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The internal-friction spectra of a thermoelastic martensitic transformation are usually obtained as a function
of temperature withT#0 and show three—phase transition, transitory, and intrinsic—contributions. This
paper proposes a systematic method to analyze these internal-friction spectra. Indeed, two different procedures
are derived. The first one, with the support of an isothermal spectiuaD], allows one to decompose the
internal-friction spectrum into its three contributions and in addition to calculate the volume fraction of
transformed material. The second one is based on an iterative process, and allows one to separate the intrinsic
term from the other two contributions directly related to the martensitic transformation, and to calculate the
volume fraction of transformed material, without the aid of an isothermal measurement. This method is
successfully applied to a thermoelastic Cu-Al-Ni shape-memory alloy. Then, the dependence of the phase
transition term on the volume fraction of transformed material is found. This allows us to reject the models
proposed to explain this term that do not take into account this depend&@de&3-18208)00809-1

I. INTRODUCTION order nature of the martensitic transformation. Fortunately,
the relatively small jump observed in the order parameter
In recent years there has been an increasing attention fgives a weakly discontinuous character to the martensitic
the physics of martensitic phase transformations in metalgransformation so that it can be still regarded as a nearly
and alloys, and particularly in shape-memory alldgee continuous phase transitidhi*’ Accordingly, the martensitic
(Ref. 1) for a general overvieyv The principal features of transformation has been treated in the framework of the
interest are related to the technological application of shapkandau-Ginzburg theory using a variety of approacte®
memory alloys® that behave as smart materi&f§,and to From an experimental point of view, it is not very easy to
the fact that this kind of alloy makes a good testing bench taheck the ability of these theories to explain the observed
study the physical behavior near the critical temperature of @xperimental behavior, and for that reason they have always
first-order structural transition like the martensitic transfor-been controversidl.Some aspects of this controversy could
mation. be attributed to the theoretical models themselves, but other
One of the main characteristics used to define a martensproblems arise from the difficulty of comparison between
tic transformation is the displaciveness of the lattice-theory and experiments. This difficulty is enhanced by the
distortive type involving a shear-dominant shape change.fact that most of the usual experimental techniques only give
This means that during martensitic transformation an atomiinformation about some particular aspects of the martensitic
shearing is responsible for the structural transition betweetransformation(transition temperature, hysteresis, transfor-
the high-temperature phaséaustenit¢ and the low- mation latent heat, crystallographic atomic shearing, soften-
temperature phasémartensite In fact, due to the elastic ing at the transition, etg. This partial experimental knowl-
instability of their crystalline lattice, the high-temperature edge does not allow checks of the global ability of the
phase undergoes a spontaneous homogeneous’ sirmina  theoretical models to explain the experimental behavior.
combination of elastic modulii vanishes at the critical tem- Among the different experimental techniques to study the
perature, giving rise to a soft mode. This behavior has beemartensitic transformation, the anelastic technidfiem-
widely observed and reviewdd® Nevertheless, it should be cluding the simultaneous measurements of the internal-
stressed that the modes never become completely sottenedriction spectrum, the dynamic modulus evolution, and the
because the nucleation of martensite takes place throughassociated microdeformati#hvs temperature, have been ex-
localized soft mode around the deféét€®in such a way tensively used to characterize the martensitic transformation
that the incompleteness of the lattice instability leads to an different families of shape memory alloys: Ti-KRefs.
first-order transitiort® This way, standard soft-mode theory 25-31, Cu-Zn-Al (Refs. 32—-38 Cu-Al-Ni (Refs. 40-43
is not applicable because there is a finite discontinuity in theCu-Al-Zn-Ni-Mn (Ref. 49, Fe-Mn-SiX (Refs. 45-4%, and
microscopic order parameter at the transition due to the firstre-Co-Ni-Ti*®
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It is obvious that considerable amount of information can
be obtained from the total IF spectrum, but to get a more
quantitative and precise information it becomes necessary to

0.25

o 02 separate the different contributions of the IF spectrum. Thus,
g taking into account the dependencel Bf;(T) on the trans-
So1s formed volume fractionn(T), it could be possible to calcu-

= late n(T) if the IF transitory term were isolated. Moreover,
g ol in order to check the different models proposed to explain

the martensitic transformation itself, it is necessary to re-
move the transitory and the intrinsic terms, and use only the
phase transformation terif p(T). That is the case of the
models based on the Landau theory. Nevertheless, there is no
B B experimental procedure to decompose the IF spectrum and to
250 300 350 400 450 500 obtain the evolution of the transformed volume fraction
TK) n(T).
. . . i Commonly, the experimentally measured IF spectrum is
FIG. 1. Schematic representation of IF and its three contrlbu-Carried out at a constant coolinigr heating rate (T#0)
tions during a martensitic phase transformatitfy, : Transistory thi that trum includ Il th ntribution n,d th
term. IFp7: Phase transitiorfor isothermal term. IF,;: Intrinsic IS way that Spectru Icludes all the co utions, ar €
term. problem arises when trying to separate each term. It is also

possible, however, to get an IF spectruniat0 by measur-
One of the advantages of the anelastic techniques is thi g each IF point in isothermal condition. In such isothermal

; ; o easurements, the IF spectrum does not show the transitory
they are able to provide simultaneously a very precise infor- L . .
g ; ; contribution and then we obtaitFp(T) +1F«(T). This
mation about a large number of aspects involved in the mar-

o - . way, subtracting the isothermal spectrum from the normal

tensitic transformation: (a) global behavior of the revers- ) -
ible transformation; (b) critical transition temperature; SPEectrum obtained at+0, thelF(T) can be separated.
(c) transformation temperatures and hystere&i; spe- Iq the same way, during a Iow-fr_eqqency IF spectrum with a
cific damping capacity evolutior(e) transformed volume high enoughT, thelF p+(T) contribution becomes markedly
fraction evolutiony(f) softening of the modulus at the tran- lower than thelF+(T) one (less than 10% and so the
sition; (g) microdeformation associated with the atomic |Fpi(T) contribution could be neglected in a first approxi-
shearing(h) pretransitional effects. The knowledge of all mation. Then, depending on the experimental conditions, it
of these aspects is very useful making comparisons betwedifcomes possible to separate or remove only one of the IF
theory and experiment, but we would like to remark that it iscontributions, IF r(T) or IFp((T), keeping the other two
also very interesting from a technological point of view, par-terms togethenF pr(T) +IF i (T) or IF1(T) +IF (), re-
ticularly points (c) to (g), due to the applications of the Spectively.
shape-memory alloys:® The aim of the present work is to describe a standard

However, the analysis of the experimental data obtainednethod that permits the complete separation of the different
by anelastic techniques during a martensitic transformatiog§ontributions of the IF spectrum obtained during a martensi-
requires a specific treatment in order to establish a correldic transformation. Two different procedures have been de-
tion with each one of the previously indicated parameteryeloped depending if an isothermal measurement has been
and to give a good interpretation of them. Many studies atcarried out in addition to the normal spectriat T+#0) or
tempted to understand the main aspects involved in this sutmot. Taking into account this fact, the paper is organized as
ject, see the works by R. De Bdilsand J. Van follows. In Sec. Il an overview of the characteristics of the
HumbeecR®>for a review. It is well known that the internal different IF terms and the published theoretical models that
friction (IF) spectrum obtained during a martensitic phaseexplain each IF contribution is presented. This overview
transformation can be decomposed into three differenshows that there is a common functional expression for the

0.05

0

contributions®? IF(T) term. In Sec. Il A the analysis method using an
isothermal measurement is explained. This allows one to de-
IF(T)=1F(T) +1Fpr(T) +IF n(T). (1)  compose the total IF spectrum into the three different terms.

In Sec. lll B a method that may be used to treat the IF spec-
IF(T) is the transitory contributionof the IF spectrum, trum yvhen an |sot_hermal measurement Is not available, is
described. It consists of an iterative process that uses the

because it appears only during heating or cooling and be lationship betw the t f 4 vol fracti d
comes zero when the temperature is held constant. It tak g'ationship between 1the transtormed volume lraction an
oth the transitory and intrinsic terms. Finally, we summa-

account of the transformation kinetics, and is therefore di-" A . . . -
rectly related to the amount of volume fraction of trans- N2¢€ the main results obtained in this paper in Sec. IV. Along

formed phase per unit time. THE pr(T) term is associated with the presentation of the_ analysis method, its a_lpplication
with the phase transformation itselfand is responsible for toh_a thermoelastlc Cbu'_AI'N' slhape un;_gmc_)rry alloy_t;s _shown.
the IF peak during isothermal measurements. Finally, thd NiS PErMIts us to obtain results on tex-(T) contribution.

intrinsic term 1F«(T), gives the own IF contribution of

each phase, martensite and austenite. In Fig. 1 the schematic
representation of an IF spectrum and its different contribu- In the previous section it has been indicated that the
tions during a martensitic transformation are shown. internal-friction spectrum can be decomposed into three dif-

Il. THEORETICAL OVERVIEW
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TABLE I. The most importantF , models can be expressed Hé:Tr(T):Kan/an(T,w,ao). Thef(T,w,ao) andIF(T) functions
for these models are shown.

f(T,w,00) IF(T)
Belko et al. T MVS[ZT dn m:  shear modulug. N
(Ref. 59 — _— V: volume associated to a critical germ.
T koT dT ) . .
g;: transformation strain.
Delorme T _ KuT dn w.  shear modulus.
et al? ” (o high) W ar K: constant.
(Ref. 55 oo: oscillation stress-amplitude.
T KuT dn
wag (70 1OW) w0y 0T
Grelmaud ) T ) T gy oscillgtié)n stdreshs-amplit:dg._ |
et al. —— tl-—5— - a. stress induced change of critica
2 . -
(Ref. 56 ﬂ@l ﬁﬂ@l@ temperaturéClausius-Clapeyron coefficient
ml @0y J 1t 7T oo dT J: elastic compliance.
2awoy 2away s},: stress-free transformation shear strain.
" T 2
<_
! awog 3w
T L2 eh[ T L2 |
woy T \woy 7Y aT
_ ( 2 T 2)
if |=—< <—
37 awoy T
T 85 T an
w0 5 w0 ﬁ
_ ( T 2)
if >—
awogy T
Wanget al. T\Lr T\ " A(T) temperature-dependent coefficient.
(Ref. 57 (—) A(T)(—) 0<r<1, (materials with elastic softening
w w . . . .
r=0 (materials without elastic softening
Zhanget al® m m A(T) temperature-dependent function.
(Ref. 58 W‘ A(T)W] o<m, q<1

@0ther authors, W. Dejonghet al. (Ref. 59, and more recently, T. XiatRef. 60, have taken into account the possibility that the material
transforms under the oscillating stress, and then an isothermal term is added, but the transitory contribution remains like the Delorme model
to high oscillation amplitude.

bIn the Zhanget al. model there is also an isothermal term that can be expressB@Tas® 29,

ferent terms(1). In this section we present the origins and  The specificlF(T) and f(T,»,0,) functions for the

dependences of each contribution, as well as a summary @fost important models are displayed in Table I. In view of

the theoretical and empirical models proposed for each termnis table, some general observations on the dependence of
ThelF1(T) is a kinetic term, which only appears during |F_(T) on the temperature rate and the frequency can be

heating or cooling, and is closely related to the transforme%ade.lFTr(T) is directly proportional toT and inversely

volume fraction. It shows a peak during the martensitic . . .
transformation and is stronglypdependentg on external vari® roportional tow, and the general relationship between these

p/, .l
ables such as the temperature rafg, (the oscillation fre- paratmeters ?f"?m. b? expreslstedl 5$f°c.T /thw ' He(rjell anfdg Ik
guency(w) and the oscillation stress amplitudeo). The are two coetlicients equal to one in the models of belko

54 :85
specific variable contribution depends on the different mod £t - Dgl(_)rme and GOb'ﬁ.’ _and Gren_]aud_ and
els proposed, but in general can be expressed as co-workers® (in the last model, this is an approximation, that

becomes exact when the tefw is high enough whereas
an . they are less than one in the models of Wang and
IF (T =K~ 1(T,0,00), (2 co-worker§” and Zhang and co-worke?&.
However, the most important fact is to notice the linear
wheren is the volume fraction of transformed martensie, relationship betweenF,(T) and dn/JT. Although in the
is a constant, anfl(T,w,oy) is a function ofT, w, andoy. Wang and co-workeré and Zhang and co-workefsmodels
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TABLE Il. IFp(T) contribution proposed by the different models.

IFp(T)
Mercier AL*Bw \: density of dislocations.
and T L: average loop length.
Melton [F(\/F)]Z B: viscous coefficient.
(Ref. 62 F: is a function that depends on the crystallographic
directions of the dislocationg\ is the anisotropic
factor.
Kosimizu MG, Gy: unrelaxed modulus.
(Ref. 63 PRy 7. relaxation time, calculated using the Landau theory
of the first-order phase transition.
M: parameter depending on the kinetics of the order
parameter.
Kuska ¥MwGy x% coupling constant between the stress and the order
(Ref. 69 PHUZ2+ °MGy/ 7 parameter.

there is no explicit dependence of the internal friction on the60 K/h for the nonisothermal measurement.

volume fraction of transformed material, their calculations The starting point is the experimental IF spectrum ob-
clearly show that a direct relationship must exist betweenained as a function of temperatufe(T) between a starting
both functionsIF(T) and n(T). In addition, Zhang and Ty and a finishingT;. The temperature ranger{,Ts) is
co-worker§! have found experimentally that the volume assumed to be large enough to reach the background regions
fraction of the new phase is equivalent to the normalizedbn both peak sides. This way during the forwaadoling
internal friction integral. spectrumT>M>M:>T;, whereM andM; are the mar-

~ The phase transformatidit o(T) term is independent of tensite starting and the martensite finishing temperatures, re-
T and is responsible for the IF peak during isothermal measpectively. And during the reversgaeating spectrum: Ty
surements|F p1(T) is also called the isothermal tefnbeing ~ <As<A;<T¢, whereAq and A; are the austenite starting
the most important contribution in kHz frequency rangeand the austenite finishing temperatures respectively.
measurements. According to the explanation given by The IF spectra and the square frequency curve
Bidaux and co-worker¥. |F p1(T) is related to the reversible (><modulus) for a nonisothermal measurement appear in
displacement of the martensite—austenite interfaces duringigs. 4a) and 2b), respectively. On the other hand, Fig. 3
one oscillation cycle, while théF (T) is associated with shows an isothermal spectrum obtained during the reverse
the displacement of interfaces over large distances, producddartensitic transformation stabilizing the temperature every
by the transformation kinetics. The main models that explairien degrees approximately. Comparison of the two IF spectra
this contribution are schematically represented in Table IImakes evident the difference between the IF values of the
The first one was proposed by Mercier and Meffowho  two kinds of measurements, linked to the absendd=ef(T)
assumed that the origin of this term is a dislocation relaxin the isothermal spectrum.

ation process. The models by Kosimfiziand Kusk&* are

based on the Landau theory of the phase transition. A. Using an isothermal IF measurement

The intrinsic term |F(T) is the sum of the separate IF ) , ) )
contributions of each phase, martensite in the low- In this section we describe the procedure to be applied

temperature side and austenite in the high one. It depend’_&he” it is possible to obtain an isothermal spectrum in addi-

only on the microstructure of each phase and consequently {oN t0 @ nonisothermal one. As pointed out in the introduc-
expressed as tion, subtracting the isothermal spectrum from a nonisother-

mal one (with three contributions obtained immediately
IF (T)=n(T)IF y+[1—n(T)]IF,, ) after, we get theF +(T) C(_)ntribution[see Fig. (1a)]: More-
over, it has been shown in Sec. Il that the transitory contri-
wherelF , andIF , are the martensite and the austenite IFbution of the IF spectrum could be expressed in general as
contributions, respectively. _
an TP

IFTr:K &—T;r,

4
ll. ANALYSIS METHOD OF INTERNAL-FRICTION (43

SPECTRA
i i i where thep andl coefficients are equal to one, except for the
The method of analysis that we will describe subsequentlyyggels of Wang and co-workéfs and Zhang and
has been applied successfully to IF spectra of different alloygq.\orkers®

(Fe- and Cu-based alloysParticularly, in this paper, we use  Thjs way, calculating the integral function we get
the method to analyze the martensitic transformation in a

Cu-13AI-3Ni (wt. %) polycrystalline alloy. The measure- - .

ments were carried out in an inverted torsion pendulum J IF1,0'dT=KTPn(T), (4b)
working at about 1 Hz with a temperature rate of change of Ts
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FIG. 2. Experimental internal frictiofa) and square frequency 27 ' ! ' ©
(b) measurements during the forwathlack circles and reverse 0 b N
(open circley martensitic transformations in Cu-13AI-3Nivt. %) F,(T)
shape-memory alloy. e 8 [ ]
2
and then taking into account tha¢T,) =0 andn(T;) =1, we X 60 ]
obtain the normalization condition 2 Wl ]
i3
3
. T £ 2 .
KTP=J IFr0'dT. (40) =
s 0r b
Expressions(4b) and (4¢) allow us to obtain the volume 250 3(')0 35'0 4(')0 T aso
fraction of transformed martensite as a function of tempera- T(K)
ture:
FIG. 4. Curves of the three IF contributions during a reverse
20 . : : martensitic transformation(a) The transitory term, obtained sub-
tracting the interpolated curve of Fig. 3 from the experimental curve
[Epit Fpr of Fig. 2(a). (b) Intrinsic term anch(T), obtained from théF (T)
s L ] curve and the square frequency spectrum using Egb.and (3).
&g (c) IFp(T) contribution, obtained subtracting thé& (T) curve
% from the isothermal IF spectrum of Fig. 3.
g0 | 1
8 T | T L
= nT)=| IFqo'dT IFr0tdT. (4d)
g TS TS
£ 5T 1
= Therefore, it is clear that(T) can be easily calculated from
the IF 4(T) using the last equation, amdT) so obtained is
0 s . . plotted in Fig. 4b). IF;«(T), also plotted in Fig. &), shows
250 300 350 400 450

TK)

the same functional shape aéT), according to Eq(3). Its
numerical values can be obtained using the valué& gfand

FIG. 3. Isothermal IF spectrum during a reverse martensitid F,, which can be easily calculated from the IF spectrum.

transformation. The line is the interpolated curve.

Once two terms of the IF spectrum have been calculated, it is
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overcome this problem we propose the following procedure.
First, we define the integral(T) as

T T T
£ ] = —IFpodl= o dl+ prw dT,
J(T) (IF=IF)@'dT IF0'dT IF pro'dT
E 081 TS TS Ts
(5a)
R 4 ] and consequently,
%ﬂ 047 b T T
= . J(Tf):f (|F—|F,m)w'dT=f IFro'dT
'TE 02 ] Ts Ts
5 ® .
o0 ] +f IFpre'dT. (5b)

s s . s s L Applying Eq. (4d), we obtain
0 02 04 06 08 1
n(T)

T T
J(T)=n(T)J leTrw'dT+f IFpro'dT. (50
Ts Ts

FIG. 5. Relationship betweem(T) and the normalized integral

curve of IFpy(T). From these equations we reach the result

trivial to get the third, that is|F p(T). This contribution, JT)
obtained during a reverse martensitic transformation, is plot- Ty n(T)+an(T), ®)
ted in Fig. 4c); it shows a peak during the transformation.
It is important to notice that the normalized integral curveWhere
of IFp((T) term looks like the transformed fraction curve IT)

n(T) of Fig. 4b). Moreover, it can be seen in Fig. 5 that the fi'FPTw'dT— 3T 1f|FPTw|dT

linear correlation between(T) and the integral curve of An(T)= (Ty) @

IFp1(T) is qualitatively good. This means that there is a fileT,wldT

clear dependence dfp«T) on n(T), that has not been s

noticed previously. Nevertheless, the models proposed to ext will be shown later thatAn(T) can be neglected during

plain the IFp((T) term®~%%do not take into account any low frequency measurements and high enodghand in

explicit relationship between this IF contribution and the vol-these cases, there is a simple relationship betw¢&h and

ume fraction of transformed martensigee Table . Then, n(T):

in the light of this new result, it is clear that these models

should be revised to include explicitly this dependence of J(T)

IFp(T) onn(T). I(To) ~n(T). ®)
Once the three IF contributions have been separated, it is

obvious that they will be useful to determine the different This means that tha(T) curve can be calculated from Eq.

interesting parameters of the martensitic transformation front8), with no need to separate previously the transitory con-

a technological point of view, or alternatively to compare thetribution IF(T). The way to get the(T) integral from the

experimental behavior with the theoretical models. In addi-experimental IF spectrum is described in the next section.

tion, important new results can be obtained from the study of

the different contributions, such as the relationship between 2. Iterative process
IFpr(T) andn(T) that has been mentioned before. Taking into account the relationship between thd)
integral and then(T) obtained in the Sec. IlI B 1, it is pos-
B. Using only a nonisothermal IF measurement sible to determine thi~,,(T) contribution and consequently

, n(T) using the following iterative process. The process be-
) Section Ill A shows how to deco.mpose the IF Spectrumgins with the proposal of an arbitrary initial function for the
sothemnal mtornal frction measurement. However, gettingm "5 (S (T g . This function is subject only to

. 1 = L =

an isothermal IF spectrum is difficult and tedious because?ihe condition IF m=[1F () liniia=1Fa, where IF, and
is necessary to stabilize the temperature for each data poi
Then, the problem to solve now is how to analyze a norm
IF(T) spectrum including the three terms, without the sup-
port of an isothermal spectrum.

F ., are the austenite and martensite internal friction values,
spectively, which are easily calculated from the IF spec-

From the choserjlIF (T)Jiniia function, we estimate
IF(T)—[1F 0(T) Jiniti » @nd then we calculate the integral
[J(T) Jinitias - This is directly related to the transformed vol-
ume fraction[Eqg. (8)], thus an expression fan(T) is ob-
tained. Introducing this expression in E®) and using the

Equation(4d) is not immediately useful in this case be- values oflF, andIF ., previously calculated, a new expres-
causelF(T) can not be previously calculated. In order to sion forIF(T) can be found IF ,(T)];.

1. Relationship between the internal-friction integral and the
volume fraction of transformed martensite
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FIG. 6. Three possible initial functions for the IF intrinsic contribution used to check the iterative process.

Using this new [IF,,(T)]; function, instead of ror of the IF data, that is, IC. In any case, to show the
[IF 1n(T) Jiniiar » @t the beginning of the process we perform mathematical convergence, results for ten iteration cycles are
an iteration. Several iterative cycles must be done until theresented in Table Ill. A stationary function is reached after
difference between the input functi¢hF,,(T)]; -, and the  eight iteration cycles.
output function[IF,(T)]; in an iteration cycle becomes  (c) The final IF,(T) function does not depend on the
smaller than a prefixed value and thus a fihél.(T) is  initial one and the three differeft F (T) Jinisa Shown in
reached. This process can be programmed easily for a COMNEg, 6 give the same final result. The fid#,,(T) obtained
puter, anq then the IF intrinsic contribution may be quickly from the IF spectra of Fig.(@) are plotted in Fig. ).
and precisely evaluated. Once we get the findF ,,(T) function, making use of the
expression(3) the volume fraction of transformed marten-
site, N(T)=(F ,(T)—IF)/(IF,—1F,), is obtained. The

In order to check the influence of the initial function technical transformation temperatures can be easily calcu-
[IF 1nt(T) Jinitis ChoOseN to begin with the iterative process we|ated from then(T) curve. It is usual in technological appli-
will use three differen{|F ,(T) Jiniia that are displayed in  cations to determine these temperatures at a specific percent-
Fig. 6. In our opinion, these are the most intuitive functionsage of transformation. The transformation temperatures
one can choose, but we remark that it may be whichever witilisplayed in Fig. 7a) are taken at 5% and 95%.
the only condition that it takes values betwdén andIF .

Once the iterative process is applied, three important facts
can be remarked:

(a) In order to calculate thé(T) integral, thd coefficient
has been chosen to be one, as it is assumed in most of the
models. Nevertheless, the rdalalue could be calculated
experimentally making measurements as a function of the
frequency. However, several proofs have been done with dif- .
ferentl and only slight differences have been observed.

(b) The process converges very quickly, where the square =
root of the quadratic differences between consecutive cycles £
has been used as parameter to check the convergence rate. I~
Table 1ll, the evolution of this parameter during the applica-
tion of the iterative process is shown. ColumhsB, andC 0
correspond to the initial functions shown in Fig$a)e-6(c), 25
respectively. After four iteration cycles the values of the con-
vergence parameter become lower than the experimental er- 03¢ ' ' ' '

3. Checking the iterative process

15 T T T T
L P As=343 K @ 41

10

rnal Friction x10007
1
(=)
B
(Pu

(=3

(b)

TABLE Ill. The evolution of the square root of the quadratic IF (T)+IF (T)
differences between consecutive cycles during the iterative process ~IF, (T)
is shown in order to estimate the convergence rate. Coluriz;,
andC give the evolution for the three differefit ,,(T) Jiniias fUNC-
tions shown in Figs. @& —6(c), respectively.

0.2

Iteration cycle A B C

Internal Friction xn

1.63x10°%2  2.07x10°? 1.64x10°2
255¢107%  2.11x10°%  1.44x10°% or
240<10°%  1.19x10*  3.64x10°° . . s s
8.37x10°8 6.12x10°6 1.42x10°© 250 300 350 400 450 500

6.95¢10°° 543x10°7  1.22¢10°7 T

4.00<107°  1.74x10°°  5.94x10°° FIG. 7. Final results of the iterative process for the IF spectra
1.70x10°°  3.04x10°°  2.41x10° shown in Fig. 2(black and open circles stand for forward and
0.00 8.0x10° 1 6.59x10 %0 reverse transformations, respectivelya) curve of the intrinsic
0.00 0.00 0.00 term and then(T). (b) curve of the transitory plus phase transfor-
mation contributions.
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Isothermal Nonisothermal IF spectrum
IF spectrum (T 2 0)
L ] (T=0)
1 +
o2 spectrum
0.8 [ ] \ ]
7 ™ { 1Pr(T) <
Q@
§ 0.6 7 Iterative process
% i _ method
> -
s n(T d
g 04 B ; GD 5:/ v
e o L IFT(T)+HFpr(T)=IFr(T) IFInEt(T)
=02 r 1 i
! TFpT(T) Jowf IFion(T)) +

FIG. 9. General schema of the analysis method. Dashed lines
show the different terms obtained by the process. Using a noniso-
thermal spectrum plus an isothermal one the total spectrum can be
decomposed, obtaining the three IF terms afd) (left branch.

From a nonisothermal spectrum by means of the iterative process
IF (T, IF1(T)+1Fp(T)=IF1(T) andn(T) can be calculated
gr_ight branch.

0 02 04 06 08 1
n(T) (isothermal measurement)
FIG. 8. Linear correlation between tiéT) curve obtained us-

ing the isothermal spectrum and théT)~J(T)/J(T;) curve ob-
tained using the iterative process during a reverse martensitic tran
formation.

when it is possible to use an isothermal spectrum in addition

Subtracting the calculate . (T) from the total IF spec- 0 the normal IF spectruninonisothermal This way, the
trum one gets the two contributions directly related to thel0tal decomposition of the spectrum and ) curve are

martensitic transformationF1,(T) andIF p(T). This curve obtained. This is an interesting fact for the experimental
is plotted in Fig. Tb). checking of the theoretical models proposed to explain the

In order to check the accuracy of the iterative method wdnartensitic phase transformation, like the models based of
have compared the(T) curve obtained from the IF isother- the Landau theory, for which thip-(T) must be isolated.

mal spectrunisee Fig. 40)] to the approximate orlEq. (8)] Thus, the dependence of this term 0fiT) has been found

obtained by direct application of the iterative method to thethfast tae”r(r)'nws us to reject the proposed thedfie¥'to explain
i .

three contributions spectrum. Figure 8 shows that the linea X - )
The right branch in Fig. 9 displays the procedure to be

correlation between the two(T) curves is very good. The . . . ;
deviation from the plotted straight line represents the differ-2PPlied when only the nonisothermal spectrum is available.

ence between then(T) and the approximated function This way it is possible to obtain the intrinsic teda ,m(T)',

J(T)/I(Ty), that isAn(T). This difference remains always Nen(T) curve and also théF () +1F py(T) curve thatin.
below 1.5% of transformed material. Consequently, thehe low frequency and’ high enough ranges is approxi-
An(T) term in Eq.(7) can be neglected, and the approximatemately just theF+(T) contribution. It has been pointed out

relationship(8) turns out to be correct, as it was previously that a total decomposition of the spectrum is possible only
supposed. with the aid of an isothermal spectrum. Nevertheless, from

nonisothermal measurements, in spite of the impossibility of

a total decomposition, there can be obtained information of

technological interest such as th€T) curve and the damp-
An overview of the theoretical models published to inter-ing capacity evolution during the transformation. From the

pret the IF spectrum during martensitic transformation hasi(T) curve the characteristic transformation temperatures

been done. This overview shows a common functional exean be accurately determined.

pression for théF ,(T) term. Taking into account this func-

tional _form, a standard method that permits_ a systematic g_nd ACKNOWLEDGMENTS
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