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We report for the first time a new strain glass state (B19′ strain glass) in a Ni-rich TiNi shape 

memory alloy produced by cold rolling. As compared to previously reported strain glasses, 

this new strain glass state has outstanding properties including quasi-linear superelasticity 

with a large recoverable strain (~4%), slim hysteresis and high strength (~1.0GPa) over a 

wide temperature range (~200K). The existence of the B19′ strain glass state is 

confirmed by (i) frequency dispersion of storage modulus, (ii) continuous decrease of 

electrical resistivity and (iii) continuous growth of B19′ nanodomains upon cooling. 

This study proves that the effect of defect strength on the creation of a strain glass 

state is in parallel to the effect of cooling rate on the creation of a structural glass, e.g., 

any strain crystal (i.e., martensite) can be turned into a strain glass if strong enough 

defects could be engineered. 
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Since their discovery, shape memory alloys (SMAs) have enabled many critical 

applications [1-4] owing to their shape memory effect (SME) and superelasticity (SE). 

Both effects originate from a diffusionless martensitic transformation (MT) [5-10]. 

Since MT is a typical first-order transition, the large temperature- or stress-hysteresis 

and narrow temperature range of operation have severely limited the current 

generation of SMAs for applications that require high sensitivity, precision, durability, 

and energy efficiency in complex environments. Extensive efforts have been made 

recently to overcome these shortcomings through various means including nano-grain 

[11,12], nanocomposite [13], structural anisotropy [14,15], and crystallographic 

compatibility [16,17]. The successfulness of these approaches has been demonstrated 

in limited SMAs respectively. 

In the past decade, both simulation and experimental studies have shown that a 

sharp first-order MT can be turned into a strain glass transition through defect 

engineering [18-29]. A strain glass transition is a new type of ferroic glass transition 

and the transition product, the strain glass state, consists of nanodomains of 

transformation strains without any long-range orders, which are parallel to relaxors 

[30-33] and cluster spin glasses [34-36]. During a strain glass transition, the formation 

of a long-range ordered, internally twinned martensitic domain state (e.g., strain 

crystal) is prohibited by densely populated stress-carrying defects [19]. The strain 

glass transition is found to have unique transition behavior, including disappearance 

of transition heat, frequency dispersion of modulus, no average structure change , and 

is accompanied by many novel properties such as quasi-linear elasticity with slim 

hysteresis [37], low and tunable elastic modulus [38], and Invar/Elinvar anomalies 

[27,39].  

 However, all strain glasses reported so far, including TiNi (with excess Ni) [18], 

TiNiX (X= Fe, Co, Cr, Mn) [21,22], TiPdX (X = Fe, Co, Cr, Mn) [23], AuCuAl [26], 

and the Gum metals [27], TiNi with nano precipitates [28], and TiNiFe with 

dislocations [29], have rather limited recoverable strains (up to 2%) and, thus, are 

unattractive for practical applications. Similar to MT, the recoverable strain of a strain 
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glass during loading is related directly to the stress-free transformation strain (SFTS). 

The Fe-doped TiNiFe strain glass [37] or precipitate-induced TiNi strain glass [40]  

consists of R martensite nanodomains and its quasi-linear superelasticity has a 

relatively small recoverable strain (~0.5%) because of the small SFTS of the B2 to R 

transition. The R strain glass can transfer into B19’ martensite at higher stress with 

large hysteresis [40]. The oxygen-doped glassy state in TiNb [41] is an O 

(orthorhombic) strain glass that has also a limited recoverable strain (~2%).  

The martensitic phase in the commercial NiTi SMAs is B19′ (monoclinic) and the 

B2 (cubic) to B19′ transition has a large transformation strain (~10%). Thus if a B19′ 

strain glass state could be created, much larger recoverable strains are expected. 

According to a recent simulation study [42], however, a large SFTS is accompanied 

by strong elastic interactions, making the formation of strain glass through point 

defect doping difficult. Lloveras et al. [43] have shown that a decrease in elastic 

anisotropy (strength of long-range interactions accompanying the MT) and/or increase 

in disorder (strength of random defects) are essential for hysteresis reduction. Thus, 

extended defects such as dislocations and coherent precipitates that are much 

“stronger” than point defects become the necessary means for the creation of strain 

glasses with large SFTS. Cold rolling effect on the mechanical behavior of TiNi 

SMAs has been recognized over several decades ago [44], the actual mechanism 

underlying such an effect has remained a mystery since then. Various hypotheses have 

been proposed in these previous studies, including combined effect of elastic 

deformation of nano-B2 grains and amorphous phase, and dominance of interfacial 

energy associated with the nanocrystals, etc. [45-48], but none of them is actually 

responsible for the unique mechanical behavior of the cold rolled alloys. As will be 

shown in this study, for example, in samples with relatively small amount of cold 

rolling (e.g., much smaller than 40%) without annealing, little nanocrystalline or 

amorphous structures exist [47], but they did exhibit the unique mechanical behavior.  

In this paper, we report for the first time a B19′ strain glass state in NiTi by cold 

rolling (27%). Our experiments reveal unambiguously that the reason behind the 
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unique mechanical behavior is actually the B2 to B19’ strain glass transition. Normal 

MTs are suppressed as indicated by the absence of obvious Differential Scanning 

Calorimetry (DSC) peaks. Frequency dispersion of storage modulus in the Dynamic 

Mechanical Analysis (DMA) measurements marks the appearance of strain glass 

transition. The continued decrease of electrical resistivity (ER) upon cooling and the 

gradual growth of B19′ nanodomains from in-situ Transmission Electron Microscope 

(TEM) observations confirm the B19′ strain glass state. Such a B19′ strain glass state 

is the physical origin of quasi-linear elasticity with large recovery strain over wide 

temperature.  

Samples used in this study are purchased from SaiTe Company with composition 

(Ni50.8Ti49.2). The as-received samples are sealed in evacuated quartz tubes with Ar 

atmosphere and solution treated at temperature of 1173K for 24h followed by water 

quench to obtain a homogeneous solid solution. Then the samples are cold-rolled to 

achieve different amount of plastic deformation εp (thickness reduction). The MT 

behaviors as a function of εp are characterized by DSC of TA Q200, DMA of TA Q800 

and TEM of JEM 2100F. An MTS tensile machine and a Nyilas extensometer are 

used to measure the mechanical properties. 

Inset of Fig. 1(a) show the DSC results of Ti49.2Ni50.8 upon cooling for different εp 

(from 0% to 70%). With the increase of εp, the exothermic peaks become broader and 

weaker and disappear completely when εp ≥27%. The enthalpy or entropy change 

associated with the MT in the cold rolled samples is calculated from DSC results. As 

shown in Fig 1(a), the transition entropy (∆S) decreases gradually and vanishes at εp = 

27%, indicating the disappearance of first order MT. The detailed DSC results for εp = 

27% are shown in Fig. 1(b). The in-situ XRD results shown in the inset of Fig. 1(b) 

indicate that the system maintains a B2 structure (on average) upon cooling and there 

is no obvious change in the degree of strain order, which agrees well with previous 

observations of strain glasses [21,22,29,49]. The XRD measurements obtain the 

signal of a mixture of nanodomains of different martensitic variants embedded in a B2 

matrix and thus cannot distinguish the existence of B19′ nanostructure and shows a 



5 
 

B2 structure. Defects generated by cold rolling play an important role in the decrease 

and disappearance of the enthalpy of transformation. The local stresses associated 

with the defects generated by the cold rolling could alter the nature of the austenite (A) 

to martensite (M) transformation. As the stress level increases, the nature of the A to 

M transformation changes gradually from a strongly first-order to a weekly first-order 

and eventually to a high-order transition [50]. On the other hand, there exists a wide 

distribution of defect strength (i.e., the magnitude of local stresses associated with the 

defects), which leads to continuous nucleation and growth of martensitic domains 

upon cooling. The small amount of martensitic phase transformed at each temperature 

produces very weakly and even zero (if second-order in nature as mentioned above) 

heat release. At 27% cold rolling the defects generated seem to have the strength and 

strength distribution that change the transformation behavior and results in nearly zero 

transformation enthalpy. 

To identify the origin of the vanishing transition entropy at εp ≥ 27% in the DSC 

results, DMA is used to measure the viscoelasticity of the samples. As shown in Fig. 2, 

a gradual softening of storage modulus [38] is detected upon cooling for samples with 

εp = 27%, 40% and 70%, which is different from the sharp modulus change associated 

with normal MT [38,49]. The dip temperatures of the storage modulus are obviously 

frequency-dependent and the experimental data follow closely the Vogel-Fulcher 

relation (߱ ൌ ߱଴ ൈ ݁ି ಶೌ಼ಳሺ೅೒ష೅బሻ , where ߱  is the measuring frequency, ܧ௔  is the 

activation energy, ܭ஻ is the Boltzmann constant, ௚ܶ is the measured glass transition 

temperature at certain measuring frequency, and ଴ܶ  is the ideal glass transition 

temperature), indicating clearly a glass transition behavior [18,34]. 

To determine the crystal structures of the strain glass state (e.g., R or B19′ strain 

glass), electrical resistivity (ER) measurements are carried out by taking advantage of 

the sensitive and opposite dependence of the resistivity of the R and B19′ phases on 

temperature. From previous studies, we know that ER increases accompanying the B2 

to R transition [51], while ER decreases accompanying the B2 to B19′ and R to B19′ 

transitions [21,49]. As shown in Fig. 2 (on the right axis), two extrema (i.e., local 
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minimum, Tρmin, and local maximum, Tρmax) appear in the temperature vs. relative ER 

curve of the samples with εp=27%. Within the temperature range between Tρmin and 

Tρmax the ER shows a slight increase upon cooling, which could correspond to the 

appearances and growth of R nanodomains. On the other hand, the gradual decrease 

of ER below Tρmax could indicate the appearance and growth of B19′ nanodomains. 

Thus, the storage modulus softening below Tg and the gradual decrease of ER below 

Tρmax in Fig. 2 are consistent, which suggests a strain glass transition with local B19′ 

structure.  

Direct observations of the microstructures of the strain glass state at different 

temperatures are made using in-situ cooling TEM for the samples with εp = 27% in a 

temperature range between 298K and 96K. At 298K (RT), the diffraction pattern (Fig. 

3a) shows diffuse scatterings concentrated near 1/2(011)B2 and 1/3(011)B2 along with 

primary B2 reflections. This indicates the co-existence of local R and B19′ structures 

in the matrix, while the average structure remains B2. The concentrated diffuse 

scatterings become stronger during cooling. More interesting observations come from 

the corresponding temperature-dependent in-situ dark field images (DFI) of the 

superreflections indicated in Figs. 3(a) - (d), which reveal nano-sized B19′ and R local 

regions below 10 nm. With decreasing temperature (Figs. 3(a′) - (d′)), the R-like 

nanodomains grow in size and numbers, but start disappearing below Tg, indicating 

transitions from B2 to R to B19′ at nanoscale. On the other hand, as shown in Figs. 

3(a′′) - (d′′), the B19′ like nanodomains grow continuously during cooling till Tg 

below which these nanodomains are frozen without evolving into internally twined 

B19′ martensitic plates with long-range strain order (i.e., strain crystal). 

Because of their drastically different transition characteristics (i.e., broadly 

smeared and continuous) as compared to that of MTs (sharp and discontinuous), strain 

glass systems have some unprecedented properties. As shown in Fig. 4 (a), the B19′ 

strain glass has a quasi-linear superelasticity with a large recoverable strain of ~ 4%, a 

small hysteresis and a high strength of ~1.0GPa over a wide temperature ~200K (from 

323K to 123K). The tensile stress-strain curves were obtained at different 
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temperatures with a constant strain rate of 0.005min-1. The curves at different 

temperatures are shifted horizontally for a better display. Figure 4 (b) shows the size 

of the stress-strain hysteresis loops calculated by integrating the areas within the loops. 

All the hysteresis loops are rather small within the measured temperature range and 

decrease upon cooling. Figure 4(c) shows that the apparent elastic modulus (which is 

calculated by ܧ ൌ σబ.మ% ଴.ଶ% ) will first decrease and then increase upon cooling which is 

consistent with the DMA results shown in Fig. 2. The change of the elastic modulus is 

related to the change of the amount of interfaces between martensite and austenite 

during the strain glass transition [38]. Note that all the stress-strain results are 

obtained after one pre-straining cycle to eliminate the unrecoverable strain at different 

temperatures. A load cycling test was carried out at room temperature to examine the 

functional fatigue behavior, as shown in Figure 4(d) and (e). A large open-loop strain 

was observed only at the first cycle. Then a stable strain state was reached after tens 

of cycles and large recoverable strain (~4%) remains after 30 cycles. 

Structural glass describes a disordered arrangement of atoms, while strain glass 

describes a disordered arrangement of transformation strains. Strain glass is a 

conjugate state of strain crystal where the transformation strains are arranged with 

long-range order. Previous simulations have demonstrated the importance of defect 

strength [42] and elastic anisotropy (i.e., long range interaction) [43] on strain glass 

transitions. In the case of point defect doped TiNi SMAs, only the R strain glass state 

can be created due to the relatively small lattice distortion caused by the point defects. 

The current study suggests that defects of much higher strength (such as dislocations 

generated by cold rolling) become necessary to create a B19′ strain glass that has a 

much larger transformation strain. 

Based on the above experimental observations (including the in-situ dark field 

image shown in Fig. 3), schematic drawings of microstructural evolution as well as the 

free energy curves for the two cases with εp = 0% and εp = 27% are made and shown in 

Fig. 5. In the solution treated samples without cold work (i.e., εp = 0%), normal B2 to 

B19′ MT takes place and multiple martensitic variants arrange into a long-range 
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ordered twin structure upon cooling (Fig. 5 (a2)) and a de-twinned single domain 

structure upon loading (Fig. 5(a3)). During cold work, high densities of defects (e.g., 

dislocations) are generated [52]. The local stress fields associated with these defects 

will tilt the free energy landscape and either induce or suppress the formation of certain 

martensitic variants. When the amount of cold work exceeds a critical level (e.g., εp 

≥27%), due to the confinement of densely populated extended defects, nanodomains of 

martensite with short-range strain order are stabilized at low temperatures and cannot 

evolve into long-range ordered strain domains (Fig. 5 (b1) and (b2)). Thus, in contrast 

to the normal internally twinned (i.e., long-range ordered) martensitic structure, a B19′ 

strain glass state, consisting of nanodomains of different B19’ martensitic variants 

randomly embedded in the B2 matrix (i.e., without any long-range correlations), is 

formed. 

Thus, cold rolling creates a broad spectrum of defects that induce martensitic 

embryos with a broad spectrum of maturities and thus different local Ms for 

temperature-induced MT (see Fig. 5(b1� and b2�)) or different critical stress for 

stress-induced MT at different locations (see Fig. 5(b3�)).  Defects with the highest 

potency will induce martensitic domains at the highest temperature, as shown in Fig. 

5(b1), and the free energy curves of local regions with such defects are illustrated by the 

dark green and dark red curves in Fig. 5(b1�). Because of the confinement from the 

surrounding regions where the potency of the defects is low and thus A is stable (see the 

free energy curve with light green and light red in Fig. 5(b1�)), the martensitic domain 

size is limited to small size.  Upon cooling, there will be continued formation and 

limited growth of “nano martensite” (see Fig. 5 (b2)).  

During loading, certain martensitic domains favored by the local stresses of 

defects but unfavored by the external loading (green color) will shrink and disappear, 

while those favored by both internal defects and external load (red color) will grow, as 

shown in Fig. 5 (b3) and corresponding free energy curves in Fig. 5(b3′). Upon 

heating or unloading, the local stress fields associated with the defects that favor 

different martensitic variant at different locations will restore gradually the original 
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structural states without the need for nucleating new martensitic domains, leading to 

slim hysteresis.  

In summary, the first B19′ strain glass is discovered in a cold rolled Ti49.2Ni50.8 

system, which has shown mechanical properties including quasi-linear superelasticity 

with large recoverable strain (~4%) and slim hysteresis and high strength (~1GPa) 

over a wide temperature range (~200K). The defect structures generated by cold 

rolling induce B19′ martensitic embryos of widespread maturities that regulate the 

nucleation process of B19′ martensitic domains during both forward and backward 

transformations. In the meantime, the defects impose effectively nano-confinements 

that regulate the growth process of the B19′ martensitic domains (suppressing the 

autocatalysis effect). These combined effects convert a typically sharp, discontinuous 

first-order MT into a strain glass transition, which is responsible for all the 

unprecedented properties of the system. 
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Figure Captions 

Figure 1 (a) The change in entropy of transition for samples having different amounts 

of cold work εp, inset describes the DSC results with εp from 0% to 70% upon cooling. 

(b) DSC results with εp =27% show no obvious endothermic and exothermic peak, the 

inset shows in-situ XRD results indicating that the sample maintains a B2 structure 

upon cooling.  

Figure 2 DMA measurements of frequency-dependence of storage modulus (left axis) 

upon cooling for Ti49.2Ni50.8 with εp = 27% (a), εp = 40% (b) and εp = 70% (c). The 

inset shows the Vogel-Fulcher fitting results of Tg (storage modulus dip temperature) 

and T0 is the ideal glass frozen temperature. The normalized (at 298K) electrical 

resistivity curves (for cooling) of Ti49.2Ni50.8 with εp = 27% are also shown in (a) 

(right axis). The arrows indicate temperatures at which the electrical resistivity 

reaches the extremum points, i.e., local minimum (Tρmin) and local maximum (Tρmax), 

respectively.  

Figure 3 TEM dark-field images and the corresponding diffraction patterns of 

Ti49.2Ni50.8 cold-rolled down to a thickness reduction of 27%: (a), (a′) and (a′′) at 

T=298 K > Tg; (b), (b′) and (b′′) at T=243K ~ Tg; (c), (c′) and (c′′) at T=193K < Tg; (d), 

(d′) and (d′′) at T=96K. The zone axis is [111]B2. 

Figure 4 (a) Stress-Strain curves at different temperatures, which were performed 

under tensile test with strain control . The curves of different temperature are shown 

horizontally for a better exhibition. (b) Temperature dependence of stress hysteresis. 

(c) temperature dependence of elastic modulus obtained at different temperatures for 

Ti49.2Ni50.8 with εp=27%. (d) 30 times tensile Cycling test isothermally at room 

temperature for Ti49.2Ni50.8 with εp=27%; and (e) the evolution of maximum strain and 
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residual strain under cycling test. 

Figure 5 Schematic drawing of microstructure evolution and the associated free 

energy curves at εp=0 (a1- a3′) and at εp=27% (b1 – b3′) upon cooling and loading. 

(a1) and (a1′), microstructure and free energy curve at high temperature (HT) where 

the austenite is stable. (a2) and (a2′), microstructure and free energy curve at low 

temperature (LT) where martensite (both variants M1 and M2) is stable. (a3) and (a3′), 

microstructure and free energy curve under loading where a single martensitic variant 

(M2) is stable. (b1) and (b1′), microstructure and free energy curve at high 

temperature (HT) with randomly distributed martensitic domains (small volume 

fraction). (b2) and (b2′), microstructure and free energy curve at high temperature (LT) 

with randomly distributed martensitic domains (large volume fraction). (b3) and (b3′), 

microstructure and free energy curve under loading with the external load favoring 

one of the martensitic variants. Free energy curves with different colors describe 

different local regions experiencing different stresses. The green and red arrows in 

(b1′) through (b3′) indicate an increase in the local stress.  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 

 


