic of the H phase, which have been marked 

n Fig. 5 b by blue and red spots. This will be further discussed in

ection 4 . In fact, similar diffuse streaks were reported by Lu et al. 

n Ni 52 Ti 42 Zr 6 and were attributed to short range ordering of the Zr 

toms as a previous step to the formation of precipitates by aging 

t 770 K [ 27 , 28 ]. The patterns in Fig. 5 c,e were taken at 120 K for

oth alloys. At this temperature (below the frequency-dependent 

nomalies in E and IF signals), the streaking forms more promi- 

ent diffuse spots around the B2 fundamental reflections in both 

lloys, close to the positions of the 111-type reflections of the B19’ 

artensite (some examples are marked by arrows in Fig. 5 c). In all 

ases, the main reflections observed in the SADPs correspond to 

he cubic B2 phase, proving that this is the average crystal struc- 



S. Xu, J. Pons, R. Santamarta et al. Acta Materialia 218 (2021) 117232 

Fig. 5. Selected-area electron diffraction patterns (SADP) along the [001] zone axis 

of the Ni 50.3 Ti 29.7 Zr 20 alloy in the SHT state at room temperature (a); Ni 50.3 Ti 29.7 Zr 20 
aged at 520 K for 14 days obtained at (b) room temperature and (c) at 120 K and 

of the Ni 50.9 Ti 24.1 Zr 25 alloy in the SHT state obtained at (d) room temperature and 

(e) at 120 K. The blue and red spots in Fig 5b indicate the positions of the 1/3[110] 

and 1/4[210]-type satellites characteristic of the H phase. 

t

t

i

T

s

t

s

t

w

t

w

a

3

m

a

b  

o

d

d

Fig. 6. Dark-field TEM image of Ni 50.3 Ti 29.7 Zr 20 alloy SHT and aged at 520 K for 

14 days, taken at 120 K with the diffuse spot marked by a circle in the inserted 

diffraction pattern. 

Fig. 7. X-ray diffraction spectra of the Ni 50.9 Ti 24.1 Zr 25 alloy obtained at different 

temperatures. 
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ure at low temperatures. In addition, the dark-field TEM images 

aken at 120 K using one of the diffuse spots clearly reveals the ex- 

stence of small martensitic-like nanodomains, as shown in Fig. 6 . 

hese features are also commonly accepted as evidences of the 

train glass state [ 1 , 15 , 23–25 ]. 

Fig. 7 presents X-ray diffraction spectra recorded at tempera- 

ures between 295 and 120 K. The results confirm that the average 

tructure at low temperature is the B2 austenite. Indeed, all spec- 

ra only contain the cubic B2 reflections and tiny peaks consistent 

ith the ZrC phase. The intensity of the 110 peak in relation to 

he other fundamental reflections of B2 phase (200, 211) is high, 

hich indicates the existence of texture in the material, developed 

s a result of the extrusion process. 

.3. Compressive stress-strain response 

Alloys in the SG state are known to undergo a stress-induced 

artensitic transformation and exhibit the related shape memory 

nd superelastic effects [18,19,50–55] . Therefore, these effects have 

een investigated in the Ni 50.3 Ti 29.7 Zr 20 alloy. Fig. 8 a is a series

f stress-strain ( σ–ε) curves in compression for a SHT sample at 

ifferent tem peratures. The curves are typical of a material un- 

ergoing a stress-induced martensitic transformation and exhibit 
5 
he typical hysteresis loop shape with a well-defined transforma- 

ion “plateau” with low hardening regime after the onset of inelas- 

ic deformation. In contrast, the σ–ε curves for the sample aged 

or 14 days at 520 K, in the SG state, consist of a smooth loop

ith little or no plateau and narrower hysteresis ( Fig. 8 b). Interest- 

ngly, for the sample aged for 10 days at 520 K (with suppressed 

ransformation in the DSC but not a well-defined SG state in the 

MA tests, Fig. 2 c), the σ–ε curves present an intermediate case 

 Fig. 8 c). Regardless, in all three cases for the Ni 50.3 Ti 29.7 Zr 20 alloy,

pplied strain levels above 4% were fully recovered upon unload- 

ng. 

A similar transition in the superelastic behavior from loops with 

 distinct plateau region to smooth loops without plateau and 

maller hysteresis width in the SG state was reported in the Ni-Fe- 

a system with increasing Co doping [ 18 ] and in Ti-Nb-O with ex- 

ess O content [53] . This has been interpreted in terms of the pe-

uliar microstructure of the unfrozen strain glass, composed of dy- 

amically disordered local strain domains that induce local fluctua- 

ion of the stress field in the system. Under the uniaxial stress, the 

nduced martensite variants are oriented along one direction, lead- 

ng to formation of long-range inhomogeneous strain/stress fields 

n the residual untransformed material. Thus, an extra external 

tress must be provided to overcome such inhomogeneous stress 

elds, leading to the smooth hysteresis loop [ 18 ]. 
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Fig. 8. Compression stress-strain curves at different temperatures for the Ni 50.3 Ti 29.7 Zr 20 alloy in the (a) SHT state and after ageing at 520 K for (b) 14 days and (c) 10 days. 
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Another interesting observation in Fig. 8 b is the very limited 

emperature dependence exhibited by the smooth hysteresis loops 

n the sample with well-established strain glass. This is in con- 

rast with the significant shift to increasing stress levels of the 

ransformation plateau with increasing temperature in the sample 

ith normal martensitic transformation ( Fig. 8 a), which is well ex- 

lained by the Clausius-Clapeyron equation for first order transi- 

ions. The sample with an incomplete SG state ( Fig. 8 c) shows an

ntermediate temperature dependence between the two extreme 

ases. 

. Discussion of the results 

The experimental evidences shown above indicate the existence 

f the strain glass state in the Ni-Ti-Zr system after suitable ther- 

al treatments, which can be linked with the early stages of the 

-phase precipitation. This can be rationalized as follows. The crys- 

al structure of the H-phase is, essentially, a superstructure derived 

rom the B2 structure with a redistribution of the Ti and Zr atoms. 

n the B2 austenite phase, such atoms occupy fully random posi- 

ions in their sublattice, whereas in the H-phase they develop an 

rdered supercell with 3-fold, 4-fold and 2-fold periodicities along 

he < 110 > B2 , < 210 > B2 and < 111 > B2 directions, respectively, re-

ulting in the corresponding sharp satellite spots in the diffraction 

atterns [ 47 , 48 ]. The positions of the 1/3[110] and 1/4[210]-type 

atellites for one orientation variant of the H phase are indicated 

n Fig. 5 b by blue and red spots, respectively. The H-phase pre- 

ipitates grow in multiple orientation variants, which produce su- 

erlattice spots along all the equivalent directions of the < 110 > , 

 210 > and < 111 > families in the diffraction patterns [48] . More-

ver, for the composition of alloy 1 (Ni Ti Zr ), precipitates 
50.3 29.7 20 

6 
ith the well-formed H-phase superstructure have been only ob- 

erved after thermal treatments at 720 K or higher temperatures 

 35 , 38 , 48 ]. Diffuse streaking in electron diffraction patterns is usu-

lly indicative of short-range reordering processes [ 56 ]. As shown 

n Fig. 5 b, the diffuse streaks observed after 14 days ageing at 

20 K are not coincident with the positions of the H-phase super- 

attice spots, but rather close to them. This suggests that the lim- 

ted diffusion at 520 K only permits short range processes that can 

e considered as the preliminary stages of the Zr and Ti redistri- 

ution towards the H phase. Taking into account that the H-phase 

s richer in Zr, lean in Ti and slightly richer in Ni, compared to the

2 austenite [48] , the process at 520 K likely consists of a short 

ange segregation of Zr and Ti atoms leading to the formation of 

ery small domains with modified composition (roughly nanomet- 

ic in size), but still too small for the complete development of 

he H phase superstructure with the 3-fold and 4-fold periodicities 

note that one lattice parameter of the H phase unit cell is as large 

s ∼2.6 nm [48] ). These precursor H-phase would generate a very 

ne spatial heterogeneity with random strain fields that suppress 

he normal martensitic transformation and create the strain glass 

tate. 

In comparison, alloy 2 (Ni 50.9 Ti 24.1 Zr 25 ) is richer in Ni and Zr 

han alloy 1 and lean in Ti, i.e. it is closer to the composition of

he H-phase [48] and, consequently, has a greater driving force for 

-phase precipitation. Therefore, the observation of a suppressed 

artensitic transition and the strain glass state in this alloy just 

fter the solution heat treatment and quenching, with no need of 

dditional ageing, further supports the link between the origin of 

he strain glass state and the initial stages of H-phase precipita- 

ion. In this case, the precursor nuclei of H-phase are formed dur- 

ng the quenching process after the solution heat treatment. It is 
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orth noting that the SG state in both Ni-rich Ni-Ti-Zr alloys only 

xists with this precursor H-phase. If well-developed H-phase pre- 

ipitates with sizes around 5–10 nm or above (resulting in sharp 

atellites in the diffraction patterns) are formed by suitable ther- 

al treatments, then a normal martensitic transformation takes 

lace instead of formation of strain glass state [ 35 , 38 ]. 

The present results constitute another example of strain glass 

tate induced by the onset of a nanoprecipitation process, similar 

o the observations in Ni-rich Ni-Ti binary alloys with Ni 4 Ti 3 -type 

recipitation [7,55,57,58] . As in the present Ni-Ti-Zr alloys, the sup- 

ressed martensitic transformation and SG state in the binary al- 

oys is only reported for the initial stages of Ni 4 Ti 3 precipitation 

ith finely dispersed nanometric particles, whereas the normal 

erroelastic transition is recovered in the presence of larger precip- 

tates [ 59 ]. Nevertheless, there is a remarkable difference between 

oth systems. In the binary alloys, the Ni 4 Ti 3 precipitates promote 

he transformation to the R phase, because this phase accommo- 

ates the strain field around the precipitates better than the B19’ 

tructure [ 60 ]. By careful control of alloy composition and ther- 

al treatment, Zhou et al. showed that the SG state induced by 

anoprecipitation is at the boundary between the B2-B19’ and B2- 

 phase transitions [ 57 ]. In the frozen SG state of the binary al-

oys, the diffuse spots formed in the diffraction patterns indicate 

he development of R phase-like nanodomains [ 7,58 ]. In contrast, 

he ternary Ni-rich Ni-Ti-Zr alloys transform to the B19’ martensite 

rrespective of the presence or not of the H-phase and its parti- 

le size [ 38 , 41 ]. Fine H-phase nanoprecipitates are fully coherent 

ith the austenite B2 matrix and there is a small lattice misfit be- 

ween the two phases [48] . As a result, the strain fields around 

he precipitates are relatively low and can be accommodated in the 

19’ martensite phase [48] , with no need to develop an “interme- 

iate” phase analogous to the R-phase of the binary alloys. Conse- 

uently, the nanodomains and diffuse diffraction spots observed in 

he frozen strain glass state of the present Ni-Ti-Zr alloys are B19’- 

ike instead of R-like ( Fig. 5 c,d). Existence of B19’-type SG was also

eported in binary Ni 50 . 8 Ti 49 . 2 alloys after cold rolling with thick- 

ess reduction levels of 27% or above and it was attributed to the 

islocation arrays formed after cold rolling, which constitute ex- 

ended defects that impose effective nanoconfinement of the B19’ 

omains [9] . Similar to the present Ni-Ti-Zr alloys, quasilinear σ–

curves with no plateau, high strength (1.2 GPa) and recoverable 

trains around 4% were obtained in the B19’-type SG induced by 

old rolling [9] . 

The shapes of the σ–ε curves of strain glasses reported in lit- 

rature show wide variability. For some cases corresponding to SG 

nduced in binary NiTi alloys by high Ni doping [ 50 , 51 ] or Ni 4 Ti 3 
anoprecipitates [55] , curves with a sharp plateau and large re- 

overable strains above 6% are reported, which are attributed to 

he reversible stress-induced transition to B19’ martensite. In these 

ases, the yield stress exhibits temperature dependence. In con- 

trast, for the SG induced by cold rolling in Ni 50 . 8 Ti 49 . 2 [9] or 

y the precursor H phase in the present Ni-Ti-Zr alloys, both 

omposed of B19’-type nanodomains, smooth σ–ε loops with no 

lateau and very little dependence on temperature are obtained. 

he quasilinear deformation suggests the existence of a broad 

pectrum of defects responsible for the SG (either dislocations 

etworks with different size/density or precursor H-phase nan- 

domains with different size, local composition, inter-domain dis- 

ance and strain fields in the surrounding B2 matrix) that create a 

road distribution of local M s values for the martensitic transfor- 

ation (and σ s values for the stress-induced transition) in the B2 

atrix at a fine scale. As a result, an increasing number of B19’- 

ike nanodomains would be formed upon cooling. The microstruc- 

ure of the present Ni-Ti-Zr alloys in the SG state is schematized 

n Fig. 9 for four levels of increasing stress, 0 < σ 1 <σ 2 <σ 3 . 

he black ellipses represent the precursor H-phase nanodomains 
7 
esponsible for the SG state, while the B19’-like nanodomains are 

epresented by ellipses of different colors, corresponding to differ- 

nt orientation variants. Application of stress causes two effects: 

 i) growth of the nanodomains of the variant favored by the direc- 

ion of the applied stress, represented in blue color in Fig. 9 , which

mplies the stress-induced transformation of the surrounding B2 

atrix, and ( ii) reorientation of the other nanodomains towards 

he favored variant. The precursor H-phase and martensitic nan- 

domains of other variants limit the stress-induced growth of blue 

omains to the low spatial scale, even under the highest stress 

evels (as schematized in Fig. 9 ), which reduces the macroscopic 

train to ∼ 4% in the present case, below the maximum strain lev- 

ls achieved in the normal B2-B19’ transition ( ∼6 −10%). 

To understand the structural evolution under stress at differ- 

nt temperatures, we may consider the typical temperature depen- 

ence of the apparent yield stress (onset of inelastic deformation) 

hown by alloys with martensitic transformation, schematized in 

ig. 10 a. Above the M s temperature, the stress increases linearly 

ith temperature according to the Clausius-Clapeyron equation for 

he stress-induced transformation (red line in Fig. 10 a). Below the 

ransition point, there is usually a lower temperature dependence 

ith negative slope, related to the variant reorientation process 

n martensite (also referred to as detwinning) [ 61,62 ], represented 

y the blue line. Assuming a broad distribution of local M s values 

t a fine spatial scale, the phase diagram takes the form shown 

n Fig. 10 b, where a discrete set of transformation/reorientation 

ines corresponding to different local M s values ( M s1 , M s2 …, M s7 )

re drawn. The distribution of local M s values is schematically 

epresented by the green Gaussian-type curve. The transforma- 

ion/reorientation lines corresponding to local M s values located at 

he tails of the distribution curve are drawn in thinner lines, to vi- 

ualize the fact that they have low “populations” and, then, involve 

 low volume fraction of material. A mechanical test performed 

t a certain temperature can be represented by a vertical line. In 

uch a phase diagram, the vertical lines continuously intersect red 

r blue lines, producing either growth of favored martensitic nan- 

domains or reorientation of non-favored ones, respectively. These 

vents develop discrete amounts of strain proportional to the pop- 

lation of their local M s value in the broad distribution. As a re- 

ult, the macroscopic σ - ε curves are quasilinear in shape with no 

plateau”. Moreover, for a temperature interval located around the 

enter of the distribution, represented by the vertical lines at tem- 

eratures T 1 and T 2 in Fig. 10 b, most of red/blue lines intercepted 

n a wide stress range correspond to local M s values with similar 

opulations, producing similar amounts of macroscopic deforma- 

ion. Therefore, macroscopic σ - ε curves with little temperature de- 

endence can be expected from this qualitative model, as observed 

n the present Ni-Ti-Zr alloys ( Fig. 8 b). It is worth noting that at

igh temperatures (around T 2 ), the reorientation events only play a 

ignificant role for low stress levels and the transformation process 

s dominating at high stresses. However, as temperature decreases 

nd approaches T 1 , the contribution of the reorientation process 

xtends to higher stress levels whereas the transformation events 

t high stresses become less significant, as they involve low local 

 s values with lower population. 

The DMA results presented in Figs. 2 and 3 show a tempera- 

ure independence of the storage modulus over wide temperature 

anges, suggesting the existence of the elinvar effect in the present 

i-Ti-Zr alloys. This effect was first reported one hundred years 

go in Fe-Ni-Cr ferromagnetic alloys [ 63 ] and later in non-magnetic 

ultifunctional β-Ti alloys [64] . More recently, the elinvar effect 

as been linked with the strain glass state in these Ti-based al- 

oys [65] and also in doped Ni-Ti alloys [ 66 , 67 ]. In Ref. [67] , the

ffect is explained in terms of the competition between the nor- 

al behavior of crystalline solids (modulus increase upon cooling 

elated to anharmonic atomic vibrations) and the well-known soft- 
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Fig. 9. Schematic representation of the microstructure of the Ni-Ti-Zr alloys at increasing stress levels 0 < σ 1 <σ 2 <σ 3 . Black ellipses represent the precursor H-phase 

nanodomains, while green, red, yellow and blue features represent B19’-like nanodomains of four different variants. 

Fig. 10. (a) Schematic plot of the critical stress for martensite reorientation (blue line) and stress-induced transformation (red line) in an alloy with normal martensitic 

transformation. (b) Schematic phase diagram of an alloy with a broad distribution of local M s values, where the critical stress lines for a discrete set of values M s1 , M s2 …, 

M s7 are drawn. The distribution of local M s values is represented by the green Gauss-type curve. 

Fig. 11. (a) Elastic modulus measured by the resonant ultrasonic technique [ 68 ] for Ni 50.9 Ti 24.1 Zr 25 SHT in the strain glass state (solid line) and for Ni 50.3 Ti 29.7 Zr 20 SHT with 

normal martensitic transformation (dashed line). (b) Extended semilogarithmic plot of the frequencies as a function of T m for Ni 50.9 Ti 24.1 Zr 25 SHT. 
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ning effect of the austenite phase when approaching the marten- 

itic transformation temperature. In the temperature region corre- 

ponding to the unfrozen strain glass state there is a gradual and 

oderate softening effect related to the broad distribution of lo- 

al M s values and the gradual formation of martensite-like nan- 

domains that compensates for the normal modulus hardening and 

auses the elinvar effect over a wide temperature range [67] . This 

ould be a plausible explanation of the effect observed in Figs. 2 e,f 

nd 3 , corresponding to the unfrozen strain glass of alloys 1 and 2. 

owever, the same effect is also present in the DMA curves of non- 

ged SHT alloy 1 ( Fig. 2 a), which undergoes the normal martensitic 

ransformation instead of SG behavior. 

In view of this complex behavior and considering that the DMA 

echnique has a limited accuracy for the elastic modulus measure- 

ent of rigid metals, additional experiments using a resonant ul- 

rasonic technique were undertaken. The elastic modulus is ob- 

ained from the measurement of the resonance frequency of vibra- 

ion of a composed oscillator formed by a quartz crystal attached 

o the sample (see Ref. [ 68 ] for details), which allows for a much
8 
igher accuracy than the DMA technique based on the measure- 

ent of stress and strain. However, the technique works under res- 

nance condition, close to 100 kHz, which does not allow the ex- 

loration of different frequency ranges in the same sample. Sam- 

les of both alloys in the SHT state (alloy 2 with a well-developed 

G state and alloy 1 with normal transformation) were tested in 

 wide temperature interval and the results are shown in Fig. 11 a. 

s expected, alloy 2 with SG (solid line) exhibits a decreasing elas- 

ic modulus with increasing temperature reaching a slight mini- 

um before entering a plateau region and alloy 1 (dashed line) 

hows the traces of the forward and reverse martensitic transfor- 

ation with hysteresis. It is worth noting that the levels of E mod- 

lus measured by the resonant technique, above 65 GPa, are sig- 

ificantly larger than those obtained by DMA in the same mate- 

ials ( Figs. 2 , 3 ), which is primarily due to the low accuracy in

he strain measurement in DMA. As clearly shown in Fig. 11 a, the 

i 50.9 Ti 24.1 Zr 25 alloy in the SG state presents a very slight tem- 

erature dependence of the elastic modulus in the high tempera- 

ure side above the minimum. Though the curve is not completely 
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at, the E modulus only presents a small change of 1.16 GPa over 

 temperature interval of 164 K, giving a rate of 0.007 GPa/K. In 

urn, the Ni 50.3 Ti 29.7 Zr 20 alloy with normal transformation shows a 

uch larger temperature dependence in the austenite state; the 

lastic modulus decreases at a rate of 0.030 GPa/K (7.7 GPa in 

55 K). Therefore, the more accurate measurements confirm an 

linvar behavior of the Ni-rich Ni-Ti-Zr alloys only under a well- 

stablished strain glass state, and the typical modulus softening 

n the normal condition. This confirms the mechanism of the elin- 

ar effect proposed in Ref. [67] , based on compensation between a 

radual and moderate softening effect related to the gradual for- 

ation of B19’-like nanodomains upon cooling and the normal 

odulus hardening related to phonon anharmonic effects. 

The modulus minumum of the Ni 50.9 Ti 24.1 Zr 25 alloy with SG 

tate is shifted to 358 K as a result of the frequency dependence 

nd the high frequency levels used in this experiment (88,490 Hz). 

he present temperature for minimum modulus and the results 

f DMA experiments shown in Fig. 3 a are plotted together, based 

n the Vogel-Fulcher relationship, in Fig. 11 b. The reasonable fit 

o the data demonstrates that the exponential dependence extends 

p to the high frequency range, completely ruling out a linear re- 

ationship, though the ideal T 0 temperature fitted from the com- 

ined plot, T 0 = 166 K, deviates from the value based on DMA only 

220 K, Fig. 3 ). The discrepancy is probably due to the combination 

f data obtained from methods with different resolution and the 

ack of data in the intermediate frequency range. 

. Summary and conclusions 

The present work demonstrates the existence of the strain glass 

SG) state in Ni 50.3 Ti 29.7 Zr 20 and Ni 50.9 Ti 24.1 Zr 25 polycrystalline al- 

oys. The main findings can be summarized as follows: 

1 The strain glass state in Ni-rich Ni-Ti-Zr alloys can be linked 

to the early stages of H-phase precipitation. For Ni 50.3 Ti 29.7 Zr 20 , 

the normal martensitic transformation occurs after solution 

heat treatment, whereas the SG state is detected by DMA ex- 

periments after additional 14 days ageing at 520 K. The low 

temperature ageing promotes a short-range segregation of Zr 

and Ti atoms leading to the formation of precursor nuclei of 

the H phase. These small nuclei are responsible for the very 

fine spatial heterogeneity inherent to the strain glass state. The 

Ni 50.9 Ti 24.1 Zr 25 alloy is closer in composition to the H-phase 

and, therefore, the driving force for precipitation is greater. 

Consequently, the short-range atomic segregation already oc- 

curs upon quenching from the solution heat treatment temper- 

ature and the SG state is observed in this alloy just after this 

treatment, with no need of additional low-temperature ageing. 

2 The strain glass in Ni-rich Ni-Ti-Zr alloys is related to B19’-type 

nanodomains, similar to the SG induced by cold rolling in bi- 

nary Ni-Ti [9] . This is in contrast to other Ni-Ti-based alloys for 

which the nanodomains are of R phase type. 

3 The DMA results show a temperature independence of the stor- 

age modulus over wide temperature ranges, suggesting the ex- 

istence of the elinvar effect in the studied Ni-Ti-Zr alloys both in 

the SG and normal states. More accurate measurements using a 

resonant ultrasonic technique have confirmed an elinvar effect 

in the SG state (very low temperature dependence of the elas- 

tic modulus) and the typical modulus softening in the state ex- 

hibiting normal martensitic transformation. These observations 

confirm the mechanism of the elinvar effect proposed in Ref. 

[67] . Moreover, the ultrasonic measurements confirm the expo- 

nential frequency dependence in the SG state (Vogel-Fulcher re- 

lationship) over a wide frequency interval up to 10 4 Hz. 

4 Superelastic behavior has been observed in the strain glass 

state of the Ni Ti Zr alloy, consistent with other strain 
50.3 29.7 20 

9 
glass systems . The mechanical response of the Ni-Ti-Zr strain 

glass in compression shows smooth and quasilinear σ - ε curves 

and recoverable strains of over 4% with very little temperature 

dependence. This behavior can be of great interest for practical 

applications in devices designed to perform a constant mechan- 

ical response over a broad range of temperatures. 

5 The mechanical response can be qualitatively interpreted as- 

suming a large heterogeneity in the defects responsible for 

the SG state that creates a wide distribution of local marten- 

sitic transformation temperatures in the B2 matrix at fine spa- 

tial scale, together with the coexistence of deformation mech- 

anisms based on stress-induced transformation and variant re- 

orientation processes with opposite temperature dependences. 
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