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ABSTRACT

Highly precise and efficient characterization of thermophysical parameters associated with martensitic transformation (MT) in shape
memory alloys (SMA) is challenging based on conventional calorimetry methods. Moreover, existing methods for evaluating the elastocaloric
effect of SMA typically require a series of tests and calculations. In addition, the present method cannot evaluate the nonreversible part
during MT. This work proposed a technique rarely mentioned in previous studies on martensitic transformation of metals and alloys, i.e.,
utilizing the modulated differential scanning calorimetry (MDSC) to superimpose a sinusoidal signal over an underlying DSC ramp. By
adjusting appropriate measurement parameters, the reversible and nonreversible parts of thermal events during MT of SMAs were revealed.
Furthermore, a series of thermal parameters useful for the study of MT can be obtained by this method and thus may provide a perspective
for studying the MT process. Based on MDSC technique, we took Ni-Mn-Sn-(Cu) alloys, a kind of ferromagnetic shape memory alloy, as an
example to demonstrate the study of the MT process as well as the elastocaloric effect. From the perspective of energy dissipation, we
analyzed the intrinsic relationship between nonreversible component and thermal hysteresis in the MT process. Conventional DSC test and
experimental results on the adiabatic temperature change (DTad) were also provided to verify the MDSC prediction results.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0240749

Extensive research on thermodynamic analysis of martensitic
transformation (MT) has been extensively carried out in the past deca-
des.1–3 In Ortin and Planes’ work,4,5 they proposed two main driving
forces for MT: (1) the chemical driving force, represented by the differ-
ence between Gibbs free energy of the two crystalline structures, and
(2) non-chemical driving force, i.e., the strain energy generated by the
change in the volume of the two phases during MT. The thermal-
related signal recorded during the calorimetric tests originated from
combination of these two energies. That is to say, conventional calori-
metric test, such as differential scanning calorimetry (DSC), can only
measure the sum of both thermal events, making it impossible to dis-
tinguish the reversible (strain energy part) and nonreversible (Gibbs
free energy part) transitions.

The reversible transition of a shape memory alloy (SMA) is
related to various functional properties such as vibration damping,
actuation, superelasticity, and elastocaloric effect (eCE). On the other
hand, the nonreversible transition feature, originated from frictional
work dissipation, is very important in SMAs because these materials

have to be subjected to millions of cycles with functional property
decay. So, it is important to develop a feasible method to evaluate the
reversible MT and related properties, such as eCE, which helps in over-
coming the time-consuming characterization of eCE.6–9 In this regard,
modulated differential scanning calorimetry (MDSC) appears to be an
effective method for this study. MDSC uses two ramp rates simulta-
neously for thermal analysis, i.e., a linear ramp rate used in a conven-
tional DSC and a periodically varying sinusoidal ramp rate (inset of
Fig. 1). The measured heat flow is the total of all the thermal responses.
The total heat flow (H) can be divided into a part related to heat capac-
ity (Cp) and that related to the nonreversible heat flow,

dH
dt

¼ CP
dT
dt

þ f T; tð Þ; (1)

where dH/dt is the total heat flow under a linear heating rate, Cp is the
heat capacity, and dT/dt is the heating rate. The heat flow resulting
from the Cp change or heating rate is related to the reversible heat
flow. f(T, t) (where T is the absolute temperature and t time) represents
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the nonreversible heat flow and is associated with the kinetics of heat
transfer. With MDSC, the heat flow patterns can be resolved into two
parts. It is also possible to calculate directly the heat capacity of a sam-
ple with the MDSC analysis,

Cp ¼
KCpAM�HF

AM�HR
; (2)

where AM-HF is the amplitude of modulated heat flow, AM-HR is the
amplitude of modulated heating rate, and KCp is Cp calibration con-
stant. It is possible to resolve the contribution of reversible and nonre-
versible heat flow by superposing the temperature-modulated signals.
A pictorial representation of the signals by MDSC technique is given
in Fig. 1.

In this work, MDSC, a rarely mentioned technique in martensitic
transformation in metals and alloys, was used to investigate the ther-
modynamic parameters of a Ni-Mn-Sn-(Cu) alloy. At the same time,
the intrinsic relationship between the nonreversible component and
thermal hysteresis was analyzed. In our research on Ni-Mn-based
alloys over the past decade,10–21 we have found that Ni-Mn-Sn-(Cu)
alloys have great potential for development because of their advantages
such as its low-cost nontoxic elements and good mechanical proper-
ties.22 In depth study of the thermodynamics of Ni-Mn-Sn-(Cu) alloys
is helpful for understanding and effectively regulating its caloric effects.
Therefore, the intrinsic relationship between the nonreversible compo-
nent and thermal hysteresis was analyzed. In addition, the adiabatic
temperature change (DTad) of eCE was predicted and compared with
that of the experimental tested result. These results demonstrated that
MDSC may act as a promising tool for the analysis of MT and may
pave a feasible way for the development of advanced caloric materials
via an efficient and cost-effective way.

Ni50-xMn38Sn12Cux (x¼ 0, 2, 3, 4 and 5, hereafter denoted as Cu-
x) ingots were prepared by vacuum induction melting under argon
atmosphere and cast into a copper mold. Considering the high volatil-
ity of Mn in comparison with other used elements, an extra 2wt. % of

Mn was added to make up for the Mn loss during melting. Then, the
ingots were sealed in an evacuated quartz tube, annealed at 1173K for
24 h and quenched in water for compositional homogenization.

The thermal analysis experiments were carried out in a differen-
tial scanning calorimeter (DSC, TA Q200) under helium atmosphere,
which was operated with either modulated or conventional DSC heat-
ing or cooling scans. Using a reference sample of high-purity indium,
the calorimeter was calibrated for cell constant, baseline slope, and
temperature reading. Cp was calibrated utilizing a standard sample of
sapphire using the same experimental conditions at the target temper-
ature. Since MDSC is sensitive to sample size and surface condition,
the test samples ofU2� 0.7mm3 were used.

The modulation heat flow period and heating/cooling rate need
to be coordinated to ensure an appropriate number of oscillation cycles
in the MT temperature range. After analyzing the parameters selected
in the research of polymer materials in the literature23–30 and conduct-
ing multiple attempts in the present work, it was found that ensuring
1–6 cycles of oscillation within the transition temperature range of the
tested material is a reasonable parameter. The selection of amplitude
requires comprehensive reference to the latent heat and the tempera-
ture range for the martensitic transformation obtained from traditional
DSC. When the latent heat of phase transition of the tested material is
relatively small (less than 5 J�g�1), a larger modulation amplitude
(about 3–10K) is required. If the temperature range for the martensitic
transformation is small (about 3–5K), a smaller modulation amplitude
(0.3–3K) is required. So, the heating/cooling rate is selected as 5K/
min, and the modulation period can be changed from 40 to 120 s. The
modulation amplitude is selected as 5K. The starting and finishing
temperatures of MT were determined via the double tangent method.

The direct measurement of DTad was carried out by a compres-
sive test performed on a universal test machine (Instron-5966) using
samples with size of U3� 4.5mm3. A maximum stress of 500MPa
was applied during the compressive test. The strain rate during loading
and unloading was 3.3� 10�2 s�1 to reach the adiabatic state. To fully

FIG. 1. Scheme of modulated differential scanning calorimetry (MDSC). The left inset shows the modulated temperature change as a function of time, while the right one dis-
plays modulated heat flow as a function of temperature.
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reflect the elastocaloric effect of the alloys, the test temperature is set to
be Af þ3K for each alloy studied. DTad was monitored using a K-type
thermocouple attached to the surface of the sample and was recorded
by an OM-DAQ-USB-2401 data acquisition module.

During a DSC test, the temperature changes linearly at a constant
heat or cooling rate. However, in the MDSC test, the temperature sinu-
soidal modulation may overlap on the linear temperature ramp.
Therefore, it can be used to differentiate the exothermic and endother-
mic processes involved during MT. Figure 2 shows the reversible, non-
reversible, and total heat flow of a Ni47Mn38Sn12Cu3 alloy obtained at
various modulation periods. As shown in Fig. 2(a), when the

modulation period is 40 s, the direction of the reversible heat-flow
peak is opposite to that of the total heat flow. That indicated that the
reversible heat flow is an endothermic process when the total heat flow
exhibits an exothermic process. When the modulation period is
extended to 60 s [see Fig. 2(b)], the reversible heat flow successively
exhibited both exothermic and endothermic peaks. When the
modulation period is increased to more than 80 s [as shown in
Figs. 2(c) and 2(e)], the reversible heat flow and the total heat flow
always have peaks in the same direction.

It is noticed that the modulation period did not affect the nonre-
versible heat flow peaks, which always followed the direction of the

FIG. 2. Reversible, nonreversible, and total heat flow tested using a Ni47Mn38Sn12Cu3 alloy at various modulation periods: (a) 40 s, (b) 60 s, (c) 80 s, (d) 100 s, and (e) 120 s.
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total heat flow. This is often related to the inevitable occurrence of
defects in the crystal, which induced stored elastic strain (DHP�M

el ) at
the phase interface between parent and martensite phases. In addition,
the energy dissipation in friction (EP�M

fr ) during interface movement is
often heterogeneous. As a result, different martensitic plates or differ-
ent parts of the same martensitic plate may exhibit different thermal
hysteresis. For example, in the cooling process shown in Fig. 2(a), a
transition from austenite to martensite occurred under the tempera-
ture disturbance (DT1). At this point, the modulated heat flow of the
MDSC provides a temperature disturbance (DT2) in the heating direc-
tion, which triggers a portion of martensite reverting to the parent
phase. Since DT1 is always greater than DT2 during the cooling process,
the phase transition frommartensite to austenite is incomplete.

Therefore, within a given temperature modulation amplitude, a
portion of martensite plates exhibit reversible properties, while the
remaining exhibit nonreversible properties. The frictional work dissi-
pation and thermal hysteresis during MT can be further analyzed from
these nonreversible signals.

As proposed by Planes et al.,31 the heat (�QM) released during
MT can be expressed as

�QM ¼ �DHP�M
ch þ DHP�M

el þ EP�M
fr ; (3)

where�DHP�M
ch is the enthalpy change related to the latent heat of the

phase transition, DHP�M
el is the enthalpy change associated with stor-

age elastic strain, and EP�M
fr is the energy dissipation in friction during

interface movement. In the reverse MT process, the heat (QA) released
during forward MT can be expressed as

QA ¼ DHM�P
ch þ DHM�P

el þ EM�P
fr : (4)

For NiMnSn-based magnetic SMAs, it is found that the magneti-
zation curves in the forward and reverse transition processes are
approximately parallel,32,33 indicating that the elastic strain energy
stored in the forward MT is approximately equal to that released in the
reverse MT. So, the frictional energy (Efr) can be obtained from Eqs.
(3) to (4) that

Efr ¼ EP�M
fr þ EM�P

fr ¼ QA � QM þ DHP�M
ch � DHM�P

ch : (5)

Assuming that the interface between parent and martensite
phases is a single-phase interface during MT, the entropy change
�DHP�M

ch can be written as

DHP�M
ch ¼ T0

QM

TM
; (6)

DHM�P
ch ¼ T0

QA

TA
; (7)

where T0 is the thermodynamic equilibrium temperature34 at which
the Gibbs energies of martensite and austenite phases are equal, which
can be estimated by the following relation:

T0 ¼
Ms þ Af

2
; (8)

where Ms and Af are martensite starting and austenite finishing tem-
peratures, respectively. From the DSC tests, the characteristic MT tem-
peratures and latent heat of the Cu-x alloys were obtained and
summarized in Table I. Comparing the values of characteristic phase
transition temperatures measured by DSC with those determined from
the thermomagnetic curves as measured under an external field of
0.05T, it can be found that the measurement results of the two meth-
ods are basically consistent.21 Therefore, the frictional work consumed
in the Cu-x alloys with different contents x during a MT cycle can be
calculated and is also listed in Table I. It is noticed that the thermal
hysteresis of the MT [DThys¼ (As þ Af �Ms �Mf)/2] is related to Efr,
demonstrating that Efr can be a good measure for the MT processes.

Efr can also be extended to the study of nonreversible Cp.
According to the working principle of MDSC, the nonreversible Cp is
obtained by the difference between the measured total Cp and revers-
ible Cp.

35 It is found from Fig. 3 that, for Cu-x alloys, the dependence

TABLE I. MT temperatures (Af, As, Ms, and Mf) by DSC measurements and M-T curves,21 latent heat of forward and reverse transitions (QA and QM), frictional work dissipation
(Efr), and thermal hysteresis (DThys) of Cu-x alloys.

Cu content
x (at. %)

Af

DSC (K)
Af

M-T (K)21
As

DSC (K)
As

M-T (K)21
Ms

DSC (K)
Ms

M-T (K)21
Mf

DSC (K)
Mf

M-T (K)21
QA

(J�g�1)
QM

(J�g�1)
Efr

(J�g�1)
DThys

DSC (K)

0 352 � � � 340 � � � 328 � � � 315 � � � 9.094 9.472 0.722 24.5
2 315 312 305 302 295 293 286 283 8.566 8.616 0.57 19.5
3 294 282 285 275 277 268 266 255 8.064 8.345 0.549 18
4 274 273 262 266 253 262 241 250 7.045 7.309 0.606 21
5 240 241 227 228 221 220 206 207 5.334 5.647 0.577 20

FIG. 3. Nonreversible specific heat capacity (Cp) and frictional work dissipation (Efr)
under different modulation periods of Cu-x alloys.
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of Efr on x is consistent with the nonreversible specific Cp. The relation
between nonreversible Cp and Efr during MT can be established as

Efr ¼ Cp�nonDTint ; (9)

where DTint is the transformation temperature interval [DTint¼ (Af

� As þ Ms � Mf)/2]. In this way, the nonreversible Cp can be directly
characterized by Efr. Although there remain some uncertainties in the
interpretation of the data, the reversible and nonreversible signals pro-
vide much richer useful information than the conventional DSC.

DTad of eCE can be experimentally monitored using a thermo-
couple attached to the surface of the samples8,9 or an infrared cam-
era.6,7 Here, we propose an indirect way to predict DTad via MDSC
technique, which can hardly be realized by conventional DSC.36,37

Given that the enthalpy change (Q) of during MT is obtained by
integrating the DSC peaks, the temperature change (DTDSC) can be
estimated by

DTDSC ¼ Q
CP

: (10)

However, the estimated data (DTDSC) are always greater than the
actual measured (DTad).

38 This deviation is mainly related to the fact

that the Q value obtained from DSC peaks accounts for the reversible
and nonreversible parts, in which the former should be used in Eq. (10).
The reversible part is related to Cp of the sample, while the nonreversible
part is determined by the physical and chemical processes of the sample,
which depend on changes in internal variables far from equilibrium but
are not driven by the heating rate. Fortunately, the reversible part can be
resolved from the MDSC results according to Eq. (1). After the revers-
ible latent heat was resolved, DTad can be accurately estimated using
such reversible latent heat and reversible Cp for a SMA.

Here, we take Cu-x alloy as an example to analyze DTad based on
the MDSC data. The latent heat of Cu-x alloys under different modula-
tion periods is plotted in Fig. 4. Figure 4(a) shows that the total latent
heat of the alloys decreases with increasing Cu content. Such total
latent heat is actually the same as those obtained from conventional
DSC. The nonreversible latent heat shows a minimum for Cu-3 alloy
[Fig. 4(b)], while accordingly the reversible latent heat shows a maxi-
mum [Fig. 4(c)].

As Cu-3 alloy exhibits the highest reversible latent heat than that
of the other alloys, it should have the highest DTad. Here, DTad was
experimentally tested via different techniques and is compared with
the calculation results [by Eq. (10)]. The results are shown in Fig. 5.

FIG. 4. Latent heat of Cu-x alloys under different modulation periods. (a) Total latent heat, (b) nonreversible latent heat, and (c) reversible latent heat.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 125, 252202 (2024); doi: 10.1063/5.0240749 125, 252202-5

Published under an exclusive license by AIP Publishing

 09 January 2026 03:41:23

pubs.aip.org/aip/apl


Figure 5(a) shows the direct monitor of DTad for Cu-x alloys during
loading and unloading processes under cycling compressive tests (a
high-speed loading rate of 3.3� 10�2 s�1 was applied to reach an adia-
batic state). The curves show abrupt temperature rise during loading,
while a temperature drop upon unloading. The data showed the high-
est DTad �10.3K for the Cu-3 alloy.

The results in Fig. 5(a) and the calculation results based on
Figs. 4(a) and 4(c) are summarized in Fig. 5(b). It can be observed
in Fig. 5(b) that the estimated DTad obtained from the total latent
heat by MDSC (the data are the same as DSC) differs significantly
from the directly measured results. In addition, the calculation data
based on the reversible latent heat [Fig. 4(c)] are consistent with the
experimental results. This confirms that the resolve of the reversible
latent heat from MDSC is crucial for the accurate calculation of
DTad, demonstrating the reliability of MDSC for the assessment of
the eCE. It can also be inferred that the reversible heat flow has a
more significant impact on elastocaloric properties in a SMA.

In summary, MDSC is employed to study the evolution of revers-
ible and nonreversible latent heat during MT of Ni-Mn-Sn-(Cu) alloys.
The selection method of MDSC measurement parameters was dis-
cussed. The thermal parameters, such as latent heat, heat capacity, fric-
tional work dissipation, and thermal hysteresis, were investigated from
the MDSC results. The influence of the kinetic component on the MT
is investigated by this method, which explains the positive correlation
between the frictional work dissipation and the nonreversible heat
capacity in Ni-Mn-Sn-(Cu) alloys. Based on the resolved reversible
latent heat from MDSC, accurate calculation of the adiabatic tempera-
ture change was realized and compared with those of the experimental
results. The calculation and experimental results are consistent, dem-
onstrating the reliability of the MDSC for resolve the reversible and
nonreversible thermal components of MT and accordingly the fast and
reliable analysis of the elastocaloric properties in SMAs.
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