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Abstract 

Using two similar high resolution computer controlled stress-strain-temperature set-up of 
equivalent resolution (1 mN, 0.1 ~tm, 5 mK) the detailed study of' the martensitic transformation 
in single crystals of the Cu-Zn-AI shape memory alloys is real~ed. The devices can obtain 20 
or 150 N in applied force, 2 or 4 mm in length and can be operated near room temperature (be- 
tween 280 and 360 K). The analysis of the hysteresis domain in single crystals clearly visualises 
the intrinsic characteristics of the material (pseudoelastieity, nucleation, interface friction) and 
enables the obtention of parameters for physical models of the hysteretic behaviour in force - 
lengthening - temperature and, eventually, time-dependent processes. The observation of time 
evolution shows the 'recoverable martensite creep' associated to a mierostabilization process. 

Keywords: computerized equipment, friction, martensitic transformation, modelling, nuclea- 
tion, shape memory alloys, testing machine 

Introduction 

Using the Shape Memory Alloys (SMA) as continuous actuators, with little 
hysteresis and for long periods of time requires accurate knowledge of their be- 
haviour and, also, a satisfactory modelisation (see 1 and related references). 
Experimental analysis required having instrumentation permitting detailed 
study of the complexity inherent in the SMA. In fact, thermoelastic martensitic 
transformation is associated with the appearance and interaction of large num- 
ber of martensite domains among themselves and with the parent-phase do- 
mains. This situation, permitting adaptability (and training) of the material to 
the desired shape, also causes the material response to be easily affected by the 
instrumentation used. Furthermore, both phases (in this work, 13-phase and 
18 R martensite) are outside of the thermodynamic equilibrium. This is the ori- 
gin of the material time evolutions. 
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In order to eliminate the actions of the experimental equipment (results in 
Ref. [2] are dependent of the temperature resolution and reproducibility; see, 
for instance, [3, 4], there have carefully designed systems of thermomechanical 
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Fig. 1 Thermomechanical set-up (schematic); 1) thermostatcd thermal protection; 2) motor- 

ized displacement (Charly Robot); 3) spring; 4) compensatory mass; 5) lcnghtening 
measurement (CHMB); 6 and 6') link with the external thermostat; 7 and 7') grips; 
8) sample; 9) controlled temperature plates; 10) Peltier plates; 11 and 11') reference 
temperature; 12) force measurement using HBM load cell; 13) internal structure (alu- 
minium); Computer links: A) motor orders via RS-232; B) force measurement via am- 
plifier and GPlB-bus; C and C') temperature measurement and control by Pt-100 and 
Peltier effect; D) lengthening measurement via HBM inductive sensor and GPlB-bus; 
E) measurement of the room temperature or the 'calorimetric' output via the GPlB- 
bus. Lengths (set-up with a full scale of the 200 N): ab 1.6 m, be 0.35 m; de 0.45 m 
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analysis [5-7] (force (F), lengthening (x), temperature (T) and time (t)) derived 
from previous systems: thermomicroscopy and calorimetry [6, 8]. Having com- 
plementary resolutions, they permit the separation of several observable pro- 
cesses: processes of nucleation, interphase friction, evolution of local 
transformation temperatures; making it possible to construct a model with 
physical image in order to explain the hysteresis cycle of the material. 

In this paper, from adapted thermomechanical equipment and using single 
crystals of Cu-Zn-AI, the effects on macroscopic nucleation of the plates and 
microplates are displayed. This, together with the effects of friction, thermo- 
elasticity and external temperature action over critical stress, makes it possible 
to construct a representative model of the behaviour (E, x, T) of a set of marten- 
site plates of the same variant. The experimental equipment permits separation 
of two kinds of effects of time on the material: evolutions after heat treatments 
and the microstabilization processes producing 'recoverable martensite creep'. 

E x p e r i m e n t a l  set-up and e x p e r i m e n t a l  resul ts  

In order to make a detailed study of the transformation, the hysteresis cycle 
and, where appropriate, the partial loops, two high resolution F, x, T systems 
have been developed. Figure 1 shows a schematic picture for both systems. 
From a cable winding system or with a Charly-Robot stage a controlled stress 
over the material is obtained by means of a steel-wire fishing type connected to 
a spring. The maximum stresses are 20 N and 150 N respectively. The length- 
ening of the material is determined with the aid of an inductive sensor. Tem- 
peratures are controlled by means of Peltier plates and a suitable feed-back 
providing a resolution of 0.005 K [6-8]. When a Seebeck effect plate is placed 
in position, it is possible to obtain information on energy dissipation associated 
with transformation. Single crystals of Cu-Zn-AI alloys (electronic concentra- 
tion 1.48) were used. Samples were carefully polished. The particular stress 
axis used produces one variant with the maximum strain (~ 9%). 

Figure 2 shows a hysteresis cycle and internal loops for the nucleation proc- 
ess and the coalescence of the same variant. The single crystal (standard Ms 
near 280 K) underwent an air-quenching from 850~ and the observations were 
done one month after the heat treatment. Cycles with varying amplitude of the 
stress exerceised where done. Various paths on diagram F x  can be seen. We can 
obtain paths associated with interface friction and with involving partial or 
complete nucleation. For this, we must gradually reduce the final load in un- 
loading. This tells that macroscopic nucleation is probably affected by three 
processes: 

1) nucleation and growth of a microplate with a very small macroscopic 
lengthening; 
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2) subsequently appearance of the martensite plate and 
3) for a small unload, the microplates remains and the growth in the next cy- 

cle is easier. 
The slope in the internal loop (Figs 1-2) is associated with the intrinsic ther- 

moelasticity. It is produced by creating stacking faults due to interaction be- 
tween preexisting dislocations and the interface [9]. 
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Fig. 2 Nucleation effects and frictional processes; left - force (N) vs. lengthening (ktm) for a 
single variant (associated strain z 9%);  right - external force behaviour;  left - 1) fric- 
tion associated to the movement  of the interfaces; 2, 3 and 4) different levels of  the 
nucleation connected to the minimum of the unload value; right - associated cycles of 
the external force 

Figure 3 shows a hysteresis cycle when the sample undergoes a water 
quenching ('FI'2) which produces a larger concentration of dislocations and, as 
a result, the intrinsic thermoelasticity [9, 10] hinders plate growth. When the 
external force is increased, nucleation of new plates is favoured. When the ex- 
ternal stress is kept constant, growth of the amount of martensite can be repre- 
sented in terms of time (Fig. 4) by means of an exponential contribution 
followed by a much slower growth. The process can be interpreted by consider- 
ing that there are microstabilization processes activated by the presence and 
movement of the interfaces (increasing ~ 0.25 K the transformation tempera- 
tures). More complicated pattern appears making internal and repetitive loops 
results can be explained by the martensite microstabilization and the 13-recovery 
processes. 

The experimental equipment permits determination of the effects of the cy- 
cling. In particular, when alloys with small ? precipitates are cycled mechani- 
cally or thermically, a considerable decrease in hysteresis is noted [11]. This 
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effect is linked to the formation of dislocation loops around each precipitate. 
Residual hysteresis much greater than in non-precipitate samples is related to 
the energy required to disolace the martensite around the precipitate. This oc- 
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AX/I~m 200 time 
Fig. 3 Force (N) vs. lengthening (~tm) and associated external force behaviour (right, sche- 

matic time scale); the arrow indieates a free growth of the martensite without external 
action; a) changed hysteresis by mierostabilization 
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Fig. 4 Lengthening 0tm) vs. time (s) at constant load for several stress-strain cycles. Posi- 
tive curves associated to a previous load process, negative corresponds to the unload- 
ing part of the hysteresis cycle, a) martensite recoverable creep (MRC), previous load 
< 1 k.Pa.s-I; b) MRC with previous load at <10 kPa.s-I; dots) exponential approach us- 
ing a time constant (8000 s) 
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curs when the interface passes through the precipitate in the transformation and 
retransformation processes. These results are connected with improved training 
procedures. 

T i m e - i n d e p e n d e n t  m o d e l l i n g  

The macroscopic description includes many domains of martensite that pro- 
gressively appear. Considering this it seems appropriate to think that the repre- 
sentative model will be formed by a group of equivalent domains that differ 
slightly in their transformation temperatures. 

The calculation algorithm [5, 12, 13] uses a group of stepwise parameters to 
represent the characteristics and the actual state of the k-th plate k e [ 1, 2 ..., 
N]. Starting from the previous actions exerced by the force F-AF and the tem- 
perature T-ATthat correspond to a length x-Ax, the new state corresponds to F 
and T and consequently to a length ofx. The changes in each plate are analyzed 
and the stepwise parameters actualized. The relevant parameters of the model 
are: 

xmax~ maximum lengthening of a plate; 
fd: critical stress at the temperature T for the k-th plate; 
zg: frictional force for the interface movement; 
Zno: frictional force for the parent to martensite nucleation; 
znl: frictional force for the martensite to parent nucleation; 
( d f / dx ) o :  slope of the intrinsic pseudoelasticity; 
dfldT: slope of the Clausius-Clapeyron equation 

The model has an independent numeric analysis for each plate starting from 
a well defined initial situation. In the initial part of the loading process (in par- 
ent phase) it can be verified that the external force does not surpass the fric- 
tional effects. 

f~xt <fd + zif + zno (1) 

whenf~xt > f~  + zie + Zno the following 'thermoelastic equilibrium' equation is 
applied 

fox~ = f i  + zif + (0f/dX)o x (2) 

that allows to determine the lengthening as a function of fo,a. When fcx~ de- 
creases, the friction of the interfaces blocks the decreasing of the plate from the 
previous value xc. In this part, 

fox~ > ~ - z~ + ( d f  / dx)o xc (3) 

J. lhermal Anal., 41, 1994 



ISALGUE et al.: Cu-Zn-AI SHAPE MEMORY ALLOYS 1431 

if the value offext decreases progressively the plate can progressively shrink in 
a new 'thermoelastic equilibrium' 

foxt = - + ( d f  / dx)o x (4) 

and so on. If the transformation affects various domains - -  see, for instance the 
cycles associated to the samples TT2 - -  when they reach their maximum length 
they become coalescent. A process of 'parent-phase nucleation' is required for 
a retransformation process. The progressive appearance of new plates indicates 
that k-th plate uses a specifical value of its reference critical stressf~ ref 

The action of the changes in temperature is simulated through the equation 
of Clausius-Clapeyron. To do this we consider that the action of a temperature 
T is equivalent to the modification of the critical stress f~. Its value is deter- 
mined through its reference valuef~ ref associated to the reference temperature 
Z ref. The equations used are: 

c ( r -  r r ' / ) ( d f / d r )  (5) 

Coherence between experimental and simulated curves with or without internal 
loops in F, x, T coordinates is satisfactory [12, 13]. The parameters required 
can be obtained using an algorithm developed from the Marquardt approach. 

Conclusions 

The development of automated high resolution equipment makes it possible 
to obtain detailed information of the behaviour of memory alloys: effects of fric- 
tion of the interface and nucleation are different. In the case of the single crys- 
tals, it is easy to note the contributions of the martensite plates and microplates. 
Also, the evolutions caused by the coexistence of both phases probably linked 
to local order processes. Detailed study of the behaviour of one or more marten- 
site plates makes it possible to construct a model, based on thermoelastic bal- 
ance and frictional effects, which correctly describe single crystal F, x, T and, 
eventually, time behaviour. 
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Z u s a m m e n f a s s u n g -  Mittels zweier einfaeher hochaufl6sender, eomputergesteuerter Span- 
nungs-Dehnungstemperatur-Apparate ~iquivalenter Aufl6sung (1 mN, 0.1 ~tm, 5 mK) wurde eine 
ausffihrliche Untersuehung der martensitisehen Umwandlung in Einkristallen der Shape- 
Memory-Legierung Cu-Zn-AI durchgeffihrt. Die Apparaturen k6nnen eine eingesetzte Kraft yon 
20 oder 150 N, eine Lange ,,'on 2-4 mm erzielen. Sic k6nnen nahe Raumtemperatur (zwisehen 
280 und 360 K) gefahren werden. Die Auswertung des Hysteresenbereiehes in Einkristallen zeigt 
deutlieh die intrinsitischen Eigenschaften der Substanz (Pseudoelastizit/it, Keimbildung, 
Grenzflfiehenreibung) und erm6glieht den Erhalt von Parametem ffir das physikalische Modell 
des Hystereseverhaltens yon kraft-, dehnungs-, temperatur- und eventuell zeitabhfingigen 
Prozessen. Das Beobachten der zeitlichen Entwicklung zeigt das "behebbare Martensitkriechen" 
in Verbindung mit einem Mikrostabilisierungsvorganges. 
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