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Differential Scanning Calorimetry (DSC) is discussed as a tool for characterization of Shape Memory
Alloy (SMA) materials with the example of Nisj,e,-Ti polycrystalline material. Some inconsistencies
connected with the DSC analysis results present in the contemporary literature are indicated, for example
large discrepancies in the registered heats of phase transition (PT.) or differences in registered heats of
forward and reverse PT, especially in the case of multi-stage PT sequences. An attempt is undertaken to
explain some of the discrepancies. The overall conclusion from the present work is that forward and reverse
sensible heats of PT are equal, and discrepancies reported in the literature are artefacts. It is recommended
that as a standard practice of DSC analysis of SMA materials not only characteristic temperatures but also
sensible heat of PT should be reported, which can be done at practically no additional cost.

PACS: 05.70.Ln Nonequilibrium and irreversible thermodynamics, 81.30.Kf martensitic transformations,
81.70.Pg thermal analysis, 82.60.Fa Heat capacities and heats of phase transitions, 62.20.fg Shape-memory
effect; yield stress; superelasticity, 87.85.J Biomaterials

1. Introduction

Shape Memory Alloy (SMA) materials arouse the
interest of researchers and engineers due to a very
complex behavior: interesting and wuseful properties
exhibiting themselves in the form of pseudoelasticity (PE)
or one-way shape memory effect (SME). The most
popular among many SMA materials are NiTi based
alloys, which besides excellent and stable PE and SME
possess valuable features such as corrosion resistance,
high strength, stability of response, and biocompatibility.
The special features of SMA materials stem from their
crystallographically reversible thermoelastic martensitic
transformation and in the specific case of NiTi based
alloys phase transformation of austenite (B2) into
martensite (B19") through a single-stage phase transition
(PT) (A—M) or a multi-stage PT, austenite — R-
martensite — monoclinic martensite (A—R—M). The PT
may be induced by either stress or temperature. Thus the
PE and SME phenomena involve strong coupling between
different physical fields. Some researchers distinguish
even more multi-stage PTs each of martensitic character
[11, [2]. The functional and physical properties of SMA
materials such as SME, PE, wear resistance, functional
fatigue, size of hysteresis loop, and level of recovery
stress/strain  are  very strongly influenced by
thermomechanical treatment (TMT). Nearly all techniques
known in materials science, such as work hardening,
annealing and ageing, and introduction of chemically and
physically inert inclusions, find application here. The NiTi
materials are extremely sensitive to small variations in
chemical composition and/or "impurities" content (O, C,
H) [3], [4]. A kind of byproduct of functional features
optimization achieved through TMT is the appearance of
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single- or multi-stage PT, change of microstructure, and
change in the characteristic temperatures of PT. These last
parameters practically decide whether a particular SMA
material will qualify for specific medical or non-medical
application [5], [6]. Proper characterization of SMA
materials is quite difficult as a commonly accepted
theoretical model that comprehensively covers various
aspects of their behavior is at present non-existent.
However, models covering a partial range of SMA
behavior can facilitate this task, for example, the
thermodynamic R; model of SMA pseudoelastic behavior
[7].

In the present work the R; model is used to link
characteristic temperatures determined from Differential
Scanning Calorimetry (DSC) testing of the austenite start
and the martensite start at null stress, 4° and A, and the

sensible heat of PT Au" with modeling parameters
characterizing useful properties of SMA material, for
example, internal dissipation. This is elucidated using the
results of DSC tests run on Nisje,-Ti SMA wire
submitted to cold work followed by wvarious ageing
treatments. An attempt is made to explain the considerable
difference in sensible heats of forward and reverse PTs
reaching 20% or more encountered in the literature
devoted to DSC characterization of SMA materials.

2. Experimental

The DSC tests were performed on a commercial,
polycrystalline NiTi alloy wire provided by @mt
Company (Belgium) with a diameter of 1.0 mm and
nominal composition of 51.0 at% Ni. Pieces of as-
received wire (30% last stage cold-worked) several
centimeters long were aged in an argon atmosphere for 15
min and 30 min at temperatures of 400, 450, and 500 °C,
respectively. The transformation temperatures and
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sensible heats of the as-received and aged specimens were
determined by DSC (TA 2920 CE apparatus). DSC
samples with masses close to 30 mg were taken from the
heat-treated materials. They were heated to 120 °C, cooled
to —120 °C, and heated to 120 °C again. The cycle was
repeated twice to check the repeatability of the material
response. Several heating and cooling rates were used: 5,
10, and 20 °C/min, but only the results of tests performed
at a rate of 10 °C/min are reported here. Using TA
Universal Analysis software, the phase transformation
temperatures were determined in a standard way with the
aid of tangents, and sensible heats of PT were determined
as respective areas under DSC curves.
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Fig. 1. Comparison of DSC curves obtained for Ni51-Ti wire
30% cold-worked and submitted to ageing heat treatments for 30
min at 400, 450, and 500 °C.

Overlaid DSC charts for specimens made of as-
received materials (30% cold-worked) and aged for 30
min at 400, 450, and 500 °C are shown in Figure 1. It can
be noticed that cold-worked material is SME "dead"; that
is, it exhibits no PT. Increasing the ageing temperature at
a constant processing time of 30 min results in more and
more pronounced two-stage forward and one-stage reverse
PT with increasing sensible heats of 22.5, 23.6, and 27.0
J/g, respectively. It is interesting to note that Ni51at%-Ti
alloy, not from the same batch, which was solutionized
(1000 °C, 30 min) exhibited both forward and reverse
single-stage transformation with an unexpectedly small
heat of transformation 5.5.J/g, which was four to five
times smaller than in the case of the aged specimen.

3. Results and discussion

Sensible heats of PT of NiTi materials (50.6-51.2
Ni-at. %) optimized with respect to their SMA properties
typically reported in the literature are at the level of 20
J/g. However, quite frequently the heats of forward and
reverse transition differ by over 20% (see e.g. [9]). In
order to evaluate the credibility of this information the
present author performed a literature survey and
undertook his own analyses. These convinced him that
two conjectures can be credibly accepted for NiTi alloys
that are DSC tested in a temperature range below
approximately 200 °C.

Hypothesis HI: The specific internal energy of the
NiTi sample before the DSC test at state 1 is the same as
internal energy u, at termination of the DSC test cycle at
state 3; that is, u (g,5,2)=u,(e,s,2) < Au=0 (see
Fig.-2).
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Fig. 2. Schematic view of DSC tests results for NiTi alloy
submitted to different thermomechanical heat treatments
(TMTs). In solutionized state, single-stage forward and reverse
PT takes place, but the specimen aged for 30 min at 500 °C
exhibits two-stage forward and one-stage reverse PT.

Hypothesis H2: It is accepted that no net macroscopic
work is done as a result of the DSC test cycle; that is,

AW ={(c/ p)-de =0

This conjecture is justified by well known information
that so-called self-accommodating martensite induced
during the DSC test exhibits null transformation strain in
the presence of the very low stress remaining in the case
of the DSC procedure at the level of atmospheric pressure.
Considering conjectures H1 and H2 and the first law of
thermodynamics,

$du=Pdg+§(o/p)-de < Mu=AQ+AW .

AQ=AQ, +AQ =0 AQ, =—AQ ;

AQ, = Tf dq> AQ?z]‘ldq (1)

T1>T2
Hence, the sensible heat of forward PT AQ, registered

by DSC during the cooling stage of the test from
temperature 7, > M to temperature 7, < M, which is

removed to the surroundings, must be equal in value to the
sensible heat of reverse PT AQ registered by DSC during

the heating stage of the test from temperature 7, < Af to
temperature A‘;. <T,, which is absorbed from the

surroundings.

Let us analyze the DSC test result obtained for the
NiTi alloy heat-treated for 30 min at 500 °C and water
quenched. When the forward R-phase transition and M-
phase transition are treated separately then the following
values of sensible heats for forward

AQ, =AQF + AQY =7.1+13.6=20.7[J / g] and reverse
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AQ =269][J/g] PT are obtained (see Fig. 3a). There is

a mismatch of about 23% between the forward and
reverse PT sensible heats. However, a closer look at the
chart in Figure 3 allows one to notice that the R-phase and
M-phase transitions mutually interact in multi-stage
transition and should rather be treated together when
evaluating the total heat of transformation. When this is
done in the DSC analysis the following sensible heats are
obtained: AQ, =26.8[J/g] and AQ =27.0 [J/g]. A

mismatch in the level of DSC apparatus accuracy is in
accordance with the conclusion drawn from the
suppositions of hypotheses H1 and H2.
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Fig. 3. DSC test results and analyses for NiTi alloy heat-treated
for 30 min at 500 °C and water quenched. (a) R-phase and M-
phase transitions are treated separately; (b) R-phase and M-phase
transitions are treated as one multi-stage transition.

In order to evaluate the intrinsic properties of SMA
material, use must be made of some model of SMA
material behavior. The thermal equations of state of the R,
thermodynamic model of pseudoelasticity obtained by
formal differentiation of the Gibbs potential with respect
to material state parameters are as follows (cf. [7]):

-0G/oz=n'(0,T,2)
=) (T)+yo. f () p—(1-22)¢,(T)
—0G /0T =s=s," —zAs" + ¢, In(T /T,)
+o-al/p+z(1-2)s,

-0(pG)/oc=c=a AT+Mo+¢&" 2
where 7/ is the thermodynamic driving force (t.d.f.) of

phase transformation, ¢ is macroscopic  stress,
7[()/ =Au" —TAs" is chemical Gibbs free energy, y is the

amplitude of pseudoelastic flow, ¢, is effective stress, p

is density, z is the volume fraction of the martensitic
phase, ¢, (T)=1u,—T75, is the so-called coherent energy

characterized by two constant material parameters #, and
5,» s 1s the specific entropy of the two-phase

Representative Volume Element (RVE) of SMA material,
c, is heat capacity, a is the thermal expansion

coefficient, g is total macroscopic strain, M is the elastic

compliance tensor, and g’ is PT strain. It can be shown
that the power of heat of the SMA macro element which
must be exchanged with the environment during the
progress of any thermodynamic process amounts to

'z,

Gg=c,7-q,. 4,=—Ta-6/p+cz+x
c;(2)=T[As" = (1-22)5,] 3)
where c;» z describes heat power, which would be

generated in a virtual, infinitesimal, thermodynamically
reversible process of PT as a result of the existence of
latent heat of PT. The ¢ is positive when expelled to
environment. The rate of dissipation of mechanical work
D can be expressed as follows:

D=rn'z=(c,—c})z,

c(a,z)=yo. f(») p+Au" —(1-22)1, “

where ¢ Z describes actual heat power, which would be

generated in the real, irreversible, infinitesimal process of
phase transformation resulting from the existence of the
latent heat of phase transformation and dissipation of
mechanical work. The total heat registered in the DSC
thermograph during forward and reverse PT, respectively,
neglecting thermal expansion g =0, can be expressed by
the formulae

z=1 z=1

AQ, = J. c,dz= J~ [Au" —(1-22)u,]dz =Au"
z=0 z=0
z=0

AQ = zj_. ¢, dz= J. [Au" —(1-22)u,)dz =—Au" (3)

z=1
The term ¢ (T —T) related to the heat capacity of the

tested material is omitted in (5) to conform with the DSC
test results, as in DSC thermographs of modern
calorimeters this term is absent due to their "baseline"
feature [8]. By use of (2); and accepting § =0, the

following connections can be obtained:
7’ (0=0,z=0)=0= M’ =(Au" —it,)/As",
7 (0=0,z=1)=0= A" =(Au" +u,)/As" (6)

Relations (6) allow the determination of the values of
the difference in the specific entropy of the austenitic and

martensitic phases As" and the coefficient of energy of
coherence , as follows

As" =2Mu" (A + M), wy=As"-(4)-M?)/2 (7)
Thus, it is clear that it is coherent energy (i) that is

responsible for the splitting of A/? and 4 temperatures.
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Internal dissipation sources of SMA materials can be
divided into  thermostatic ~ omes,  quantitatively
characterized in the model Ry by i, and kinetic ones,

linked with the specific route of progress of PT and
characterized by phase transformation kinetics functions
and constants. This is schematically illustrated in Figure 4.
The dissipation of mechanical work related with
thermostatic sources is directly proportional to the area A-
F-D-C (see Fig. 4), and dissipation related with PT
kinetics is directly proportional to the areas A-B-C-A in
the case of forward and DEFD in the case of reverse PT.

)

Fig. 4. Schematic view of PT during DSC test with marked
areas proportional to dissipation of mechanical work.

Let us return to the determination of i, and As" from

the DSC data in the case of multi-stage — here two-stage —
PT, which can create certain difficulties. In the case of
two-stage PT the sensible heat determined from the DSC
thermograph when treating PT as a whole is
Au*=27[J/g] (see Fig. 3b). It is subsequently
subdivided into two parts proportional to the heats
determined when the R-phase and M-phase transitions are

treated separately: AQY /AQF =13.6/7.1x2

(Au" =27 = Au;, =9000, Auj, =18000[J/kg]) (see
Fig. 3a). On determination of the characteristic
temperatures of the R-phase, M-phase, and A-phase
(A4° =323, M" =287, R” =318 [K]) and substitution of
these data into Formulae (7), the following are obtained:

As =Asl, +As,=59+28.1=87.1 [J(kgK)],

iy =1y, +1y, =1062+70.3 [J/kg] ®)

In order to evaluate internal dissipation of the SMA
material linked with the specific route of PT progress,
information from the DSC curves is insufficient.
Additional information in the form of PT kinetics relations
of thermoelastic martensitic transformation is necessary.
When these relations are known in dependence on the
temperature, z(7) and can be analytically inverted as

T(z)=z"(T), then sensible heats resulting from SMA

cooling and heating processes, respectively, can be
expressed as follows:

AQ, =J.dq =c,(T,-M})+Au" =-AQ_

The heats emitted and absorbed during virtual,
thermodynamically reversible forward and reverse PT
processes are

1
AQ! = [dg" =, (T, =M+ s [T/ (2
[

1
AQ’ = _qu ‘=—c,(T,-M})- AS*IT"(z)dz
0

Finally, the dissipation of mechanical work during
forward and reverse PT can be estimated from the
formulae

1
D, =AQ, -AQ° = Au" — AS*J.Tf(Z)dZ >0>
0

1
D =AQ —AQ° = AS*IT"(z)dz —Au" >0
0

When it is justified to accept that forward and reverse
PTs take place at nearly constant temperatures, that is,

T/ =M= M?, T'=4"= A?, then the dissipation of
mechanical work originates only from thermostatic
sources and amounts to D =2 .

4. Conclusions

Reanalysis of experimental DSC data run on SMA
specimens available in the literature and analysis of the
researcher’s own DSC test results run on Nis;-Ti alloy
with the aid of the thermodynamic model of SMA
behavior indicate that the DSC cycle experienced by NiTi
materials with an upper temperature not exceeding 200 °C
can be treated as a closed thermodynamic cycle; that is,
with good accuracy, the initial state of the sample material
is the same as the end state after DSC test termination. For
that reason the sensible heat of forward PT, regardless of
whether it is single- or multi-stage, must be the same as
the sensible heat of reverse single- or multi-stage PT.
Thus experimentally determined values of these heats may
deviate in value by a factor of 1 to 2%, that is, the typical
accuracy of current DSC apparatuses.

The multi-stage transitions of R-phase (one or more)
and M-phase appearing in Ni rich NiTi alloys after some
ageing treatments should be first treated as single
transformation when determining the sensible heat of
forward or reverse PT, as individual (crystallographically
different) transitions strongly mutually interact. Any
decoupling and attribution of sensible heats to particular
PT should be made at a later stage. DSC tests results can
deliver, in a quick and reliable manner, estimation of
SMA intrinsic properties, for example the difference in
specific entropy of the austenitic and martensitic phase
As" and the coefficient of energy of coherence i, which

is responsible for the splitting of Af and M?

temperatures. It is energy of coherence that is responsible
for the thermostatic internal dissipation of the material.
This can be done wusing only the characteristic
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temperatures 4’ and M’ and the sensible heat of PT
Au" = AQ,, all of which can be determined by a single

DSC test. The above mentioned advantages suggest that it
should be standard practice to determine and report the

sensible heat Au® when a DSC test is carried out.
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