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ABSTRACT Based on analysis on the O-P thermodynamic model, raised by Ortin and Planes, of thermal
measurements in thermoelastic martensitic transformation, the authors have pointed out shortcomings of the mod-
el, and proposed amendments. On the basis of new assumptions made by the authors, the equation of the latent
heat of the transformation is derived by application of the first and second thermodynamic principles to a complete
cycle, which can be used to separate the latent heat of the transformation from calorimetric data.
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1 INTRODUCTION

Since the begining of 1950s, thermoelastic martensitic transformation have received consider-
able attention because the thermoelastic character of the growth and reversion of the martensite
phase is generally acknowledged to be responsible for the interesting mechanical features of pseu-
doelasticity and shape memory effect, as reviewed by Delaey et al''’. Among the different alloy
systems displaying this effect, Ti-Ni, Cu-Zn-Al, Cu-Al-Ni and Au-Cd are the best studied.

The martensitic transformation is a first-order transition in the solid state. Consequently,
there is coexistence of the two phases in the transformation region and an associated latent heat of
transformation. So far, the latent heat of thermoelastic martensitic transformation cannot be de-
termined directly, but it can be separated from the heat measured by the calorimeter. In a calori-
metric run of a thermally-induced thermoelastic transformation the heat measured by the
calorimeter is the sum of (i) the latent heat of transformation, (ii) the elastic strain energy, and
(iii) the frictional work.

The latent heat of transformation arises from the difference in Gibbs free energy between
austenite and martensite, and acts as a driving force promoting the phase with lower energy at
each temperature. Both the elastic strain energy and the frictional work belong to non-chemical
forces. The former is the need to accommodate the transformational shape and volume changes,
which opposes the forward transformation and promotes the reverse one. The latter is the energy
dissipated in the specimen as internal work during the transformation. The internal work is main-
ly devoted to overcome frictional barriers opposing interfacical motion, either during growth or
during shrinkage of the martensite plates. This contribution represents the irreversible part of the
non-chemical energies and is responsible for the thermal hysteresis observed in many thermoelas-
tic transformations.

The latent heat of transformation, elastic strain energy and frictional work are measured at
the same time and consequently it is not correct (although it is often done) to equate the latent
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heat with the heat measured in the transformation. This fact has been earlier recognized by Olson
and Cohen'® who indicate that separation of chemical and non-chemical contributions in thermo-
dynamics of thermoelastic martensites requires independent measuremerit of one term or the oth-
er. Since this idea was stated, several works'®~7 have appeared attempting to separate the differ-
ent contributions from the heat measured in the transformation. Recently, Ortin and Planes
have analyzed, from the thermodynamic viewpoint, the information given by calorimetric experi-
ments in thermoelastic martensitic transformation, and put forward a thermodynamic model (O-P
thermodynamic model) to separate the different contributions from the heat measured by the
calorimeter. However, the O-P model have some deficiencies which must be improved. The at-
tempt of this paper is to improve the O-P thermodynamic model, based on analysis on the model.

2 THE SYNOPSIS ON THE O-P MODEL

2.1 Symbols
Q: the absolute value of the total heat measured in a forward transformation.
Q.: the absolute value of the total heat measured in a reverse transformation.
AS ) : the entropy change of the specimen in a forward transformation.
AS 4 : the entropy change of the specimen in a reverse transformation.
AH . the latent heat of transformation.
AH, ; the elastic strain energy.
E; ; the frictional work.
C¥ . the heat capacity of the martensite phase.
C4 . the heat capacity of the austenite phase.

2.2 Basic Assumptions

In order to separate the different contributions from Qu and Q4, four basic assumptions are
made by Ortin and Planes as follows.

Assumnption 1: The sample recovers its original thermodynamic state at A; after a complete
transformation cycle which starts at 4;, includes cooling down to M; and heating up again to A4y,
is finished. Writing this assumption explitly

3§dU —0 M

39015 —0 @

Assumption 2; Ortin and Planes introduce the concept of thermoelastic equilibrium through
what they call “the entropy argument”, which is that the condition of thermoelastic equilibrium is
equivalent to a null change in the entropy of the universe. This assumption can be expressed

- Mf_dQM
— ASy = J‘M!T (3
_ (—dQ,
A — ,[A T (4)

Assumptions 3: The heat capacity of specimen is assumed to be independent of temperature.
Assumption 4: Qy and Qa denote the absolute values of the total heat enclosed between the
thermal curves and the horizontal base-line given by a null thermal power, between the extreme

temperatures M; and A;, respectively.
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2.3 Basic Method to Separate Qu and Q4

They separate the different contributions from @y and Q4 by comparing the change in internal
energy U and entropy S of the specimen, on going from A; and M; following the three different
paths, represented in Fig. 1, joining the initial and final state of the specimen;

(1) is the actual path of the transformation,

(2) is a reversible path without frictional work, and

(3) is a reversible path without frictional and without elastic strain contributions, and hence
proceeding isothermally at the equilibrium temperature T',.

X

Fig.1 Hysteresis cycle of the martensitic transformation in the volume fraction
of martensite( X) vs temperature( T ) coordinates, and three alternative paths
for the forward and reverse transformations joining the same initial and final states

2.4 Main Equation
For the forward transformation, the heat measured is given by

_QM:_AHP_.M—FAHP_.M‘{-EP_'M (5)
where
AHTY — [j La@u + cain L2 4 cimn 2 3
f
— Cy(T, — AD —CM(Mf— o) (6
AHG™ =— Qu + AHGM — Ef~Y M
For the resverse transformation, the heat measured is given by
Q. = AHM~P — AHM~P 4 EM~P (8)
where
A
AR — To[_[ ' 1d4Q, — Clin 12 — Ciin 2]
u T T,
+ (T, — Mp +C;?<Af —To) (9
Moreover

E-M + Eif-? = Q4 — Qu 10
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3 MAIN PROBLEMS IN THE O-P MODEL

It should be pointed out that the O-P thermodynamic model is a successful thermodynamic
model in the thermodynamic theory of thermoelastic martensitic transformation. By means of this
model, the latent heat of transformation, elastic strain energy and frictional work can be separat-
ed from the calorimetric data. As other thermodynamic models®®~"!, however, the O-P model
have some shortcomings to revise. We hold that among basic assumptions in the O-P model as-
sumptions 3 and 4 do not coincide with the actual conditions. Moreover, internal energy U in as-
sumption 1 should be replaced by enthalpy H, so as to tally with following treatment.

First, we discuss assumption 3. It is clear that establishing of this assumption is to simplify
the treatment. However, it is well known that the heat capacity of solid is closely dependent of
temperature,, except temperature of solid is more higher than the characteristic temperature. It is
obvious that this assumption is incorrect, especially for low temperature. Second, according to
assumption 4, the heats measured, @y and @, include at the same time the contributions due to
the transformation itself and the contributions due to the change in temperature of the specimen
in the forward and reverse transformations, respectively. From thermal measurement, however,
Qu and Q, should be the energies enclosed between the calormetric curves and the base-line, so as-
sumption 4 does not coincide with the common principle that in a calorimetric run of a thermally-
induced thermoelastic transformation the heat measured by the calorimeter is the sum of the la-
tent heat of transformation, elastic strain energy and frictional work. Therefore, we revise as-
sumptions 1, 3 and 4, and re-separate the different contributions from Qu and Q..

4 THERMODYNAMIC ANALYSIS OF CALORIMETRIC CURVES

As we are dealing with calorimetric curves, let us discuss first the amendments for assump-
tions 3 and 4. It is well known that the heat capacity of the specimen is closely dependent of tem-
perature, and the heat capacity vs temperature curve can be measured by the adiabatic calorime-
ter!®. During the transformation the heat capacity of the sample should be the mixed one of the
austenite and martensite, and let C4* and C}* denote the mixed heat capacity in the forward and
reverse transformations, respectively. Moreover, when transformations take place along path
(3), as shown in Fig. 1, the heat capacity of the austenite and martensite can be obtained by ex-
trapolating C, vs T curves measured by the adiabatic calorimeter to the equilibrium temperature
T,. For assumption 4, we will recover its original meaning. As shown in Fig. 2, we define — Qx
and Q4 (heats measured in the calorimetric run) as the energies enclosed between the thermal
curves and the base-line.

(i) The condition SgdH = 0 gives

M. M, A,
J TONTHIT + J "CM(TYT — Qy — EF™ j TCM(THdT
£ M, M

A

A
+Q— BT+ [ e adT = o 12)
(ii) The condition SBdS = 0 gives
MCA(T) wWCM(TY J‘A,C’,ﬁ’(T)
T O L
A CHA(T
+ J.Af%dT +AS, =0 (13)

Our next objective is to separate the different contributions from Qi and Q4. To do this, we
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Fig. 2 Schematic representation of the calorimetric curves corresponding to a
forward( P — M ) and reverse( M — P ) martensitic transformation induced on
changing the temperature of the specimen. The thermal power W in the
ordinates is rescaled by the absolute value of the cooling or heating rate |7’ |

first consider the forward transformation and three different transformation paths represented in
Fig. 1. We compare now the changes in enthaply and entropy of the specimen, on going from A;
to M; following the different paths. For simplicity, we momentarily omit the superscripts P — M
from our notation.

(a) Comparison of paths (2) and (3) gives

s [ M
[ csrrar + [ ac— aHa + 8HD o + [ CrTT
1 s f

TO M,
- J CA(TYAT — AH ey + AH. + L’ CH(T)dT 14
f

[
where AH, is introduced as an additional external work which has to be done on the specimen,
when following path(3), to bring it to a final strained state at M;, and

CACT) 3 M CY (T
[, + [ 8o + AHD G + [

_ [TCH (T _ AHy, J-M‘Cr(T)
_J:f 72T T 4 | =T 15)

0

T

(b) Comparison of paths (1) and (2) gives
M, M
J ' CA(THAT + J "CHM(TYT — Qu — E
Af Ms

s [ M
= ["cpemar + j: d(— AHo + AH.) g + L C¥(TYTAT (16)

where E is the work done by the specimen through the frictional path (1), and

" CA(T) " CAM (T
JA%deLJ‘ e Dyt _ as,,

{

w T
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A M, (M
fc 2Dt + J7 Ld(— aH, + DHD o + L‘C’;T)dr an

f

From equations (14) and (16)
M! M, I M,
AH, = 8Hoo + | CHOT + [ cperar — [ cperar — [ eyanar - as)
A s A 7,

and from equations (15) and (17)
o A M, (M M (A M, (AM
AH gy = TOEJT CP;«T)dT + _[ (Md’r — J € (T)dT j ' (T)dT + ASy] (19
Ag

T, T A; M,

From the last two equations, it follows immediately (using again the superscripts P — M )

that the latent heat of transformation is given by

Y M A AM
AHDM — OEJ_’C (T)dT + JMIC (T)dT JMC (T)dT J’MC (T)dT + ASy]

Af Ms
M,
+ J CA(THAT + J CM (1T — r CA(THIT — j LCH(THIT (20)
A( IWs A‘ T()
and the elastic energy is
AHI™ =— Qy + AHE™™ — Ef~Y @y
For the reverse transformation, the corresponding equations read
A M A, ("MA o M A, (A
AHM-P — To[J ’CP;T)dT + J ‘G (T)dT Q—;DdT — J ‘G (T)dT 4 AS,]
My M Ty
TO . A
+ J CH(THAT + J CATHT — j C¥(THdT — f " C¥A(THAT (22)
M[ TO A!
AHY P =— Qa + AHM*P + Ei~* (23)
Moreover, the frictional work can be determined by the O-P model as follows
E" 4+ EfF?P = Q4 — Qu (24)

5 CONCLUSIONS

The O-P thermodynamic model is undoubtedly a successful model in thermodynamic theory

of thermoelastic martensitic transformation. As other thermodynamic models, the O-P model
have some shortcomings to revise. According to the theories concerned, we improve the O-P
model, and derive the equations (20) and (22) of the latent heat of transformation by application
of the first and second thermodynamic principles to a complete cycle. The latent heat of transfor-
mation, elastic strain energy and frictional work can be directly separated from calorimetric data
by means of the improving model raised by the authors, which has contributed to a thorough un-
derstanding for the nature of thermoelastic martensitic transformation.
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