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Abstract 

The temperature dependence of elastocaloric cooling properties of a NiTi alloy 

with a grain size gradient, which was obtained by cold rolling and subsequent laser 

surface annealing, was evaluated and compared with those of coarse-grained and as-

rolled NiTi. Results show that the adiabatic temperature change (|∆Tad|) and cooling 

efficiency of the gradient-structured NiTi are significantly enhanced over a wider 

temperature span (Tspan), making it a superior elastocaloric refrigerant candidate. 

Detailed analyses show that while the fine grains present in the core reduce the global 

martensitic autocatalytic nucleation potency and increase strength to broaden Tspan, the 

coarser grains near the surfaces accommodate interlayer deformation to improve 

|∆Tad| . The work provides a method for overcoming the trade-off between cooling 

capacity and service temperature span of elastocaloric materials. 
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Superelastic NiTi is a leading candidate for solid-state refrigerant applications, 

wherein the elastocaloric cooling, associated with the latent heat of stress-induced 

martensitic transformation (MT), is exploited [1-3]. In a number of potential application 

scenarios (such as deep sea or outer space applications) [4], it becomes mandatory for 

the NiTi refrigerant to continue showing large adiabatic temperature changes (|∆Tad|) 

over a broad temperature span (Tspan). However, the currently-available NiTi, with the 

typical first-order MT, exhibits, in general, an acceptable |∆Tad| only within a narrow 

Tspan (tens of Kelvin) [5, 6], which limits the incorporation of NiTi into wider industrial 

applications.  

Several efforts have been made to expand Tspan of NiTi-based caloric materials by 

tailoring the sharp MT toward a diffuse one through composition or microstructural 

engineering. However, this is often accomplished at the expense of |∆Tad| [5, 7-11], as 

there is a trade-off between Tspan and |∆Tad| [1, 5, 12]. Thus, simultaneously achieving 

large |∆Tad| and wide Tspan in NiTi remains a challenge. Recent research has shown 

that grain size affects both Tspan and |∆Tad| significantly [5, 6, 12, 13]; while |∆Tad| 

increases with the grain size, Tspan decreases. Specifically, large |∆Tad| and wide Tspan 

are often observed only in the freestanding coarse- and fine-grained NiTi, respectively. 

On this basis, it is reasonable to conjecture that structural components with graded grain 

sizes could offer both wide Tspan and large |∆Tad| in NiTi [14, 15].  
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In our recent work [14, 16, 17], we fabricated a gradient-structured (GS) NiTi with 

a nanocrystalline core sandwiched between two coarse-grained laminates. This was 

accomplished by laser surface annealing on the NiTi strips that were severely-deformed 

a priori. We demonstrated, via experiments and simulations, that the gradient structure 

is beneficial to increase the cooling potential of NiTi at room temperature. In the current 

study, the elastocaloric cooling performance of GS NiTi is evaluated over the 

temperature range of -60 to 140 ℃ and compared to those of as-rolled (AR) and coarse-

grained (CG) NiTi. 

The processing steps involved in fabricating GS NiTi are detailed in [14]. They are 

summarized here. The as-received 1.5-mm-thick Ni50.8Ti49.2 (at.%) sheets were first 

homogenized at 800 ℃ for 1 h and then were repeatedly cold rolled to achieve a final 

thickness of ~ 1.0 mm (1/3 thickness reduction). After polishing the as-rolled sheets, 

laser surface annealing was performed (using a Renishaw AM250 device) on their 

upper and lower surfaces to introduce gradient microstructures. A laser power of 100 

W, scanning speed of 1000 mm s-1, and hatch spacing of 30 μm were used. For 

comparison, the properties of AR NiTi and its uniformly annealed (at 500 ℃ for 380 s) 

counterpart with coarse grains were also studied. Transmission electron microscope 

(TEM, JEM-2100F) and in-situ cooling X-ray diffraction (XRD) using a Rigaku 

Smartlab 9 kW diffractometer were employed to characterize microstructures. The 

TEM foils were prepared by twin-jet electro-polishing, and the X-rays were projected 

onto the upper surface of the sheets. Tensile specimens with a gauge section of ~ 20 × 

3 × 1 mm3 in dimension were cut from the prepared sheets along the rolling direction 
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and then were tested using a universal testing machine (Shimazu, AG-X) equipped with 

a thermostatic chamber. The temperature changes were monitored by using the T-type 

thermocouple wires welded on the surface of specimens under a recording frequency 

of 100 Hz, and elastocaloric cooling performances were investigated at different 

ambient temperatures from -60 to 140 ℃.  

Microstructural details of AR, CG, and GS NiTi are already presented in [12, 14]. 

For completeness, they are summarized here. The bright-field TEM micrograph (Fig. 

1a) and the selected-area electron diffraction (SAED) pattern suggest that AR NiTi is 

composed of nanosized crystals (i.e., austenite B2 and martensite B19ʹ with a mean 

grain size of ~ 12 nm) embedded within an amorphous phase, resulting from severe 

plastic deformation [14, 18]. High-resolution TEM (Fig. 1b) and the corresponding fast 

Fourier transform images (the three insets in Fig. 1b) further confirm the coexistence 

of these phases. After uniform annealing, devitrification, recovery and recrystallization 

occur in the AR matrix, resulting in a relatively coarse-grained (CG) austenitic structure 

with an average diameter of 75 nm (Figs. 1c and d). Representative microstructures at 

various depths of GS NiTi, with the corresponding SAED patterns, are shown in Fig. 

1e. The average grain sizes decrease markedly from ~ 110 nm at the near topmost 

surface to ~ 12 nm at the 300-μm-deep layer. These microstructural changes are 

accompanied by the SAED patterns becoming gradually continuous [14]. 
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Fig. 1. Results of microstructural characterization for (a) - (b) as-rolled (AR), (c) - (d) coarse-grained 

(CG) and (e) gradient-structured (GS) NiTi observed at room temperature (~ 25 ℃).  

 

The room temperature tensile stress-strain response of GS NiTi is compared with 

those of AR and CG NiTi in Fig. 2a. While GS NiTi exhibits a moderately hardening-

type phase transformation behavior, AR and CG NiTi exhibit quasi-linear (indicating 

its brittleness) and the plateau-type superelastic responses, respectively. Figure 2b 

shows the representative full-field strain patterns of longitudinal deformation within 

them during loading and unloading. While the CG NiTi exhibits localized MT with 

Lüders bands, both AR and GS NiTi exhibit a rather uniform deformation [19, 20]. The 

findings confirm that the fine and coarse grains in GS NiTi act synergistically, resulting 

in the observed characteristics of MT.  
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Fig. 2. (a) Isothermal stress-strain curves and (b) representative full-field longitudinal strain patterns of 

as-rolled (AR), coarse-grained (CG) and gradient-structured (GS) NiTi at room temperature (~ 25 ℃). 

 

Next, we study the temperature dependence of elastocaloric properties of AR, CG 

and GS NiTi upon isothermal loading (1 × 10-4 s-1) to a pre-designated strain (εmax = 
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3.5% for both CG and GS NiTi) and then rapid unloading (5 × 10-2 s-1) to approach the 

adiabatic condition in an approximate manner. Since AR NiTi is not ductile, a εmax = 

2.5% was used to prevent any possible damage; full recovery was observed over the 

entire measured temperature range owing to its thermodynamic stability [5, 21] (Fig. 

3a). By contrast, the superelasticity of CG NiTi is restricted within a narrow Tspan (40 < 

T < 80 ℃); in it nonrecoverability increases with decreasing T due to the instability of 

the B2 phase at lower T while plastic deformation from dislocation slip emerges at T = 

100 ℃ and failure soon ensues (T = 120 ℃) upon further heating. In contrast, GS NiTi 

inherits the high thermodynamic stability from its fine-grained microstructural 

constituents and thus exhibits a good superelasticity over a wide Tspan from -20 to 100 ℃. 

The variations in the forward transformation stress (σtr) of AR, CG and GS NiTi 

are plotted as a function T in Fig. 3b. All the σtr-T curves follow the Clausius-Clapeyron 

relationship. The estimated dσtr/dT of 1.15 MPa/℃ in AR NiTi suggests a sluggish MT 

in it. In comparison, GS NiTi has a relatively mild MT (dσtr/dT = 5.02 MPa/℃), which 

is marginally smaller than that noted for CG NiTi (dσtr/dT = 6.51 MPa/℃). The 

temperature dependence of the degree of superelasticity in the three microstructures is 

illustrated through Figs. 3c and d. It is found that GS NiTi maintains small residual 

strain (εr) and low stress hysteresis (σhy) over a wider T in contrast to CG NiTi that 

exhibits poor recoverability and structural stability. While negligible εr and small σhy 

are observed in AR NiTi, its limited ductility and the resultant weak caloric effect 

(Supplementary Fig. S1) would be detrimental in practical applications.  
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The superelastic temperature window of NiTi is mainly governed by both the 

critical stress for the initiation of dislocation slip (upper bound) and the thermal stability 

of the B2 phase (lower bound) [22, 23]. In general, a higher yield strength (σy) and a 

lower thermal sensitivity of MT (dσtr/dT) contribute to a wider superelastic window [23, 

24]. The increased σy due to the Hall-Petch effect [25] and the reduced dσtr/dT (i.e., the 

elevated MT barrier) caused by grain refinement [26, 27] are responsible for the broader 

superelastic Tspan in AR NiTi relative to that of CG NiTi (Figs. 3a and b). For GS NiTi, 

the abundance of grain boundaries (GBs) in the fine-grained core, inherited from the 

severe cold rolling, inhibits the thermally induced MT due to the significantly increased 

transformation energy barrier [27, 28]. Simultaneously, GBs improve σy through the 

grain boundary strengthening mechanism [25, 29, 30]. As a result, greater global 

undercooling (lower bound) is required for martensitic autocatalytic nucleation in 

coarse-grained regions of GS NiTi for satisfying deformation accommodation of 

neighboring heterogeneous regions. Dislocation plasticity is prevented even at high 

temperatures (upper bound), thereby expanding superelastic Tspan of GS NiTi. Since the 

superelasticity and the elastocaloric effect share the same physical basis (i.e., stress-

induced MT) [1, 31], a large |∆Tad| is retained over a wide Tspan in GS NiTi. 

In GS NiTi, ΔTad varies from -4.55 to -9.78 °C, over a T of -40 and 140 °C, for an 

εmax of 3.5% (Fig. 3e). It is found that the absolute value of ΔTad first increases and then 

decreases as T rises, because the residual deformation is reduced whereas the critical 

MT stress is elevated with increasing T (Fig. 3a). To evaluate the refrigeration potential 

of GS NiTi, we compare its cooling performance with that of AR and CG NiTi, as 
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shown in Figs. 3f - h. As the combined consequence of transformation hysteresis and 

plastic work [6, 32, 33], the energy dissipation ΔW (i.e., the hysteresis loop area as 

defined in Fig. 3a) of the alloy in all the three microstructural conditions shows strong 

temperature dependence. Notably, ΔW of GS NiTi is always far lower than that of CG 

NiTi over the entire T window examined, and a 65% reduction in ΔW is observed at T 

= 0 °C. A homogeneous and stabilized MT (Fig. 2b) coupled with an improved matrix 

strength (Fig. 3a) contribute to the lower ΔW in GS NiTi relative to CG NiTi [12, 33, 

34]. An extremely low ΔW of AR NiTi is due to the small deformation (εmax = 2.5%) 

and the near-linear mechanical response (Fig. 3a). 

To directly measure the refrigeration capacity of NiTi in the three microstructural 

states, |∆Tad| (caused by latent heat absorption) is plotted as a function of T in Fig. 3g. 

|∆Tad|  of CG NiTi precipitously reduces with decreasing T, due to thermodynamic 

instability of B2. It also suffers from high-temperature plasticity and failure. These 

features are typical of the elastocaloric effect occurring over a narrow Tspan of NiTi with 

characteristic first-order MT. A broadened Tspan coupled with diminished ΔW in AR 

NiTi results in a poor |∆Tad| (Fig. 3g). These findings further confirm the trade-off 

between Tspan and |∆Tad|  in conventional NiTi. In GS NiTi, however, these two 

conflicting cooling metrics are reconciled: |∆Tad| is improved by as much as 160% 

while Tspan is twice that of CG NiTi. The large |∆Tad| of GS NiTi is mainly attributed 

to the gradient structure effect [14, 16, 17], where the mechanical incompatibility and 

the resultant deformation accommodation among heterogeneous domains enable a 

strong caloric effect. The material’s coefficient of performance (COPmat), computed 



10 
 

from the ratio of หCp∆Tadห (Cp: specific heat capacity) to ΔW [15], is a parameter that 

can be used to evaluate its cooling efficiency. As seen from Fig. 3h, the GS NiTi exhibits 

a multifold increase (up to 588%) in COPmat over a wide Tspan, as compared to CG NiTi. 

Besides, the functional fatigue performance of GS NiTi is also far superior to that of 

CG NiTi (Fig. S2). 
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Fig. 3. A comparison of temperature-dependent elastocaloric cooling performances among AR, CG and 

GS NiTi. (a) Stress-strain curves upon isothermal loading and adiabatic unloading, and the corresponding 

(b) critical forward transformation stress, (c) residual strain and (d) stress hysteresis. (e) Evolution of the 

average temperature change of the GS NiTi over a wide temperature range. Variations of (f) energy 

dissipation, (g) cooling temperature drop and (h) coefficient of performance with testing temperatures.  
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The physical origin of the above temperature-dependent elastocaloric properties is 

further elucidated by examining the thermally induced structural change through XRD 

performed at different T. The XRD spectra obtained from -60 to 100 °C are shown in 

Fig. 4. For AR NiTi, the intensities of the diffraction peaks belonging to the B2 and 

B19ʹ phases remain nearly-invariant in the cooling process, which confirms the 

suppression of thermally induced MT. It also accounts for the thermodynamic stability 

of elastocaloric effect in it (Fig. 3g). On the contrary, the (110)B2 diffraction peak of CG 

NiTi gradually splits into (112ത)R and (300)R peaks of the R phase with cooling. Besides 

the emergence of (103)B19ʹ, the existence of the R phase generated by the assistance of 

dislocations, rather than precipitates (Fig. 1c and d) [35-37], is also confirmed in the 

stress-strain curves with a ‘knee point’ (σ ~ 60 MPa) observed during loading (Fig. 3a). 

It should be noted that the observed R phase is a cooling-induced intermediate phase 

between austenite and martensite, and does not exist in the initial material around room 

temperature (Fig. S3). The high temperature sensitivity of the crystal structure of CG 

NiTi, which degrades the reverse MT and thus latent heat absorption, provides a direct 

rationale for |∆Tad|  being limited to a narrow Tspan in it. By comparison, only the 

diffraction peaks of B2 are detected in GS NiTi over the entire testing temperature range. 

Such high stability, which stems from the unique gradient structure, makes GS NiTi a 

superior refrigerant candidate (Fig. 5).  
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Fig. 4. Temperature dependence of XRD spectra of AR, CG and GS NiTi. 

 

 
Fig. 5. A comparison of the cooling temperature drop |∆Tad| as a function of the ambient temperature T 

for the GS NiTi and other reported solid-state caloric materials [8, 13, 38-43].  

 

In summary, NiTi with a gradient in the grain structure that was developed by cold 

rolling and laser surface annealing exhibits large cooling capacity (|∆Tad|) over a wide 

service temperature span (Tspan). The GS NiTi consists of a nanocrystalline core 

sandwiched by two coarse-grained layers with gradually changing grain sizes from ~12 

to 110 nm, and thus exhibits a stable and mild martensitic transformation. Consequently, 

compared to the conventional coarse-grained NiTi with typical first-order phase 
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transformation characteristics, GS NiTi shows a substantially larger Tspan and |∆Tad|, 

the combination of which results in a multifold increase in the cooling efficiency. We 

attribute the outstanding elastocaloric properties to the gradient structure effect, where 

the fine grains diminish the global martensitic autocatalytic nucleation potency and 

simultaneously increase strength to widen Tspan, while the coarse grains activate and 

accommodate deformation to enhance |∆Tad| . The work demonstrates a potential 

strategy to reconcile wide Tspan and large |∆Tad|  of the NiTi refrigerant for green 

elastocaloric cooling, which might inspire the discovery of superior cooling properties 

in a wide range of ferroelastic materials.  
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