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Abstract 

Shape memory alloys (SMAs) have been demonstrated as effective phase change materials (PCMs) for 

thermal energy storage (TES) applications. NiTi and NiTiHf SMAs have shown high TES performance, as 

quantified by PCM figure of merit (FOM) but their use in applications requiring narrow operation 

temperature windows is limited by large overall phase transformation ranges (OTR). This work investigates 

NiTiCu SMAs as PCMs with high FOM and low OTR. A full-factorial design of experiments is used to 

examine 24 NiTiCu compositions. The compositions were fabricated using vacuum arc melting and their 

phase transformation and thermophysical properties were characterized using calorimetry, thermal 

diffusivity, and density measurements. The NiTiCu compositions spanned martensitic transformation 

temperatures between -22 °C and 84 °C and exhibited greater FOM (250-1050 106J2K-1s-1m-4), compared 

to traditional PCMs (typically <100 106J2K-1s-1m-4), with major benefits associated with higher density and 

higher thermal conductivity values. In addition, the NiTiCu compositions in this study show ultra-low OTR 

(12-20 °C) compared to NiTi and NiTiHf SMAs (>50 °C), enabling utility in narrow operating temperature 

windows. Thermal cycling was also performed revealing extreme stability of martensitic transformation 

with only 0.04 °C shift in transformation temperatures after 80 thermal cycles, which is the lowest reported 

to date in SMA literature.  

 

Keywords: Shape Memory Alloys; Thermal Energy Storage; Cyclic Stability; Phase Change Materials; Thermal 

Conductivity. 
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1. Introduction 

Shape memory alloys (SMAs) have recently been demonstrated as effective solid-to-solid phase change 

materials (PCMs) in thermal energy storage (TES) and thermal management applications [1-3]. The 

endothermic reverse martensitic transformation of SMAs allows them to function similarly to traditional 

solid-to-liquid PCMs, absorbing large amounts of heat while maintaining nearly constant temperature. This 

is demonstrated in Fig. 1 which depicts a characteristic heat flow vs. temperature curve of a PCM 

undergoing melting and recrystallization, or equivalently, an SMA undergoing reverse and forward 

martensitic phase transformation in an example thermal management application (e.g., an electronic chip). 

At Step 1, the system operates at steady state, with the waste heat from the electronic chip being dissipated 

by conduction through the PCM/SMA and subsequently by convection to the surrounding air. When the 

power supplied to the chip is increased during Step 2, heat flow into the PCM/SMA is increased, causing 

it to undergo sensible heating. At the beginning of Step 3, the PCM reaches its melting onset temperature 

(austenite start temperature – As – for SMAs) and the rate of the temperature increase decreases significantly 

due to the latent heat absorbed by the PCM (often referred to as transformation enthalpy within the context 

of SMAs). As the PCM continues to absorb heat from the electronic chip, its temperature remains relatively 

constant until the latent heat is exhausted and the melting endpoint temperature (austenite finish temperature 

– Af – for SMAs) is reached. At this point, a traditional PCM is fully in the liquid phase, and a SMA is fully 

in the austenite phase. During Step 4, the power supplied to the chip is reduced to its baseline level, allowing 

the PCM/SMA to cool sensibly until it reaches its crystallization onset temperature (martensite start 

temperature – Ms – for SMAs). As the PCM continues to transfer its stored thermal energy to the 

surroundings, it reaches its crystallization endpoint temperature (martensite finish temperature – Mf – for 

SMAs), “resetting” the phase transformation. At this point, a traditional PCM has fully transformed back 

to the solid phase, and an SMA has fully transformed back to the martensite phase. The chip can then 

operate at steady state until high-power operation is again needed, at which time the cycle is repeated. In 

this way, PCM/SMAs can be used to reduce maximum temperatures experienced during power spikes as 

shown in the inset in the corner of Fig. 1, and as demonstrated experimentally by Sharar et al. [1]. 

Traditional organic and inorganic PCMs have been used in many TES and thermal management 

applications including building temperature regulation, solar air and water heating systems, battery thermal 

management, space applications, and microelectronic thermal management [4-7]. The viability of PCMs in 

the aforementioned applications is due to low-cost, high thermal capacitance, and thermal energy storage 

with minimal weight and volume [8]. In an example application with a produced thermal energy of 225 kJ, 

a 1 kg aluminum heat sink would be heated by 250 °C to absorb the heat through sensible heating, whereas 

1 kg of 1-Octadecanol (a traditional organic PCM with a heat of fusion of 225 kJkg-1 and a melting 
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temperature of ~58 °C) or paraffin (with a heat of fusion of 200 kJkg-1 and a melting temperature of ~130 

°C)) could be heated sensibly and then melted to absorb the remaining heat through an endothermic phase 

change [2].  Despite the many uses of traditional PCMs, low thermal conductivity, typically ranging from 

0.1 to 0.7 Wm-1K-1 [9], limits their use in applications where fast transient thermal transport is required (for 

example, microelectronic thermal management as depicted in Fig. 1). By comparison, SMAs have thermal 

conductivity values 1-2 orders of magnitude greater than traditional PCMs, with values ranging from 12-

18 Wm-1K-1 [2, 10, 11], making them good candidates for such applications.  

In order to identify the optimal PCM for fast transient thermal management applications, Lu [12] derived a 

figure of merit (FOM) criterion, which solves the Neumann-Stefan problem for melting of a semi-infinite 

material, quantifying the ability of a PCM to absorb a heat pulse as FOM = 𝜌 ∙ 𝐿 ∙ 𝑘, where k is the thermal 

conductivity, L is the latent heat of transformation, and ρ is the density of the high temperature phase 

(austenite or liquid) (see also Shamberger [13] and Shao et al. [14]). A high value of FOM is desirable for 

PCMs because it represents a material's ability to rapidly store and release large quantities of thermal energy 

in a small volume. ρ·L defines the volumetric energy storage capacity, while k determines the rate at which 

thermal energy can travel from the heat source, through the transformed material, i.e., austenite, to the phase 

front within the PCM. FOM applies to any material exhibiting endothermic phase transitions upon heating 

and has recently been used to demonstrate the superiority of SMAs for high power (or short time-response) 

thermal energy storage applications. While typically not explicitly reported, these material properties are 

important in standard use cases of materials exhibiting reversible martensitic transformations (such as 

shape memory actuation and elastocaloric cooling). Optimization for these uses requires careful 

consideration of thermal conductivity and heat capacity to control work input, cooling work, and thermal 

time constant. Therefore, FOM and constituent properties are good indicators of the behavior of materials 

exhibiting reversible martensitic transformations.  

It has been shown that NiTi [1] and NiTiHf [3] SMAs, in part due to their relatively high thermal 

conductivities, have FOM values an order of magnitude greater than those of traditional PCMs, making 

SMAs preferable in high-heat flux thermal management and thermal storage applications. Furthermore, in 

contrast to traditional PCMs such as salt hydrates, polymers, paraffin, and other organics, SMAs remain 

solid throughout their transformation, eliminating the need for fluid containment as is necessary for 

traditional solid-to-liquid PCMs. In recent works, the thermal conductivities of traditional PCMs have been 

increased by adding a conductive dispersed phase [15-18], however the FOM values of these composite 

PCMs are typically less than 800 106J2K-1s-1m-4[15-18] compared to SMAs which have FOM values ranging 

up to 3200 106J2K-1s-1m-4[1-3]. The implementation of composite PCMs is further hindered by difficult 

fabrication procedures and the need for containment of the liquid phase which adds size and weight to the 
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system which does not directly contribute to the thermal energy storage process. Traditional solid-to-solid 

PCMs show even lower FOM values, typically less than 140 106J2K-1s-1m-4[9]. 

Despite the advantages provided by the high FOM values and solid-to-solid transformations of NiTi and 

NiTiHf SMAs, both alloys have large overall transformation range (OTR, calculated by Af-Mf) in excess 

of 50 °C, excluding them from some applications [3, 19]. As an example, some solid-state lasers may be 

limited to operation temperature ranges as narrow as 10 °C, and therefore corresponding PCM thermal 

management solutions must undergo full forward and reverse transformations within these narrow 

temperature windows [20]. Solid-to-solid PCMs can also be used as energy harvesters from low-grade heat 

sources (hot-side temperature <50 °C) where current thermal energy harvesting technologies, primarily 

thermoelectric generators, have too low of efficiency to be cost-effective. SMAs with low transformation 

temperatures and OTR can efficiently harness the abundant low temperature gradients (<10 °C), thereby, 

opening the possibility to implement self-powered sensors in variety of scenarios [21]. Regardless of 

application temperature range requirements, lower OTRs in PCMs are preferable because they allow for 

increased thermal cycling frequency and therefore a higher number of heat pulses can be absorbed within 

a given length of time. Low OTRs are especially important in SMAs in thermal cycling applications, as 

observed latent heat is maximized with complete austenite and martensite transformation. Furthermore, the 

temperature memory of SMAs degrades with partial cycling, which could lead the operating temperature 

of the SMA to shift outside of the objective temperature range [22, 23]. Thus, to optimize an SMA for 

thermal storage and management applications, minimization of the OTR is necessary to ensure 

transformation is completed within the application temperature constraints. Therefore, an evaluation of the 

material parameters affecting OTR and transformation temperatures is needed.  

While OTR in SMAs is a function of frictional resistance to interfacial motion similar to thermal hysteresis, 

it is also a function of the elastic strain energy stored during martensitic transformation and its dissipation 

[24]. By reducing the density of defects in an SMA, the frictional resistance to motion of transforming 

phases can be decreased. To minimize the dissipation of the stored elastic strain energy, the crystallographic 

compatibility between martensite and austenite phases must be improved [25]. Based on the geometric 

nonlinear theory of martensite, crystallographic compatibility can be qualitatively described by the middle 

eigenvalue (λ2) of the transformation stretch tensor between austenite and martensite lattices. The closer λ2 

is to a value of 1, the better the compatibility between the austenite-martensite interfaces during 

transformation and thus the lower chance of defect formation [25-30]. Finally, reducing the amount of 

stored elastic strain energy can be accomplished by reducing defect density and precipitate coherency 

strains [24]. In the absence of defects such as dislocations and precipitates, martensitic transformation is 

nucleation controlled, propagating instantly through the material upon reaching critical nuclei size [31]. 
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Chemical homogeneity throughout a sample is also important as the transformation temperatures are 

sensitive to small changes in composition [19]. Chemical homogeneity will ensure the martensitic 

transformation to occur at a given temperature simultaneously throughout the entirety of the material within 

a narrow temperature range. 

In NiTi-based SMAs, Cu, Pd, Au, and Cr elemental additions can result in a smaller OTR than other NiTi-

based SMAs [25, 27, 32-37], and of these elemental additions, Cu and Pd have the greatest effect on 

minimizing the OTR [30, 32, 35, 36, 38-40] due to the change in the martensite crystal structure and 

enhanced crystallographic compatibility. However, the composition and processing parameters in a given 

NiTi-X system can greatly affect the observed OTR. These differences can be seen in NiTiCu alloys as 

shown by the adapted DSC plots from literature in Fig. 2A. To further illustrate the effect of composition 

and processing parameters on overall transformation range (OTR) and peak offset, DSC plots of selected 

NiTi, NiTiPd, and NiTiHf SMAs are shown in Fig. 3. The offset of martensite and austenite peaks, 

characterized by As-Ms, and the entire OTR, Af-Mf, is used to determine candidate alloys, shown in Fig. 

2B. The smallest OTRs occur in compositions that are capable of single step B2-B19 phase transformations 

(more commonly reported in NiTiCu and NiTiPd SMAs), rather than B2-B19’ (more commonly reported 

in NiTi and NiTiHf SMAs) or multi-step B2-B19-B19’ phase transformations. To achieve the minimum 

OTR, the ideal SMA would have characteristically sharp martensite and austenite DSC peaks that have 

minimal peak offset, indicating both austenite and martensite phase transformations occur rapidly with 

temperature change and within the same temperature range throughout the sample. According to Fig. 2B, 

the smallest OTR can be achieved by reducing the peak offset through altering composition and processing 

parameters. From Fig. 2B, the candidate alloys are predominately NiTiCu SMA compositions.  

To this end, the present work focuses on determining and optimizing the potential TES capacity of the 

NiTiCu SMA system by synthesizing 24 NiTiCu alloys that have not been systematically studied before, 

changing Ni and Cu content to investigate the effect of composition on martensitic transformation 

temperatures and the OTR in bulk samples. The NiTiCu system has been heavily studied for alloys where 

Ti is near or greater than 50 at. % [30, 41], however, little has been presented for bulk NiTiCu with Ti less 

than 50 at. % [42]. The effect of Ni and Cu concentration on secondary phase formation is also studied here 

to better understand the microstructural evolution and its effects on martensitic transformation, 

thermophysical properties, and PCM performance. In comparison to traditional solid-to-liquid PCMs, solid-

to-solid phase transformations in SMAs with small OTRs will offer a unique solution for TES and thermal 

management applications. 
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2. Experimental Methods: 

The materials with the nominal compositions in Table 1 were fabricated using vacuum arc melting (VAC) 

using high purity raw materials (>99.99%) to create 12 g buttons. The samples were flipped and remelted 

at high current 5 times to ensure homogeneity. The buttons were then sealed in quartz tubes under high 

vacuum, homogenized at 925 °C for 48 h, and air cooled to room temperature. The buttons were then cut 

via wire electrical discharge machining (wire-EDM) to produce 8 mm diameter x 1 mm thick samples for 

thermal diffusivity measurement, and 3 mm diameter x 1 mm thick samples were cut for differential 

scanning calorimetry (DSC) and scanning electron microscopy (SEM). The specimens were polished prior 

to testing and imaging to remove the possible effects of an EDM recast layer. 

A TA Instruments Q2000 differential scanning calorimeter (DSC) was used to determine the stress-free 

phase transformation temperatures of the arc melted buttons (with a temperature precision of ± 0.01 °C). 

The material was thermally cycled 3 times at a heating-cooling rate of 10 °C/min, with selected 

compositions cycled 80 times to determine cyclic stability of the martensitic transformation characteristics. 

Stress-free transformation temperatures were determined from the DSC peaks using the slope line extension 

method as described in ASTM F2004-17 [43]. The latent heat of transformation was also calculated from 

the area under the transformation peaks. The microstructure of the samples was observed using FEI Quanta 

600 FE-SEM with a voltage of 15 kV. Oxford energy dispersive X-ray spectroscopy (EDS) system 

equipped with X-ray mapping and digital imaging was used to determine the composition of the matrix and 

the second phases present in the material.  

Cross-sectional transmission electron microscopy (TEM) samples were prepared using a ThermoFisher 

Helios G4 UX dual-beam focused ion beam-SEM (FIB-SEM). The phases present in each alloy were 

identified using SEM-backscatter imaging and regions containing all visible phases were then lifted out 

using the conventional FIB lift-out technique. TEM characterization was performed using a probe-corrected 

JEOL ARM200F operated at 200 kV and equipped with an Oxford X-Max TLE 100 mm2 windowless EDS 

detector. Specimens were heated in situ in the TEM using a Gatan 652 double-tilt heating stage to transform 

the martensite to austenite since all of the alloys selected were martensite at room temperature.  

Thermal diffusivity was measured using a TA Instruments DXF 200 high-speed Xenon-pulse delivery 

source and solid-state PIN detector, with measurements taken at approximately 25 °C intervals. Specific 

heat capacity measurements were extracted from the DSC heat flow data using the sapphire standard 

method. Finally, thermal conductivity was calculated according to 𝑘(𝑇) =  𝜌 ∙ 𝑐𝑝(𝑇) ∙ 𝛼(𝑇) where k is 

temperature dependent thermal conductivity, ρ is density, cp(T) is temperature dependent specific heat 

capacity, and α(T) is temperature dependent thermal diffusivity. The density of each alloy was determined 
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by Archimedes’ method, using the sample weight in air and submerged in water of a known temperature 

according to the equation 𝜌 = 𝜌𝑤 ∗
𝑤𝑎

𝑤𝑎−𝑤𝑠
 where ρ is the sample density, ρw is the density of water, wa is 

the weight of the sample in air, and ws is the apparent weight of the sample while submerged in water. 
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3. Results  

In order to evaluate the NiTiCu system for various application temperatures, 24 NiTiCu samples were 

synthesized using a full-factorial design of experiments to investigate the combinatorial Ni100-x-yTixCuy (at. 

%) composition space, where x = (40, 42, 44, 46, 48, 50) and y = (20, 22.5, 25, 30). Ti-lean side of the 

stoichiometry was selected for this study as Ti-lean compositions are capable of forming (Cu, Ni)2Ti 

precipitates [44] which, similar to (Ti, Cu)2Ni precipitates, may be exploited to optimize shape memory 

properties such as OTR and cyclic stability [45, 46]. In addition, our recent work on data-driven discovery 

of the lowest transformation hysteresis SMAs under stress, using machine learning and our SMA database, 

demonstrated the Ti-lean NiTiCu SMA compositions to consistently yield very low hysteresis values [47]. 

Therefore, these 24 compositions were selected to systematically study the Ti-lean side of the 

stoichiometry. The compositional space explored in this study is visualized in the ternary diagram in Fig. 

4. The 24 alloys have high Cu content (>20 at. %), where, based on a previous study [48], the expected 

transformation in these alloys is single stage B2 (cubic) to B19 (orthorhombic) martensitic transformation.  

After fabrication and homogenization heat treatment of the 24 NiTiCu samples, the microstructures were 

studied using SEM and TEM. A representative microstructure of NiTiCu samples characterized in this 

study can be seen in Fig. 5. The compositions of the martensitically transforming NiTiCu matrix, (Cu, 

Ni)2Ti and Ti2(Cu, Ni) second phases were confirmed using EDX. Second phase particles were found to 

have an ellipsoid morphology in sizes ranging from a few up to tens of micrometers. The second phase 

(Cu,Ni)2Ti, was only observed in alloys where Ti<50 at. % in agreement with the NiTiCu phase diagram 

[44]. The composition distributions from EDX can be found Figs. 6A and 6B. The EDX Ti content shows 

little variation among the three phases of interest (Fig. 6A). Ni and Cu contents vary with respect to each 

other, and these variations are shown for the transforming matrix and for the second phase (Fig. 6B).  

Three Ti-lean compositions with varying Ni content (i.e., Ni27Ti48Cu25, Ni29Ti46Cu25 and Ni33Ti42Cu25) and 

two equiatomic compositions (i.e., Ni20Ti50Cu30 and Ni30Ti50Ni20) were further studied via TEM imaging, 

selected area diffraction patterns (SADP), scanning TEM (STEM)-EDS and STEM-high angle annular dark 

field (HAADF) imaging. As expected, the NiTiCu matrix was the orthorhombic B19 martensite phase for 

all compositions. Fig. 7A and 7B display the interface between the B19 martensite and the Ti-rich Ti2(Cu, 

Ni) phase in Ni20Ti50Cu30. The B19 phase had a much lower density of twins than what is typically observed 

in B19’ martensite. A periodic array of twins with an average spacing of 700 nm and 286 nm was observed 

for Ni20Ti50Cu30 (Fig. 7D) and Ni27Ti48Cu25 (Fig. 8F), respectively, while in binary NiTi the spacing is 

typically on the order of 10 nm (Fig. 7E). There were no nano-scale precipitates found within the B19 

matrix.  
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All the compositions examined except for the Ni20Ti50Cu30 alloy had a secondary phase Ti2(Cu, Ni) with 

the approximate stoichiometry of Ti6Ni2Cu. This phase has the well-known cubic Ti2Ni crystal structure 

(space group 227: Fd-3m) (Fig. 8E) that is common in Ti-rich NiTi. The fact that this phase had 

approximately the same composition across all the alloys in which it was found indicates that the saturation 

of Cu in the Ti2Ni phase is likely at ~11 at. %. The Ni20Ti50Cu30 alloy also contained a Ti-rich second phase 

but it had a composition of Ti68.6Ni5.8Cu25.6 (at. %) and a tetragonal Ti2Cu crystal structure (space group 

139: I4/mmm) (Fig. 7C). For all compositions, some nano-scale spheroid particles of TiC were observed 

inside of the Ti-rich phases (Fig. 8A and 8B). These particles were likely present as an impurity in the Ti 

used to synthesize these alloys. No coherency or preferred orientation relationship between any of the 

second phases and the B19 matrix (Fig. 8C) were observed. For all alloy compositions with < 50 at. % Ti, 

the second phase with the largest volume fraction was (Cu,Ni)2Ti with a tetragonal crystal structure (space 

group 139: I4/mmm) (Fig. 8D). 

In situ heating of the Ni20Ti50Cu30 (at. %) alloy specimen to 120 °C was performed to characterize the 

NiTiCu in the B2 austenite phase (Fig. 7F). The lattice parameter of the B19 and B2 phases in this alloy 

were measured using selected area diffraction and found to be as a = 2.87 Å, b = 4.20 Å, c = 4.40 Å, and a0 

= 2.96 Å, respectively.  

DSC results of the NiTiCu samples demonstrate clear martensitic transformation peaks (DSC for NixTi75-

xCu25 shown in Fig. 9A) with excellent cyclic stability of transformation (Fig. 9B). After 80 heating-cooling 

cycles, the transformation peaks of Ni29Ti46Cu25 and Ni27Ti48Cu25 each shifted by only 0.04 °C and 0.50 °C, 

respectively (measured at the midpoint of the low-temperature slope of the austenite to martensite peak), 

and the alloys retained 100% of their first-cycle transformation enthalpies. The raw data from the 80-cycle 

DSC measurements is visualized using TA Universal Analysis software in Fig. 10. Fig. 10A demonstrates 

that there is very little temperature shift for Ni29Ti46Cu25 with all cycles falling within a 0.04 °C temperature 

range. Fig. 10B shows a gradual temperature increase from the 1st cycle to the 80th cycle measured in 

Ni27Ti48Cu25, with a 0.50 °C difference between the 1st and 80th cycles. It should be noted that the TA Q2000 

DSC used to obtain these results has a temperature precision of ±0.01 °C, thus some portion of the 

temperature shift at such a fine measurement resolution could be attributed to random measurement error. 

The transformation temperatures Af and Mf are plotted as a function of composition in Fig. 9C and Fig. 9D. 

An initial sharp decrease in transformation temperatures is observed upon decreasing Ti content below 50 

at. %, followed by smooth descent in transformation temperatures with further decrease in Ti content. The 

OTRs of these alloys are plotted in Fig. 9E which shows a sharp increase in OTR occurring when Ni>35 

at. %. The transformation temperatures for the third cycle from each composition can be found in Table 1. 

The latent heat of transformation values for the martensite to austenite transformation (presented in Table 
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1 and plotted in Fig. 11A) were calculated from the area under the DSC peaks and plotted against the area 

fraction of the second phase, as found using backscattered electron (BSE) images of the samples that can 

be seen as insets in Fig. 11. 

Thermal conductivities of the alloys (Cu = 20, 22.5, 25 at. %) measured at approximately 100 °C in the 

austenite phase are plotted as a function of the second phase area fraction in Fig. 11B. In Fig. 13, the 

temperature dependent behavior of thermal conductivity and specific heat capacity in Ni25Ti50Cu25 is shown. 

In addition to thermal conductivity and latent heat, the density of the material (Fig. 11C) was measured and 

used to calculate FOM (Fig. 11D). The calculated FOM, OTR, and Af temperatures for the NiTiCu samples 

in this work is compared to traditional PCMs and other SMAs in Fig. 14. The FOM in combination with 

small OTR of the NiTiCu samples outperforms traditional PCMs and provides an alternative to NiTi and 

NiTiHf for small OTR with transformation temperatures slightly above room temperature. 
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4. Discussion of the Results 

The NiTiCu system is known for excellent cyclic thermal stability of martensitic transformation [49-52], 

and the very small changes in the martensite and austenite peaks for each stress-free cycle in this work are 

among the smallest reported in NiTi-based SMAs. For comparison, Zarnetta et al. [53] demonstrated the 

cyclic stability of Ni50Ti50, Ni35Ti50Cu15, and Ni50Ti39Pd11, with the alloys showing transformation peak 

shifts after 20 thermal cycles of 12.5, 0.65, and 0.39 °C respectively (measured in the same manner as in 

this study). Ni34.4Ti50.2Cu12.3Pd3.1 showed greater cyclic stability than the other alloys from the study, with 

a temperature shift of 0.1 °C after 80 thermal cycles which was reported to be unprecedented at the time 

[53]. Bumke et al. [54] reported a ~0.1 °C temperature shift after 40 thermal cycles in a thin film of 

Ti52.8Ni22.2Cu22.5Co2.5 due to the improved crystallographic compatibility. Clearly, the transformation 

temperature shift with thermal cycling observed in the present study is the best reported to date in SMA 

literature.  

The transformation peak shift with the number of thermal cycles is ascribed to the crystallographic 

compatibility between the austenite and martensite phases, described by λ2 of the transformation stretch 

tensor and the strength of SMAs against dislocation plasticity [55]. Many of NiTiCu SMA compositions 

fabricated and tested in this study have λ2 values close to 1, indicating superior compatibility between the 

transforming phases and thus negligible generation of lattice defects (dislocations) during martensitic 

transformation. For instance, based on the lattice parameters calculated from SADP, Ni20Ti50Cu30 (at. %) 

has a λ2 value of 1.003. This value is comparable to those reported for NiTiCu and NiTiPd alloys [56]. 

However, the correlation between λ2 and thermal hysteresis / thermal stability is not sensitive enough to 

rationalize the small differences mentioned above.  

In addition to the inherent lattice compatibility in NiTiCu alloys, another reason for the enhanced cyclic 

stability and small OTR could be the internal stresses at the interfaces between the transforming matrix and 

(Cu,Ni)2Ti precipitates, behaving similarly to Ti2Cu precipitates in Ti-rich NiTiCu SMAs which enable the 

B2↔B19 transformation to follow the same low energy path during each thermal cycle and result in 

exceptional functional fatigue properties [45, 46]. However, this hypothesis is not valid as no coherency or 

preferred orientation relationship between (Cu,Ni)2Ti precipitates and the B19 matrix have been observed 

in TEM analyses. On the other hand, the coherent precipitates, despite their positive effect on reducing 

thermal hysteresis by suppressing inelastic accommodation of the transformation shear and volume change, 

lead to an increase in OTR by enhancing the elastic energy storage during transformation [24]. Furthermore, 

second phases in Ti-lean NiTiCu compositions increased in size up to tens of micrometers with increasing 

Ni content as shown in the inset of Fig. 11. While no hardening effect of the matrix could be expected due 

to the incoherency of these large second phases, the effective grain size of the transforming matrix decreases 
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with increasing area fraction of second phases. Typically, a reduction in grain size of SMAs is accompanied 

by a reduction of the martensite plate size and an increase in thermal hysteresis as shown in Cu-based SMAs 

[57]. Although OTR and thermal hysteresis values of Ti-lean NiTiCu SMAs of the current study (e.g., 

NixTi75-xCu25) increased with increasing Ni content (and area fraction of second phases), thermal stability 

of the SMAs would be expected to decrease. However, this contradicts our results where Ni29Ti46Cu25 

exhibits a much better thermal stability compared to Ni27Ti48Cu25 (Fig. 9B). Therefore, in the present case, 

it is likely that (Cu,Ni)2Ti precipitates help accommodate the transformation shear and small volume change 

of the matrix phase during the transformation, minimize the defect storage in the matrix during the forward 

and reverse transformation in the matrix, and combined with the inherent superior lattice compatibility 

between austenite and martensite phase in the matrix, lead to the observed ultra-low transformation 

temperature shift upon thermal cycling. However, the exact underlying mechanisms responsible for such 

stability is not very clear, and requires further study. Regardless, the NiTiCu SMAs shown in Fig. 9 present 

great potential for SMA applications requiring a high degree of cyclic thermal stability of martensitic 

transformation with a small OTR.   

The slower cooling rate during air cooling than that during water quenching after homogenization likely 

contributed to the small OTR in the NiTiCu samples. It has been shown in both NiTi-based [58] and Cu-

based [59] SMAs that thermal hysteresis is dependent on quench media, with rapid cooling rates yielding 

an increase in defect generation and thermal hysteresis, and thus OTR. In a high-throughput study on thin 

film NiTiCu alloys, Zarnetta et al. [38] reported that thermal hysteresis had a negative correlation with 

annealing temperature, with the smallest resulting OTR in the Ti50Ni50-xCux stoichiometric compositions at 

an annealing temperature of 700 ˚C. They reported that the coarsening of precipitate phases such as Ti-rich 

and (Ni, Cu)-rich phases were responsible for the observed decrease in thermal hysteresis. Coarsening of 

the precipitate phases was usually associated with a loss of coherency and a decrease of the precipitate 

strengthening effect on the matrix, facilitating the martensite propagation (similar to what is observed in 

the present study). However, they only reported heat treatments of up to 700 ˚C for 1 h. The high 

temperature homogenization treatment used in this study (925 ˚C) as well as longer treatment time (48 h) 

likely resulted in coarser precipitates, reducing the amount of stored elastic energy due to the precipitates 

upon martensitic transformation and contributing to the small OTRs observed.  

The latent heat of transformation has a decreasing linear relationship with the area fraction of the second 

phase (brighter regions in the inset figures) in the materials (Fig. 11A). This is, in part, because the second 

phase replaces a portion of the transforming material, resulting in a lower amount of transforming material 

within a bulk sample, and therefore a lower overall latent heat is measured in the sample. However, the 

percentage decrease in latent heat is of greater magnitude than expected based on the decrease in the mass 
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fraction of transforming material alone, indicating that there is another contributing factor. The latent heat 

of transformation can be normalized by the mass fraction of the transforming phase to determine the true 

transformation enthalpy of the transforming phase. Using the trends in measured density for the alloys from 

Fig. 11C, the densities can be approximated for the transforming matrix (ρm = 6333 kg/m3) and for the 

second phase (ρsp = 7611 kg/m3). Next, using the area fraction of the second phase (Asp), the mass fraction 

of the transforming matrix, Mm, can be approximated using Eq. (1): 

𝑀𝑚 = 1 −
(𝐴𝑠𝑝∗𝜌𝑠𝑝)

(𝐴𝑠𝑝∗𝜌𝑠𝑝)+((1−𝐴𝑠𝑝)∗𝜌𝑚)
                 Eq. (1) 

The calculated Mm is then used to normalize the latent heat of transformation using Eq. (2) 

∆𝐻𝑛𝑜𝑟𝑚 =
∆𝐻𝑀−𝐴

𝑀𝑚
                        Eq. (2) 

The normalized latent heat versus the second phase area fraction is shown in Fig. 12A. The results indicate 

that some other mechanism besides the changing volume fraction of transforming material affects the 

transformation enthalpy, as the normalized latent heat is still dependent on the amount of second phase. It 

is possible that different amounts of the second phase could influence the martensite variant evolution, and 

thus entropy and transformation enthalpy, nanoparticles could be present in the transforming phase, 

although none were observed in TEM, or some other second phase formation related effect could be 

occurring. The effect of Ni content (as confirmed by EDX) on the enthalpy was also explored (Fig. 12B) 

revealing decreasing trends with Ni content for various nominal Cu contents, but the separation between 

the different nominal Cu contents suggests the variation in enthalpy is independent of composition. After 

normalizing the latent heat by the mass fraction of transforming material, there remains a decreasing trend 

in latent heat versus the second phase area fraction (Fig. 12A) with no correlation to the transforming matrix 

composition (Fig. 12B). The remaining trend in normalized latent heat with respect to the second phase 

area fraction may be an effect of the confinement of martensitic domains by the second phase, reducing the 

number and size of martensitic variant formation.  

Between 0 and 15% second phase, thermal conductivity remains relatively constant between 7.7 and 10.5 

Wm-1K-1 (Fig. 11B). As the second phase area fraction increases further, thermal conductivity follows an 

upward trend, reaching a maximum value of 16.5 Wm-1K-1 at just over 50% second phase. This increasing 

trend indicates that the thermal conductivity of the second phase is higher than that of the austenite phase, 

contributing to a higher effective thermal conductivity as measured in the bulk material. The nearly constant 

thermal conductivity measured in the bulk material between 0 and 15% second phase may be attributed to 

competing factors which negate the effects of one another. The thermal conductivity is positively affected 

by the addition of a more conductive second phase but negatively affected by phonon scattering at the phase 
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boundaries [60]. Note that 30 at. % Cu samples were not large enough to obtain thermal diffusivity samples, 

and thus, it was not possible to obtain their thermal conductivity values. In addition, the trend in thermal 

conductivity with respect to the second phase is already well established with the samples of three other Cu 

contents, it was not necessary to fabricate more 30 at. % Cu samples to establish the same trend. The specific 

heat capacities of the alloys in the austenite phase were measured to be between 0.33 and 0.50 Jg-1K-1, 

however no correlation was found with respect to alloy composition or second phase area fraction.  

Beginning at -75 °C in the martensite phase, thermal conductivity increased with temperature up to the start 

of the transformation region (Fig. 13). After transformation to the austenite phase, thermal conductivity 

continued to increase with rising temperature at a similar rate as in the martensite phase. Specific heat 

capacity increased gradually between -75 °C and the transformation region, spiked sharply during 

transformation, and decreased below the martensite specific heat capacity level upon completing 

transformation to austenite. The large spike in measured specific heat capacity observed within the 

transformation region is a result of the latent heat of transformation, and therefore cannot be attributed to 

sensible heating. The behaviors of thermal conductivity and specific heat capacity observed in this work 

are similar to those measured in Ni50Ti40Cu10 by Ingale et al. [61]. Because all the studied NiTiCu alloys 

showed similar temperature dependent thermophysical property behavior, the trends shown for Ni25Ti50Cu25 

in Fig. 13 are representative of the other alloys.  

As with transformation enthalpy and thermal conductivity, the densities of the alloys showed a strong 

correlation with second phase area fraction as shown in Fig. 11C. Density was found to increase linearly 

from below 6400 kg/m3 at 0% second phase to over 7100 kg/m3 at 50% second phase. Taking the product 

of the transformation enthalpy (Fig. 11A), thermal conductivity (Fig. 11B), and density (Fig. 11C), the 

FOM of the alloys is obtained as a function of the second phase area fraction as shown in Fig. 11D.  Despite 

density and thermal conductivity both showing positive correlations with the second phase area fraction, 

the FOM decreases with increasing second phase area fraction, indicating that FOM is dominated by the 

decreasing trend in transformation enthalpy. The reason for this is apparent when considering that the 

highest transformation enthalpy value is 6 times the lowest value, however thermal conductivity and density 

only vary by a factor of 2 and 1.2, respectively. From the trend shown in Fig. 11D, it is apparent that PCM 

performance in NiTiCu SMAs as quantified by FOM can be optimized by selecting compositions near 50% 

Ti, containing no second phase. For applications in which high thermal conductivity is most important, 

thermal conductivity can be increased to desired levels by increasing second phase volume fraction, 

however this is done at the cost of decreasing transformation enthalpy and overall FOM. 

In Fig. 14, FOM is plotted against OTR for the NiTiCu SMAs studied here, with data from traditional 

polymer-based solid-to-solid PCMs [62-64], composite PCMs [15-18], and NiTi [1] and NiTiHf [3] SMAs 
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included for comparison. The AF temperature of each material (equivalently, the melting peak endpoint 

temperature for traditional PCMs) is denoted by marker color. As shown in Fig. 14, NiTi and NiTiHf SMAs 

have FOM values much higher than traditional PCMs. However, these SMAs generally have higher OTRs, 

limiting their application and giving them lower thermal cycling frequency. The magnified portion of Fig. 

14 shows that NiTiCu SMAs achieve higher FOM than traditional PCMs while exhibiting OTRs much 

lower than NiTi and NiTiHf SMAs, with most NiTiCu alloys showing OTRs between 12 and 20 °C. 

Although polymer-based solid-to-solid PCMs show similarly low OTRs, they have extremely low FOM 

values ranging from 3 to 26 106·J2/K·s·m4 compared to NiTiCu SMAs which range between FOM values 

of 250 and 1050 106·J2/K·s·m4. This unique combination of high FOM and low OTR in NiTiCu alloys 

makes them excellent candidates for thermal energy storage and management applications where high heat 

flux, fast thermal cycling, and/or a narrow operation temperature window are required.  
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5. Summary and Conclusions 

A promising composition region of the NiTiCu shape memory alloy system with narrow OTR was explored 

to identify candidate alloys for thermal energy storage and management, and the transformation 

characteristics and thermophysical properties of the alloys therein were examined. The NiTiCu alloys 

studied here present many characteristics which make them attractive candidates for use as PCMs for 

thermal energy storage and management applications. Their unique combination of high FOM ranging from 

250 to 1050 106·J2/K·s·m4, and small overall transformation range (OTR, Af-Mf) with most alloys ranging 

between 12 and 20 °C, indicates that they can have excellent performance in high-power TES and 

management applications and the ability to undergo frequent thermal cycling within narrow temperature 

ranges. Additionally, the alloys exhibit superior cyclic stability, showing only 0.04 °C to 0.51 °C shift in 

the transformation peak and no degradation in transformation enthalpy after 80 thermal cycles, one of the 

best among all SMAs studied to date. The trends in transformation temperatures with respect to composition 

allow for tuning of NiTiCu alloys for specific TES applications through composition control, with AF 

temperatures ranging from -8.1 °C to 88.7°C. Furthermore, the differences in material properties between 

the primary and second phases present an opportunity to tailor the properties of the material (e.g., thermal 

conductivity) to desired levels by adjusting the ratio of the two phases. Thus, SMAs are further established 

as potential high performance PCMs, with NiTiCu SMAs providing unique, tunable TES solutions, having 

low OTRs while maintaining high FOM values. 
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LIST of FIGURES 

 

Fig. 1. Representative heat flow vs. temperature curve, shown as if measured by differential scanning calorimetry 
(DSC), illustrating typical behavior of Phase Change Materials (PCMs) undergoing melting and recrystallization, or 
equivalently, Shape Memory Alloys (SMAs) undergoing reverse and forward martensitic transformation in a thermal 
management application. PCM transformation temperatures are labeled with typical nomenclature, and equivalent 
corresponding transformation temperatures of SMAs are labeled in parenthesis. The effect of thermal management 
via PCM/SMA implementation on system temperature is represented in the inset at top-right. 
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Fig. 2. (A) Adapted DSC plots from literature for solution heat treated Ni45Ti50Cu5 (1 – Chang et al.[65]), cold rolled 
and annealed Ni40Ti50Cu10 (2 – Nam et al.[66], 3 – Lin et al.[67]), and annealed Ni40Ti50Cu10 wire (4 – Bertacchini et 
al.[68]) samples. (B) Scatter plot of OTR versus peak offset for NiTi, NiTiHf, NiTiPd, and NiTiCu SMAs from 
literature [27, 29, 31, 32, 52, 55, 69-83]. R-phase martensitic transformations are not included. 
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Fig. 3. (A) Adapted DSC plots from NiTi literature for solution annealed Ni48.5Ti51.5 (1 – Hsieh et al.[84]) and aged 
Ni51Ti49 (2 – Lin et al.[82]). (B) Adapted DSC plots from NiTiPd literature for aged Ni27Ti48Pd25 (1 – Sasaki et al.[85]), 
solution annealed then furnace cooled Ni24.7Ti50.3Pd25 (2 – Ramaiah et al.[86]), and aged Ni25Ti50Pd25 (3 – Khan et 
al.[79]). (C) Adapted DSC plots from NiTiHf literature for aged Ni50.4Ti29.6Hf20 (1 – Meng et al.[87]), aged 
Ni50.3Ti34.7Hf15 (2 – Evirgen et al.[73]), aged Ni50.6Ti24.4Hf25 (3 – Patriarca et al.[88]), and aged Ni50Ti29.7Hf20.3 (4 – 
Hornbuckle et al.[89]). 
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Fig. 4. NiTiCu Ternary Phase Diagram with highlighted grid selected for materials fabrication and testing. Red dashed 
line at Cu=10 at. % and orange dashed line at Cu=20 at. % separate the composition space into three regions, indicating 
appearance of single stage B2 (cubic) to B19’ (monoclinic) (0 < Cu at. % < 10), two stage B2 to B19 (orthorhombic) 
to B19’ (10 < Cu at. % < 20), and single stage B2-B19 (20 < Cu at. % <30)  martensitic transformations[48].  
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Fig. 5. A representative back scattered electron (BSE) image of a NiTiCu SMA. 
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Fig. 6. A) Ti content of the transforming matrix, the second phase, and the black precipitates (see Figure 4) from 
SEM/EDX imaging. B) The Ni and Cu contents of the transforming matrix and the second phase in each NiTiCu 
composition studied.  
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Fig. 7. A) The incoherent interface between B19 martensite and the tetragonal Ti2(Cu, Ni) second phase in Ni20Ti50Cu30, 
B) EDS composition maps for B19 martensite and Ti2(Cu, Ni) second phase, C) SADP showing the tetragonal Ti2(Cu, 
Ni) second phase with [331] zone axis, D) TEM image showing an average twin spacing of 700 nm in Ni20Ti50Cu30, E) 
Twin spacing of 10 nm in the B19’ martensite of binary Ni50.3Ti (wt.%), F) SADP showing the B2 austenite during in-
situ heating of Ni20Ti50Cu30 to 120 °C. 
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Fig. 8. A) TEM image showing both Ti-rich and Cu-rich second phases, TiC particles and B19 martensite in 
Ni27Ti48Cu25. B) EDS composition maps for both second phases, carbide particles and B19 martensite, C) selected 
area diffraction pattern (SADP) showing twinned B19 martensite with [310] zone axis, D) SADP with [571] zone 
axis confirming the Cu-rich second phase as tetragonal (Cu1-x,Nix)2Ti, E) SADP with [110] zone axis confirming 
the Ti-rich second phase as cubic Ti2(Cu,Ni) with the approximate stoichiometry of Ti6Ni2Cu, F) TEM image 
showing an average twin spacing of 280 nm in Ni27Ti48Cu25. 
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Fig. 9. Differential scanning calorimetry (DSC) results for 3 heating and cooling cycles for NiXTi75-XCu25 (A) and a 
magnified view of the austenite to martensite peaks illustrating excellent thermal cycling stability upon 80 thermal 
cycles for Ni29Ti46Cu25 (left) and Ni27Ti48Cu25 (right) (B). All compositions are compared for Austenite Finish (AF) 
temperature (C), Martensite Finish (MF) temperature (D), and OTR (AF-MF) (E) with respect to Ni content for NiTiCu 
SMAs, colored by the Cu content. 
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Fig. 10. Cyclic DSC results for Ni29Ti46Cu25 (A) and Ni27Ti48Cu25 (B) showing 80 thermal cycles. Temperature shift 
is measured at the midpoint between the maximum and minimum heat flow of the cooling cycle. 
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Fig. 11. Transformation enthalpy (A), thermal conductivity (B), density (C), and FOM (D) are plotted against second 
phase area fraction for NiTiCu alloys of varying composition. Inset images of microstructure show the evolution of 
second phase. The Ni content generally increases from left to right. 
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Fig. 12. (A) The normalized latent heat of transformation versus the second phase (SP) area fraction. (B) The 
normalized latent heat of transformation versus measured Ni content. These figures indicate the cause of the decrease 
in latent heat is not fully explained by the normalizing the latent heat by the transforming mass. 
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Fig. 13. The thermophysical properties of Ni25Ti50Cu25 are plotted as a function of temperature. Thermal conductivity 
was measured during heating (red) and cooling (blue). Specific heat capacity measured during heating is shown in 
grey.  
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Fig. 14. Figure of Merit (FOM) is plotted against Overall Transformation Range (OTR) for NiTiCu alloys of varying 
composition in comparison with polymer-based solid-solid Phase Change Materials (PCMs)[62-64], composite 
PCMs[15-18], NiTiHf SMAs[3], and NiTi SMA[1] for comparison. Material categories are represented by marker 
shape, and the AF temperature (melting peak endpoint temperature for traditional PCMs) of each material is 
represented by marker color. The lower window shows a magnified view of the area inside the dotted outline on the 
upper window. 
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LIST of TABLES 

Table 1. All compositions presented in this study and their martensitic transformation characteristics with the analyzed 
Differential Scanning Calorimetry data from the 3rd thermal cycle. This includes transformation temperatures, peak 
offset (As–Ms), OTR (Af-Mf), thermal hysteresis (Af-Ms) and the latent heat of transformation for martensite to 
austenite (ΔHMA) and austenite to martensite (ΔHMA) transformations.  

Ni Ti Cu Mf Mp Ms As Ap Af As-
Ms 

Af-
Mf 

Af-Ms ΔHM

A 
ΔHA

M 
at. % °C Jg-1 

30.0 40.0 30.0 11.6 15.9 22.3 18.8 22.6 30.3 -3.5 18.7 8 4.0 3.9 
28.0 42.0 30.0 25.3 28.0 31.1 30.9 33.6 38.4 -0.2 13.1 7.3 5.6 5.4 
26.0 44.0 30.0 27.4 33.3 35.6 34.5 37.7 41.5 -1.1 14.1 5.9 6.8 6.6 
24.0 46.0 30.0 30.0 36.5 38.6 38.6 40.3 42.2 0 12.2 3.6 8.8 9.5 
22.0 48.0 30.0 36.4 40.5 44.2 42.8 45.3 50.1 -1.4 13.7 5.9 12.0 12.4 
20.0 50.0 30.0 76.5 81.1 83.8 83.6 85.6 88.7 -0.2 12.2 4.9 15.5 15.4 
35.0 40.0 25.0 -12.8 -9.6 -4.2 -2.1 0.6 7.5 2.1 20.3 11.7 3.5 3.7 
33.0 42.0 25.0 4.5 7.9 11.7 14.1 16.6 22.9 2.4 18.4 11.2 5.6 5.5 
31.0 44.0 25.0 15.2 17.6 20.8 22.3 24.9 30.8 1.5 15.7 10 7.5 7.5 
29.0 46.0 25.0 24.2 27.4 29.7 31.3 33.8 38.8 1.6 14.6 9.1 9.1 9.0 
27.0 48.0 25.0 26.2 30.8 32.7 34.9 37.2 41.9 2.2 15.7 9.2 11.6 11.6 
25.0 50.0 25.0 70.2 75.5 77.6 79.5 81.5 85.4 1.9 15.2 7.8 14.6 14.6 
37.5 40.0 22.5 -30.6 -24.1 -4.5 -18.9 -12.4 6.2 -14.4 36.8 10.7 2.6 2.8 
35.5 42.0 22.5 -8.6 -5.5 -0.8 1.6 4.4 10.8 2.4 19.4 11.6 5.2 5.3 
33.5 44.0 22.5 6.5 12.1 14.0 14.2 17.4 23.2 0.2 16.7 9.2 6.7 6.7 
31.5 46.0 22.5 18.2 21.4 24.5 26.1 29.3 34.8 1.6 16.6 10.3 8.8 8.6 
29.5 48.0 22.5 23.0 26.8 28.6 31.5 33.5 35.7 2.9 12.7 7.1 10.6 10.8 
27.5 50.0 22.5 73.1 77.9 80.3 81.5 83.7 86.6 1.2 13.6 6.3 16.7 16.7 
40.0 40.0 20.0 -62.3 -47.1 -22.2 -49.4 -30.7 -8.1 -27.2 54.2 14.1 3.2 2.9 
38.0 42.0 20.0 -25.6 -20.8 -12.1 -13.5 -8.9 0.7 -1.4 26.3 12.8 4.8 5.0 
36.0 44.0 20.0 -4.6 -1.6 4.7 4.5 8.4 16.1 -0.2 20.7 11.4 6.8 6.8 
34.0 46.0 20.0 6.9 12.8 17.5 16.1 21.3 28.4 -1.4 21.5 10.9 9.3 9.1 
32.0 48.0 20.0 17.2 20.7 23.3 26.3 28.8 34.4 3 17.2 11.1 11.9 11.9 
30.0 50.0 20.0 70.3 75.5 78.3 79.1 82.5 85.2 0.8 14.9 6.9 16.7 16.4 
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