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Abstract 

This study reported a correction to assist the elastocaloric effect characterization of shape memory 

alloys and obtain the latent heat of stress-induced martensitic transformation. The incomplete phase 

transformation analysis (IPTA) correction was developed based on the assumptions of linear 

transformation plateau of stress-strain and identical heat capacities for austenite and martensite 

phases. Taking Ni50.8Ti49.2 alloy as a demonstration, an integrated test rig was built to validate IPTA 

correction and study the heat leak effect. Using water as heat transfer fluid and heat leak 

compensation are able to further improve the accuracy of imposing IPTA correction. The predictions 

of latent heat from direct and indirect approaches with IPTA correction are well validated from the 

experimental data. The required minimum martensitic phase fraction is only 10-20% when applying 

the IPTA correction, compared to 84-93% in traditional approaches. The IPTA correction extended 
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the precondition of complete transformation to incomplete transformation in elastocaloric 

characterization.   

 

1. Introduction 

Conventional vapor compression cooling technologies relying on gaseous refrigerant face more 

and more stress at atmosphere environment influences. Recently, solid state refrigeration 

technologies based on caloric effects, such as magnetocaloric
[1]

, electrocaloric
[2]

, barocaloric
[3]

, and 

elastocaloric
[4]

, have drawn more attentions due to their potentially high efficiency and 

eco-friendliness.
[5]

 As the most promising alternatives to conventional refrigeration from an energy 

savings standpoint,
[6]

 elastocaloric cooling is still at the very beginning of development from the 

scientific and industrial perspectives.
[7]

 

Elastocaloric cooling based on the elastocaloric effect (eCE)
[8]

 associates with the superelasticity 

of shape memory alloys (SMAs). Decades of research have confirmed that the temperature change 

caused by a conventional caloric effect (including eCE) is limited
[9, 10]

. Configurations of high 

field
[11]

 and giant caloric effect
[8, 12-14]

 can directly improve the temperature change at the expenses of 

significantly irreversible heat transfer losses. To effectively utilize the caloric effect in a required 

temperature span compared to in conventional cooling, heat-recovery,
[15]

 active regenerative
[16]

 and 

cascade
[17, 18]

 cycles are applied to execute a multi-stage of caloric refrigeration cycles
[19-21]

 As most 

caloric devices configured with active regeneration,
[22, 23]

 SMAs can be operated in an active 

elastocaloric cycle as follows: 1) loading from an austenitic to a martensitic phase; 2) releasing heat 

crossed by fluid flow under stress; 3) unloading from a martensitic to an austenitic phase; and 4) 

absorbing heat during a reverse fluid flow under the stress-free condition.
[24]

 

The eCE is commonly characterized by adiabatic temperature change (     ) and isothermal 

entropy change (     ) as a function of temperature and applied stress/strain.
[25]

 The characterization 

of caloric effect parameters are classified as direct and indirect approaches.
[26, 27]

 The promising direct 

approaches can be exemplified as 1)       and       measurements via in-field calorimetry,
[28-30]

 2) 

      measurement by thermoacoustic method,
[31]

 and 3)       measurement by thermography.
[32]

 

The indirect approaches measure the characteristics of the applied field and its conjugate variable, i.e. 

magnetic field strength and magnetization for magnetocaloric, and stress and strain for elastocaloric, 

then use these to deduce the caloric effect parameters. Most characterization approaches focused on 

magnetocaloric, and these concepts can be extended to elastocaloric. However, the practice to 
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appropriately inherit the magnetocaloric characterization approaches still encounters several 

challenges.  

Owing to the dynamic effect
[27]

, the measurements of       and       normally exhibit a 

degradation with increasing cycles until a certain number of cycles complete.
[33]

 Furthermore, the 

measurement of       is influenced significantly by the operating rate due to the non-thermal 

equilibrium.
[34]

 Consequently, the measurements of       and       are not only dependent on 

applied field strength, but also dependent on operating rate or frequency. In elastocaloric, high stress 

field is readily and economically accessible compared to high magnetic field in magnetocaloric. On 

the other hand, elastocaloric materials with large superelasticity, small hysteresis and cyclic stability, 

are being developed increasingly.
[35]

 The elastocaloric cooling has a potential to operate under nearly 

complete transformation. Thus, latent heat     under complete phase transformation can be 

considered as another metric for preliminary evaluation of elastocaloric material in a cooling 

device.
[36-38]

 In practice, the     can be derived by measuring the enthalpy difference and the phase 

fraction.
[39]

 The enthalpy difference under stress-free state (  ) is easily obtained by Differential 

Scanning Calorimetry (DSC). In direct approaches, it is very challenging to develop a DSC equipped 

with a mechanical tester due to the heat leak through the grips.
[26]

 Consequently, it is still difficult to 

measure the     under stress precisely; and the phase fraction is also less measurable. Thus, most 

direct characterizations of the latent heat     are confined to a complete phase transformation. 

Substantial effort is being invested in the direct approaches, which measurements can be classified 

into: 1) adiabatic temperature change,
[40-42]

2) fluid enthalpy difference
[43, 44]

 and 3) compensation 

electrical power.
[45]

 Although one can reduce the effect of heat leak by increasing the stress rate
[46, 47]

 

or simulating the    [45]
, the incomplete phase transformation is disregarded in most measurements.  

In indirect approaches, the     is deduced using the basic thermodynamic relations, such as 

Maxwell relation and Clausius–Clapeyron equation.
[48-50]

 The preconditions for indirect approaches 

to correctly determine the     are the accessibility of the stress-strain or strain-temperature curves 

associated to complete phase transformation, as well as the existence of isothermal or isostress 

conditions. Practical isothermal conditions can be approached by lowering the rate of stress to avoid 

the latent heat not to heat up the sample locally.
[33, 51, 52]

 However, SMAs with insufficient ductility 

are probably challenged to obtain the full stress–strain–temperature curves corresponding to 

complete phase transformation.   

From the published data 
[8, 53-59]

 summarized in Figure 1(a), there is an obvious trend that the 
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      derived from indirect approaches are larger than that derived from direct approaches. The main 

reasons are probably ascribed to the aforementioned imperfect thermal conditions (adiabatically or 

isothermally) and incomplete phase transformation. Chen et al.
[60]

 obtained 20% deviation between 

direct and indirect approaches using nanocrystalline Ti-Ni-Cu-Al alloy because of the insufficient 

adiabatic condition. Arranging the published data of the relative deviation of the       between 

direct and indirect approaches,
[33, 58, 59, 61]

 the deviation increases with the value of       in Figure 

1(b). This implies that in many cases, the deviations are caused by the heat leaks. Imran et al.
[62]

 

obtained a 24% deviation between the       from direct approach and that via the DSC for a 

Ni-Fe-Ga bulk alloy due to the incomplete phase transformation. Aaltio et al.
[63]

 presented a 77% 

deviation between the     from indirect approach and    from stress-free DSC in hot rolled 

Ni-Ti-Fe alloys due to the incomplete phase transformation. Thus, incomplete phase transformation 

and heat leak are the non-negligible factors for both direct and indirect approaches. Despite a number 

of steps are under way to reduce heat leak impacts, the focuses on the effect of incomplete phase 

transformation are less reported. Engelbrecht et al.
[64]

 analyzed the fatigue-life of the SMAs by testing 

~6000 cycles before buckling. Tušek et al.
[44]

 limited the tension strain of Ni–Ti plates to 4% and not 

corresponding to a complete transformation to increase fatigue life of the device. The incomplete 

phase transformation is not avoidable for elastocaloric characterization.  

 

 

Figure 1. (a) The adiabatic temperature change of SMAs obtained from direct approaches and indirect approaches. 

(b) The relative deviations of adiabatic temperature change between direct approaches and indirect approaches as a 

function of adiabatic temperature change of SMAs.  

 

This study demonstrated an incomplete phase transformation analysis (IPTA) correction to 
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characterize the complete phase transformation given the data of the incomplete phase 

transformation. The maximum elastocaloric latent heat     of SMAs, which is physically from the 

complete transformation, was theoretically derived from released heat along an incomplete 

isothermal stress-induced transformation, latent heat under a stress-free temperature-induced 

transformation and stress-strain work. The stress-strain work was derived based on an assumption of 

linear transformation plateau in stress-strain relation. An integrated tester was built for validation. To 

reduce the experimental parasitic losses, heat transfer fluid (HTF) with large specific heat such as 

water was used to approach the isothermal condition, and the heat leak compensation (HLC) was 

included. The phase fraction of the incomplete phase transformation can be obtained via the IPTA 

correction, which is difficult to measure and normally neglected. IPTA correction improves the 

accuracy of conventional approaches and extends the elastocaloric characterization preconditions 

from complete transformation to incomplete transformation. 

 

2. Incomplete phase transformation analysis 

For a closed system in thermal equilibrium, the energy relation of a stressed SMA not only 

considers the PV-work but also includes the   -work. PV-work is the work only interacted with the 

surroundings. As a basis of the IPTA correction, the specific enthalpy-like function    is defined 

as:
[65]

 

                   ,                                                (1) 

where  ,  ,  ,   and   are specific internal energy, surrounding pressure, specific volume (   ), 

external stress and strain, respectively. As will be seen below, the latent heat is a dependent variable 

in IPTA correction. For different external stimuli, the thermal-induced latent heat         

     [66]
 and the stress- induced latent heat           [61]

 are different due to the variations in 

martensite structure.
[67]

 In IPTA correction, only stress-induced latent heat is predicted. The 

stress-induced latent heat (simplified as        or     for convention) can be derived from the 

latent heat under stress-free              (simplified as      ) and the above   -work 

(   ).[68]  

           
           

     
    

         
    

           
    

  
     

     
                      

                            

         
                             

,   (2) 

where    and    are the equilibrium temperature of transformation and the specific heat capacity of 

constant external force, respectively. Superscripts P and M denote the phases of parent (austenite) and 

A
cc

ep
te

d 
A

rt
ic

le



 This article is protected by copyright. All rights reserved 

martensite, respectively. Note that the   -work along the complete martensitic transformation of 

stress induced,          
    

  , indicates the direction from the sample to the exterior. Since 

the transformation process is assumed isothermally and isobarically, the difference of the PV-work is 

eliminated. Figure 2(a) summarizes the difference between              and         when 

varying the temperatures and materials during complete phase transformation. In most cases,
[55, 69, 70]

 

the difference is subtle, except at some points such as Ni50Ti50 in Figure 2(a) due to low 

transformation strain.
[71]

 Thus, the   -work provides the possibility to connect        and      .  

 

Figure 2. (a) The comparison between              obtained by Equation 2 and         determined by 

DSC under stress-free state. (b) Isothermal stress-strain curve at temperature that is higher than the austenite finish 

temperature    . 

 

In a practical isothermal martensitic transformation, the actual released heat   associated to the 

eCE can be expressed by the latent heat     and the martensitic phase fraction   .
[39, 72]

 

                ,                                                        (3) 

where    and    are the local strain and stress along the transformation plateau, respectively. 

Referring to the shadow area under the stress-strain curve shown in Figure 2(b), the stress-strain 

relation during the transformation plateau can be assumed linearly in many commonly used SMAs, 

such as Ni-Ti-based,
[33, 73]

 Cu-Al-basd
[53, 74]

 and Ni-Mn-based
[38, 75]

 alloys. Thus, the   -work during 

martensitic transformation can be expressed as: 

         
    

                        ,                               

(4) 

where        is the transformation strain,     and     are martensitic start and finish critical 
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stresses, respectively. Considering the incomplete transformation point (     ), the slope in the 

transformation plateau is rewritten as: 

      

      
 

       

      
.                                                           

(5) 

It is important to note that some SMAs exhibit nonlinear transformation plateaus (Co-Ni-Al
[54]

 and 

Co-Ni-Ga
[76]

) or absence of plateaus (Fe-Pt
[77]

) during a phase transformation. In these cases, the 

IPTA correction is invalid in practice.  

The martensitic phase fraction    is defined and deduced as:  

                       , (6) 

where   and    are the volumes of the total SMA and the martensite phase, respectively.     is the 

martensitic start strain, which equals the elastic strain. Multiplying both sides of Equation 2 by the 

martensitic phase fraction   , and substituting Equations 3, 4, 6 and the linear assumption 

(Equation 5) into Equation 2, we have 

                       
    

  
     

     
     

 

 

 
      

  
      

 
         . (7) 

In the cases of   
  and   

  being identical, Equation 7 is simplified as,  

                  
 

 

 
      

  
      

 
         . (8) 

Solving the Equation 8,    is deduced from the results of           and the DSC result (     ). 

Thus, the latent heat     can be derived from the released heat          and phase fraction    in 

Equation 8, which is compatible for incomplete phase transformation. From Equation 7 to 

Equation 8, the ratio of     
    

  
     

     
    to       determine the error of IPTA correction for 

the SMAs when   
    

 . For the SMAs of Ni55Ti45 and Ni48Ti52,
[78]

 the deviations of   
  from   

  

are 1% and 3.3%, therefore the errors of    are 1.2% and 3.8%, respectively. Thus, the assumption 

of   
  and   

  being identical can be made in many Ni-Ti alloys.
[70, 71, 79]

 The same assumption for 

the SMAs of Ti-Ni-Cu-Co
[55]

 and Ni-Fe-Ga-Co
[69]

 are validated through the comparison of 

             and         in Figure 2(a). 

The released heat          can be obtained by the adiabatic temperature change, enthalpy 

difference of HTF directly or by the Clausius–Clapeyron equation indirectly.
[25]

     is obtained 

from Equation 3,  
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, (9) 

where         is the Clausius–Clapeyron slope and     is the sample specific heat.  

Practically, the conventional direct and indirect approaches invested much effort to realize 

complete phase transformation and ignored the martensitic phase fraction (assuming     ). From 

Equation 9, the latent heat     from direct and indirect approaches disregarding the phase fraction 

will be underestimated when phase transformation is not sufficiently saturated. It is worth pointing 

out that the measurements of       (for indirect approach),            and      , as inputs for 

IPTA correction, are dependent on cycle numbers
[33]

 and frequencies
[39]

 that are not included in 

Equation 9. In order to obtain the     in Equation 9, we propose the measurement to be conducted 

during a single-shot under the possible lowest loading rate (frequencies) or be extrapolated to zero 

rate. Special attention should be paid in the cases of       measurement, low loading rates probably 

result in increasingly heat leakage.  

 

3. Experiments 

The experimental characterization in this study consists of the DSC, compressive test, elastocaloric 

test and heat leak evaluation. To approach the isothermal condition, pure water with high thermal 

mass was used as HTF instead of air. The difficulty of using water arises from the fact that relatively 

large scale apparatus is needed to match the measurements. Tubular samples are applied in 

compressive and elastocaloric tests for the purpose of water-tight. The samples are Ni50.8Ti49.2 SMAs 

provided by Xi’an Saite Metal Materials Development, Inc.. Various sample shapes are applied 

throughout the experiments, which are summarized in Table 1. 

Table 1. Properties of the Ni-Ti alloys used in different experiments.  

Experiments Sample Length Inner diameter Outer diameter 

DSC  Flakes - - - 

Compressive test Sample A, tube 20mm 4mm 5mm 

Elastocaloric test Sample B, tube 105mm 3mm 5mm 

Heat leak evaluation Sample B, tube 105mm 3mm 5mm 

 

DSC experiment was conducted to determine the       in a DSC 204 F1, Netzsch. The heat 
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calibration of the instrument was conducted using indium, tin and lead-potassium nitrate as reference 

materials. Other experiments were carried out in an integrated system shown in Figure 3. For the 

elastocaloric test, the water particle flowed out from a (1) thermal reservoir with a regulated flow rate 

(   ) via a (3) Coriolis mass flow meter (SINCERITY DMF-1-3A). The temperature entering the 

loading area (   ) was controlled by a (2) thermostatic bath (JTONE JTDC-0506). Sample B was 

situated between two (4) stainless steel blocks and the stress was applied horizontally via a (5) mobile 

plate from a servohydraulic system (INVT MH800). The stress ( ) was monitored by a (6) force 

sensor (LH-S08) and the strain ( ) was measured by a (7) linear variable differential transformer 

(LVDT, MIRAN LVDT8-V1-10MM-SL-A-2). At the ambient temperature (   ) of ~299K, the eCE 

of Sample B was tested under a moderate strain rate of approximately          to improve the eCE 

measurability and reduce the heat leakages. The sample was designed as thick wall and a (8) 

polyformaldehyde casing pipe to prevent buckling during the compression. The temperature of water 

exiting the loading area (    ) increased by the released heat of the eCE. The loading then lasted for 

30 seconds to ensure thermal equilibrium between water and the sample. Then the water particle was 

pumped by a (9) micro pump (XWC CSP1090) back to the (1) thermal reservoir through a (10) 

regulating valve. The regulating valve is tuned manually to maintain the     from the feedback of (3) 

Coriolis mass flow meter.     and      are measured by T-type thermocouples, while     is 

measured by a K-type thermocouple.  

For the compressive test, Sample A was loaded under a low strain rate of around           and 

a high mass flow rate to ensure the isothermal condition.
[33]

 A K-type thermocouple was attached to 

the tube wall to monitor the temperature of Ni-Ti tube (  ). To avoid the residual strain during loading 

and unloading operation, a brand new sample is used for each single test. 

The released heat is experimentally determined below: 

         
  
  

              , (10) 

where    is the initial time of loading,    is the finish time of thermal equilibrium between water and 

sample,     is the specific heat of water and   is the mass of the sample. During the heat leak 

evaluation, the sample B was tested under the no-load condition. The heat loss factor   is obtained:  

                    , (11a) 

            , (11b) 

                    , (11c) 
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where   is the overall heat transfer coefficient,   is the overall heat transfer area,     is the 

temperature difference between inflow and outflow HTF,     is the temperature difference between 

the bulk temperature of water and the ambient temperature.   can be calculated from the 

measurements of    ,      and    . Thus, the released heat   in Equation 10 is modified for the 

heat leak compensation, by means of updating the values of      from average   and instantaneous 

   . 

 

Figure 3. (a) A sketch of the integrated system. (b) The photo of the integrated system involving the part of the 

elastocaloric test. The main components consist of (1) thermal reservoir (plate heat exchanger), (2) thermostatic 

bath, (3) mass flow meter, (4) stainless steel block, (5) mobile plate, (6) force sensor, (7) LVDT, (8) 

polyformaldehyde casing pipe, (9) micro pump and (10) regulating valve. 

 

4. Results and discussion 

In order to validate the IPTA thoroughly, the latent heat     obtained from direct and indirect 

approaches plugging different corrections are analyzed in Table 2, which involves isothermal or 

adiabatic condition and imposes air or water as HTF. For the correction of heat leak compensation 

(HLC), the latent heat     will be corrected via a heat loss coefficient in Equation 11. In the case of 

IPTA, the latent heat     will be further derived using the martensitic phase fraction in Equation 9. 

The applied elastocaloric materials consist of Ni50.8Ti49.2 (I) in this study and Ni50.8Ti49.2 (II) from the 

literature,
[59]

 which are processed from different batches. 
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Table 2. Summary of various approaches for obtaining the latent heat    . The deviations take the benchmark 

value from literature as a reference. 

Approaches Types HTFs Conditions Corrections Materials 

Minimum 

deviation 

Mean 

deviation 

Dir-ad Direct Air Adiabatic - Ni50.8Ti49.2(II) 58.6% - 

Indirect Indirect - Isothermal - Ni50.8Ti49.2(I) 26.9% - 

Dir-iso Direct Water Isothermal - Ni50.8Ti49.2(I) 39.8% - 

Dir-iso-HLC Direct Water Isothermal HLC Ni50.8Ti49.2(I) 33.6% - 

Dir-ad-IPTA Indirect Air Isothermal IPTA Ni50.8Ti49.2(II) 2.7% 6.7% 

Ind-IPTA Indirect - Isothermal IPTA Ni50.8Ti49.2(I) 4% 6% 

Dir-iso-IPTA Indirect Water Isothermal IPTA Ni50.8Ti49.2(I) 14% 23% 

Dir-iso-HLC-IPTA Indirect Water Isothermal HLC and IPTA Ni50.8Ti49.2(I) 0.4% 8.2% 

 

The latent heat       for Ni50.8Ti49.2 (I) derived from different approaches without IPTA 

correction in Table 2 are analyzed as a function of    in Figure 4(a). The incorporation of heat leak 

compensation (HLC) drives the          relation to the higher linearity and approaching the results 

from the indirect approach. Taking the indirect approach as a baseline, the Dir-iso-HLC approach 

deviates around 7%, while the deviation of conventional Dir-iso approach is up to 20%. Thus, the 

HLC realization improves the accuracy of the direct approaches of the eCE characterization 

significantly. However in Figure 4(a), both the maximum latent heat       in Dir-iso-HLC 

approach (15 J g
-1

 at 6% strain) and in indirect approach (16.5 J g
-1 

at 6% strain) are smaller than the 

        (17.29 J g
-1

) from the stress-free DSC result. The discrepancy between the       and 

        is ascribed to the   -work shown in Equation 2. It is noted that the effect of incomplete 

phase transformation is taken into account in the variation of the   -work term.  

  To apply the IPTA in predicting latent heat      , the mechanical curve of stress and strain is 

provided in Figure 4(b) from the compressive test, and the data points corresponding to different 

strain conditions in Figure 4(a) are highlighted as blue markers. Considering the corrections listed in 

Table 2, the       for Ni50.8Ti49.2 (I) from different approaches are shown as a function of    in 

Figure 4(c). The benchmark value of the       for the same material is obtained from the indirect 
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approach under a complete phase transformation from the published literature.
[57]

 Quantitatively, 

Ind-IPTA and Dir-iso-HLC-IPTA deviate around 6% and 8.2% from the benchmark value, 

respectively, which shows a good agreement. Nevertheless, the       at Dir-iso-IPTA at various    

fluctuate slightly and the mean deviation reaches 23%. Recalling the       values at the strain of 6% 

in Figure 4(a), the       obtained from the indirect, Dir-iso-HLC and Dir-iso approaches without 

IPTA correction deviate 26.9%, 33.6% and 39.8% from the benchmark value of 22.6 J g
-1

, 

respectively. Therefore, the deviations of       by IPTA correction in Figure 4(c) are significantly 

smaller than those in Figure 4(a). Furthermore, when adopting both IPTA and HLC corrections, the 

prediction of       exhibits the deviation of only 8.2%. This implies the significant improvement 

compared to the conventional direct and indirect approaches. 

 

Figure 4. (a) The latent heat       obtained by Dir-iso-HLC, Dir-iso and indirect approaches as a function of strain 

for Ni50.8Ti49.2 (I) at 299K. The inset shows the critical stress as a function of temperature. The slope         is 8.4 

MPa K
−1

. (b) Stress–strain curve from compressive test at 299K. The marker points         are linked to the data 

points in Figure 4(a). The     of 1.6% is determined by the intersection of the tangent lines in the      curve. (c) 

The latent heat       obtained by the approaches of Dir-iso-HLC-IPTA, Dir-iso-IPTA and Ind-IPTA as a function 
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of strain for Ni50.8Ti49.2 (I) at 299K. 

 

To examine the functioning of using water as HTF, Figure 5(a) shows the relative deviations of the 

      between indirect and direct approaches. For a comprehensive comparison, the results of Dir-ad 

approach from other SMAs experiments are referred to Figure 1(b). Taking the indirect approach as 

the reference, the deviation in the Dir-ad approach (32.1%) with air as HTF is larger than that in the 

approaches of Dir-iso (20.5%) and Dir-iso-HLC (7.4%) with water as HTF, because the larger 

temperature span in Dir-ad approach likely results in more heat leakage. Thus, using water as HTF is 

positive to improve the accuracy of the eCE characterization and therefore is beneficial for applying 

the IPTA correction.  In addition, the IPTA is also adoptable for the experimental characterization 

with air as HTF. Figure 5(b) compares the       determined by the Dir-ad-IPTA and the Dir-ad 

approaches for Ni50.8Ti49.2 (II)
[59]

 at 267K. In view of the benchmark value, the deviation of the       

from the Dir-ad approach is greater than 58.6% due to the incomplete phase transformation. When 

incorporating the IPTA, the mean deviation of the       is only 6.7%. This result is even better than 

that of 23% in Dir-iso-IPTA approach, which is probably attributed to the different conditions of 

strain and temperature between these two approaches.  

 

 

Figure 5. (a) The relative deviations of the       between indirect approach and direct approaches influenced by 

HTF and HLC. (b) The latent heat       obtained by Dir-ad and Dir-ad-IPTA approaches as a function of strain for 

Ni50.8Ti49.2 (II)
[59]

 at 267K.  

 

The unique feature of IPTA correction from traditional indirect approach is the consideration of the 
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phase fraction   . When disregarding the    and therefore the incomplete phase transformation, the 

indirect approach (Equation 9) likely takes the partial transformation strain (      ) as the       . 

Due to the practical issues such as buckling before complete phase transformation, the difference 

between (      ) and        causes the significant deviation between the       and the maximum 

obtainable  . To visualize the difference between indirect approaches with and without IPTA 

correction, the comparisons of three SMAs are shown in Figure 6. The benchmark values of       

are obtained from the indirect experiments of complete phase transformation from the published 

literatures.
[57, 61]

 In Figure 6, the y-axis represents the latent heat       obtained by indirect and 

Ind-IPTA approaches in Table 2; while the x-axis denotes the predicted phase fraction    from 

Equation 8 using the obtainable          as an input. The       obtained from Ind-IPTA approach 

deviates within 10% from the benchmark value, which shows a good agreement. From the Figure 6, 

one can observe what the value of minimum phase fraction is required to impose the     prediction 

in the vicinity of the benchmark value within the error less than 10%. When incorporating IPTA 

correction, the required minimum phase fraction is only 10-20% to predict the     within 10% error. 

In the cases of indirect approach to predict the     within 10% error, the required phase fraction is 

up to 84.4%, 92.9% and 89.6% for the SMAs of Ni50.8Ti49.2(I), Ni50.8Ti49.2(II)
[59]

 and Ni54Fe19Ga27
[61]

, 

respectively. This implies that the required minimum martensitic phase fraction for IPTA correction 

to characterize the latent heat is significantly lower than that in traditional indirect approach. In fact, 

the IPTA correction is based on the linear assumption of the transformation plateau, which means that 

the input states         are proposed in this linear region. In terms of Figure 4(b), the linear 

transformation plateau demonstrates a stress range of 580-720 MPa. However, the states         

near the beginning of martensitic transformation generally deviate from the linear transformation 

plateau, which will mislead the deduced results from IPTA correction. 
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Figure 6. Comparisons of       between Ind-IPTA and indirect approaches for the SMAs of (a) Ni50.8Ti49.2 (I), (b) 

Ni50.8Ti49.2 (II)
[59]

 and (c) Ni54Fe19Ga27
[61]

. 

 

5. Conclusion 

Latent heat of SMAs under complete phase transformation is an important metric for preliminary 

evaluation of elastocaloric material, which reflects a theoretical obtainable cooling capacity locally in 

elastocaloric refrigeration. An IPTA correction was developed to characterize the latent heat from the 

eCE parameters under the incomplete phase transformation. The assumptions of linear 

transformation plateau in stress-strain curve and heat capacities for austenite and martensite phases 

being identical (  
    

 ) are made and validated for many commonly used SMAs.  An integrated 

test rig, including DSC, compressive test, elastocaloric test and heat leak evaluation, was built to 

validate this correction and analyze the heat leak effect. Implementing water as HTF and 

incorporating the HLC experimentally contribute at least 14.8% more accuracy for the IPTA 

application. Various direct and indirect approaches applying the IPTA correction show good 

agreement with the benchmark value from published data. The main advantage of IPTA is obtaining 
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the martensitic phase fraction, which is normally disregarded in direct and indirect approaches. The 

transformation latent heat can be derived from the actual released heat and the martensitic phase 

fraction. Taking 10% deviation from the benchmark value as a criterion, the required minimum 

martensitic phase fractions are only 10-20% in IPTA applications and up to 84-93% in conventional 

indirect approaches, respectively. Thus, applying IPTA correction can provide a reasonable 

prediction experimentally under an incomplete transformation. This correction also provides a 

predictable understanding of complete phase transformation for some promising alloys, such as 

Cu-based SMAs, which fails to accomplish the complete martensitic transformation due to the brittle 

nature, and shows a reasonable support in the selection of a SMA for an elastocaloric cooling device. 
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A correction based on incomplete phase transformation is developed to assist characterizing the 

elastocaloric effect of shape memory alloys. The conventional approaches make extra use of the 

correction obtain good agreements with the experimental data from a new-built test rig and other 

published data. The correction extends the precondition of elastocaloric characterization from 

complete transformation to incomplete transformation. 
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