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Abstract: The behaviour of global and partial loops (stress-strain-temperature) in SMA single
urystals was investigated. Marquardt's based numcric  algorithins  wers developed  for  the
identitication ot relevant physical parameters (time independent). In addition. the time-dependent
cifects like static and dyvnamic recoverable creop, P-recovery, yusncling and vt up-quenching
ctfects, were evaluated. The constructed model permits the computer simulation of the global and
paitial hystoresis vyeles in the four dimensional o, ¢, T and t coordinate spacc. The simulated
curves are in excellent agreement with the experimental results.

L INTRODUCTION

SALA are otic of the so calked smart materials, because of the shape memory etlect (v way and two-
way), the pseudoelasticity eftect. and its applications. The applications require a ngorous siabibity of
transformation temperatures and a small hysteresis. The design and construction of SMLA devices can be
greatly improved il models, describing propetly the behaviour of the working pomt ot the maierial in the
stress-strain lemperature (o5, 5, T) coordinates, are available. These models (which are fime independent
and free of the wreversible actions of the external fields) are the basis to include the experimental time
effects: martensite "creep”, siress evolution at constant strain and the micromemony.

In this work. the physical parameters used in the model (assembly of single variant martensite plates) are
estimated Vrom experimental corves (hysteresis cyeles, partial loops and the temperature dependence) an
identification youting is established. They provide a physical image of the material. In the experimental
analysis. particular attention to the occurrence of diffusional processes and the consequent dependence of
the hysterctiv bohaviour with time was paid. Different behaviours were identificd, associated to the
diffusional processes (stabilization activated by the presence of interfaces and related to the martensite
"croep”, and [rouvery). A lime-dependent model was put forward based on the observed clementary
processes.

2. EXPERIMENTAL

Two experimental high resolution stress - strain - temperature equipment (sce, lor instance. | 1) have been
used. Sometines, thermommicroscopy and resistance measurements were used. The cvcles were produced at
low stress-rates (Jdesdt - 1 kPPa 57') because at higher values (dovdt = 10 kPa $7') a widening of the
hsteresis cvele 1s observed. associated to changes of the specimen teraperaiure due o the release of latent
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heat. A C'u - 1.6 ato Zn - 16.7 a1% Al high purity single crystal was used. The nominal M, temperature
was 288 K. A planar specimen was cuf with a low speed saw and a neck shape was produced with a fine
blade. The sample was subjected (o a solution ticatment at 1120 K for 30 minutes followed by quenching
in cold water ('1"1'2). Lventually. air quenching (TT1) is used. After the thermal treatment, the specimen
was carefully polished. The cross section of the sample was ~ | mm?. From the initial water quench, about
1000 franstormation cveles were done in a period of near 1 year. Afterwards an "up-quenching” (3 days at
340 K was done. tollowed by air cooling to the working temperature ot = 290 K. In all the experiments
only a simall central portion of the sample (near 10 o) was transformed.

3. TIME INDEPENDENT BEHAVIOUR

From the experimemal observations it was found that the behaviour of a single martensile plate can be
schematized, in the f-x coordinates, as shown in figure 1a. The ABCD-DCRA path represents the
reversible behaviour and the AB'B"D-DC'C"A path the real behaviour, including nucleation of both phases
{martensite as also austenite). Such behaviour can be well represented by the mechanical svstem (derived
from [2]) dopicted in ligure 1b, which uscs a spring with joined coils. This last comdition cxplains the
temperature dependence of the transformation stress. If the external temperature increases, the stress
joining the coils of the spring increases as an action of the Clausius-Clapeyion equation. The
supplementary stress to overcome the temperature effect equals (dbdT). (1., -T,). The different
parameters associated to a single plate are schematized also in figure 1b. It should be noted that a
mechanical spring model (that can be considered as derived trom ref. {2}) has been also used to describe
the hysteretic behavior in polycristals {3]. However, in such model the parameters remain only
phenomenological and there are not related to the actual physical events existing i the polycristals, which
are rather more complex than in single crystals.
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Figure 1: a) Schematic behaviour of stress against strain (force F versus clongation x) for a "single”
martensitic plate; ABCD-DCBA reversible path. b) Mechanical analogy: z interface friction; zn; and zn,
nucleation: t,, and |, external ticlds; h previous history; xmax¥ maximum elongation due to the plate.

Initial paramcters | 1} are determined from an experimental curve (figure 2). They allow the representation
of the hysteretic behaviour of a single crystal in the £, x and T space, by generalizing the model 10 N
independent plates (experimental values of f are noted F). It can be defined:

- The plate number N {usuallvy chosen to be < 100 for easy of calculation).



C2-473

- The maximum macroscopic clongation Xmax which is directly deduced from the complete
transformation curve (see figure ?a). The elongation associated to the each plate xmax® is defined as xmax?
= Ximax - N.

- The interface friction z,,is linked to the displacement of the interfaces. Their values are determined from
the internal loops by z;, = AF, (see AF, in figure 2a).

- The critical force f,,,, which in the absence of frictional processes corresponds to the appearance of the
first dormain of maviensiie {see [, in figure 2a).

- The intrinsic preudoelastic effect (df/dx),. It is obtained as (df/dx), ~ aN; where oo = AffAx (the average
slope).
- The £,

plates). The |

represents the progressive appearance of plates (critical force difference between consecutive
e Value can be obtained from the following approximate relationship:
AMp = N, +o Xmax
- The nucleation of martensite and of B (zn, and zn,) are taken as:
n, ~ zn, ~ o, Xmax
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Figure 2: a) Vorce (I7) against elongation (x) for the first approach to the physical parameters (—
experimenial cuive, ++- simulation, ---- construction of the complete transformation cycle). by Force against
time (schematic).

The initial value of cach paramcter is then adjusted using a technique based in the Marquardt algorithm
[5]. U is assumed that there is a functional relationship between the variables (f. . T or o. . T) of the
system, through the paianiciers of the model and it is based on the minimization of an crror criterion by
iteration. Attention was paid to the instabilities produced by the frictional contributions. The simulation
presented in figure 2 shows the adequate prediction of the transformation cycle obtained by the model. The
parameler so obtamed are the basis tor the time-dependent analysis.

4. TIME DEPENDENT EFFECTS AND MODELIZATION

One of the aspects to be faken into account is the M, temperature evolution afier a quenching and also
after a "micio up-quenching”. Using an initially air-quenched Cu-Zn-Al single cristal, a treatment of 10
hours at 348 K produces an increase of the critical transformation force ) of near 1.40 N. It then
diminishes with (e (ligure 3). In this particular case a change in Mg (or T,) of 1.71 K is found.
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In order to separaie the ditferent connibutions. associated o the coexistence between the phases, further
experiments were done tar enongh tront the initial thermal treatment of a water-gquenched ('u-7n- Al single
aistal [6]. The follonving siep ways 1o obtain a quantitative approach o the "matensite cleep” (growth of
martensite with fime af constant stress and temperature in a partially fransformed state), Experiments are
carricd out avrivitg (o the indlial poud at a stress tate noat Zoro (=1 KPa s 1. This type of phenomenon is
called "Static Recoverable Creep” (SRCY.
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Figure 2 Critioal bead (4, 0) against tune (1) after two similar "micro up-quenching”. The arrow <hows the
inthuence ot the stmooth cveling on the evolunon (from 12 to = 3 cvcelesiday).

In figre da the Insteresis cyvele with a typical SRC experiment is shown, and in figire 4b the
correspouding clougaiion against e, The hivsteresis cvele is Jocally deformed m the rehianstonnation (sec
the arrow in fistwe 4ay. This is classically known as micromemory. The normal shape of the hvsteresis
cyvele is reconered aficr a tow minutes in parent phiase, but not instantancously (a4 "P=tecoveny” process).
The maximum delormation is. within the experimental catter, the same in each point of the finear part of
the translonitation wive and lower outside. It is possible to associate this plvnomsenon with  the
coexistence of both phases (or with the presence of intertaces).

In the fanguage of the tnndol the SRC produces the growth of active plates (plates with ¥ and martensite
coexisting) and leaves unatfected arcas which are completely in [} or in martensite. 'The SR effect during
the vidoading part of the hvstoresis wyele s Tess marhed and a nunor initial tedintion of fength can be
detected. probably as<ociated with the recovery of B in the neighbouring of the retransiormed parts. The
fact that thy batrier {interlace tiction) producing the hysicresis plays agaiust the growih of the mariensite,
explains the reduced activity of the SRC on unloading,

An increase in camplesity s achicved by loading the material at eelatively higher stress rates (1 kPa s -
devidt 10 kPa s D which is called "Tivnanvic Recoverable Creep” or DRC. The behaviour is similar to
SRC but mone provouncad, as shows the DRUC clongation against time in figure 4b,

In the particular case o3 pertodic oscillatons an unportant evoluhion exssts as o can be seen m tigure 3a.
The results fodicate that the cone of the material affected by the cycling (refated o the range of forces
used) tends rapudis 1o e martensttic state and eventuallv produce the appearance ol neghbouring plates.
On unfoading, 1 more impodant stabilization (or micromemory) is observed (sec the arrow in figure 3a).
The macroscopie actions W parent to martensite are connected with local stabilization (increase of T}
processes activated by the existence of an interface and its movement. In retransionuing lo parent phase
the main action is assoctated to the fi-recovery process (decrease ot T ).

As a conserquence of previons results, some time-dependent contributions are added to the time-
independeni wiodel {7 i the form of changes of the equilibrivm temperatue T of ihe material {o]. The
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computer progeam consrders the materfal as tormed by 5 domains shich can transtorm partialiv or totafly
to martensite | 7] The time-independent parameters were obtained from [7,8]. The action of time over the
system contigurmion is tiken iMo account as an appropriate shitt of the equiibrium temperanure of each
domain In the special vase of the DRO actions, a finther inferaction with near-neighbowring domaing is
considered. From the equitibsivar lemperature, the action ol the oxteinal ficlds (exporimental furee F, and
temperature 1)) is caleulated tor each time 1, wsing the Clansius-Clapevron equation. The result gives the

elongation asgsociated (o the each domam x.(j). (1 <1< N) and consequently the total increased of length

N
is %, = 3 s bhe nexteraton toflows from the analysis ot the new equilibrium temperatures,
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Figure 4: ay borce (') against clongation (X) and time elfects: A is the creep elongation and M., the load
change related to the local equilibriuin temperature varation. The arrow indicates the light dabilization. b)
Creep (Ax) agamsi timie (1) during SRC and DRC.
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Figure 5: Force (1) avainst elongation (x), internal cyeling (only extreme poinis are measured) and time
clfccts. a) Exvpernnental vnve: stabilization ot micromemory (see the artow) is aveotituatad by the DRC
cveling ettect by Simudated curve using the £ texperimental data,
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In the general case, the whole complex system will be simulated as a sum of the simpler SRC and, if
appropriate, R(" cases. The complete description of these cyclic processes must take into account the
growth, stuinkage and cventually, the nucleation and disappearance of plates, together with frictional and
quenching etftects (see tigure Sb).

Most of the obscrved cxperinental results (if one avoids the creation of dislocations) can be explained with
this model. For example. the evolution with time of T, after a heat treatment explains easily the appearance
of an “isothermal" transtormation and also the difference between hysteresis cycles belonging to two
distinct moments. Micromemory (independent ot dislocations creation) can be associated to the local
recoverable equilibrium temperature changes.

5. CONCLUSION

From high resolion experiments, some time-independent physical parameters have been found, which
allow to maodelize SNA thermomechanical behaviour. The observed time eftects are linked with the
stabilization activaied by the interfaces, the recovery of the 8 phase and the previous quenching treatments.
They can be explained as a recoverable change of the equilibrium temperature T, of each plate. Tt allows to
interpret and modelize marlensitic recoverable creep effects (increase of T) amd micromemory (local
change of T,) as actions due to the change of atomic order accelerated by the coexistence of the phases.
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