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On the Hysteres is in Shape Memory Alloys 
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1. In t roduct ion 

The a u s t e n l t i c - m a r t e n s l t i c phase t ransformation and the twinning process in 
shape-memory al loys a re hys te re t i c . Hysteresis loops appear in l o a d - d e f o r m a ­
tion diagrams and in deformat ion- tempera ture diagrams. 

In some appl ica t ions the hys te res i s is welcome and one likes it to be wide. 
This is t h e case, if one uses shape memory alloys for clamps and sp l in t s , a s 
in the medical field, or for couplings. In o ther appl ica t ions the h y s t e r e s i s is 
inconvenien t , because i t implies a d iss ipat ion. Thus in many of the proposed 
hea t engines working with shape memory alloys the hys t e re s i s loop t r a v e r s e d 
in each cycle s ignif ies a loss. 

Therefore the ques t ion ar ises as to how to control the size of the h y s t e r e s i s . 
For t h a t purpose exper iments were conducted with t ens i le specimens of two 
mate r ia l s , viz. Cu-26Zn-6 .2Al (wt%) and of T l -61 .0 at%Ni. 

2. Prepara t ion of Specimens, Experimental Procedure 

Ingots of Cu-Zn-Al were hot rolled a t 800°C to s h e e t s or 1 mm th i ckness . 
The specimens of 60 x 12.5 x 1.0 mm 3 in effective size were hea ted a t 850°C 
for 1 hour in argon atmosphere and quenched in ho t oil a t 120°C. S u b s e ­
quen t ly they cooled down in the quenching ba th . 

The N1T1 Ingots were prepared in an induct ion furnace under high vacuum 
and annealed for homogenization. The specimens were prepared in the same 
manner as the CuZnAl specimens except t h a t the quenching took place in ice 
water . Some N1T1 specimens were also aged a t 420°C for 30 min. and 
quenched in ice water . 

The specimens were enclosed in a hea t ing chamber and subjected to h e a t i n g -
cooling cycles under a prescribed load. The resul t ing deformation was m o n i ­
tored. These t e s t s were performed on an Instron t e s t i ng machine which is c a ­
pable of osci l la t ing loads with frequencies up to 100 Hz. 

3 . Experimental Resul ts 

3 .1 . Effect of Mechanical Vibration 

A specimen of CuZnAl loaded in tension with a cons t an t force of 0.6 KN was 
hea ted and cooled by a cycling liquid. After seve ra l t empera ture cycles we 
obtained a regular de format ion- tempera tu re curve which is shown in Figure 1 
by the ou te r hys t e re s i s loop. 

The specimen was then subjected to a load vibrat ion of ampli tude 0.2 KN 
around the mean va lue 0.5 KN with 30 Hz. After th i s “ t ra in ing” the deforma­
t i o n - t e m p e r a t u r e d i ag ram. exhibited a smaller hys te res i s as shown by t h e 
inner curve in Figure 1. The width of the hys te res i s had decreased from 
126°C to 11°C, i.e. by about 12%. 

Other a t t emp t s with different , even higher frequencies were not effect ive; 
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they did not lead to a further decrease of the width of the hysteresis. This 
research continues. We are planning to apply a wider range of frequencies 
than can be done with the lnston machine. In particular, we plan to excite 
vibrations with plezo-crystals and hope to decrease the width of the hys t e ­
resis by more than 12%. 

Figure 1: Effect of vibration on hysteresis. 

3.2. A Reversible Transition in NiTi 

A NiTi specimen prepared as described in Section 2 but without aging exh i ­
bits the deformation-temperature hysteresis at 0.5 KN shown in Figure 2. The 
approximate width is 40°C and the loop lies a t low temperatures. 

Figure 2: Hysteresis loop in Ti-51.0 at%Ni 
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The same specimen aged a t 420°C far 30 min. and quenched in ice water 
shows a qui te different behaviour, see Figure 3 . Apparently, the t r ans fo rma­
t ion proceeds in two s t eps both in heat ing and cooling, because the re a re 
two s t e e p pa r t s in the hea t ing and cooling curves . The high tempera ture s t e p 
is u sua l ly associa ted with the formation of an R-phase . We note t h a t th i s 
s t e p is p rac t i ca l ly revers ib le , i.e. i t assumes the same deformations upon 
heat ing and cooling. This fact is emphasized by the sequence of p ic tures on 
f igure 3 . These figures came about by stopping the cooling process a t p r o g ­
ress ive ly higher tempera tures so tha t eventual ly only the revers ible R forma­
tion is left. Thus a deformat ion- temperature diagram appears with a p p r o x i ­
mately 0.6% s t r a in and without any hys te res i s . 

Figure 3 ; Deformation tempera ture diagrams of an aged N1T1 specimen a t a 
t ens i l e load 0.5 KN. 

The Figures 4 show the same phenomenon a t a higher load. In this case the 
h y s t e r e s i s - f r e e , i .e. revers ib le s t r a in is about 0.8%. 
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Figure 4: Deformat ion- tempera ture diagrams of an aged NiTi specimen a t a 
t ens i l e load of 1 .0 KN. 

4. Discussion 
4 . 1 . Effect of Vibration 

Inspect ion of Figure 1 shows t h a t the “training” of the specimen by an o s ­
c i l la tory force has made both t r ans i t ions M -> A and A - > M eas ie r . This 
must be due to an effect ive decrease by the oscil lat ion of the energe t ic b a r ­
r iers t h a t s e p a r a t e t h e posi t ions of the aus ten i t i c and mar tens i t ic l ayers . 
The exac t n a t u r e of t h a t t ra in ing phenomenon is as y e t unknown. 

4 . 2 . Reversible Trans i t ion 

The formation of two s t e p s in the phase change of Figures 3 and 4 is often 
in te rp re ted as due to the formation of a “premartensi t ic” so -ca l l ed R-phase 
( 1 ] . The s t r u c t u r e of the R - p h a s e may exhibit but l i t t le d is tor t ion from the 
aus t en i t i c phase which has B 2 s t ruc tu re of which CsCl is the pro to type . 
The Figures S and S show the l a t t i ce s t ruc tu re s re levan t here . Figures Sa 
and Sb p resen t some l a t t i ce cells of the aus t en i t e . The solld l ines in Figure 
5b ident i fy a t e t r agona l un i t cell having b = c = 4 . 2 7 A and a = 3 . 0 2 A . in 
Figure 6 we h a v e shown the monoclinic cell t h a t emerges from the t e t ragona l 
cell of Figure 5b in an A - > M t r ans i t ion . This monoclinic cell has been 
sheared in t he di rect ion <110> A with a shear system of (100)A and < 1 1 0 > A . 
The mar tens i t i c cell has near ly the same volume as the aus t en i t i c one. 
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Figure 5: t ) Austeni te uni t cell with B2 s t ruc ture 
b) Four B2 uni t cells and one tetragonal uni t cell. 

Figure 6: Unit cell of martensi t ic phase. 

The R-phase la t t ice is very close to t he A la t t ice as can bo seen from an 
inspection of Table 1 which has been taken from the l i t e ra ture . 

A (B2) T i , N i . R M 

(hkl) d(Å) (hkl) d(Å) (hki) d(Å) (hkl) d(Å) 

100 3.02 210 2.98 11.1 3.02 100 2.89 

110 2.13 321 2.13 03.0 2.12 020 2.06 

111 1.74 111 1.69 00.3 1.76 101 1.91 

Table 1: Comparison of d - spac ings of four phases (2 ) . 

The closeness revea ls itself. If we look at the d-spacings which are nearly 
ident ical for the planes (100)A, (11.1)s and (110)A. (03.0)a. and ( 1 1 l ) A . 
(00.3)a. This fact confirms the view t h a t the la t t ice cell of the R-phase la 
rhomboedrically d is tor ted by a very small amount from the A-phase (see F i ­
gure 7). 
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Figure 7: R phase uni t cell sheared from A. 

The appea rance of the R-phase may be due to p rec ip i ta tes of T i , Ni 4 g e n e r a ­
ted in t he aging process . These prec ip i ta tes are rich in Ni and t h a t l eaves 
the matr ix poor in Ni. In t h a t case it is known t h a t an addi t ional s t e p la 
introduced in to t h e t r ans i t i on B2 <—> monoclinic. so t h a t they become 
t r ans i t i ons B2 <—> rhomboedral <—> monoclinic. Kalnuma e t a l . (3) have 
observed the micros t ruc tu re of the rhomboedral R-phase conta ining Ti, Ni, 
p rec ip i t a t e s . From the i r r e su l t s i t may be inferred t h a t t he s t r a in field 
caused by the p r ec ip i t a t e s causes t he R phase , because the re is a very small 
difference of t h e d - s p a c i n g s between the R-phase and the Ti, Ni 4 p r ec ip i ­
t a t e s , see Table 1. 

4 .3 . Size of H y s t e r e s i s 

We have seen t h a t t he t r ans i t ion A <—> R is not hys te re t i c . while the 
t r ans i t i on R <—> M h a s a s t rong hys t e re s i s . On the o ther hand, from Table l 
we have concluded t h a t t he A <—> R t rans i t ion produces but a t i ny de fo r ­
mation of the l a t t i c e , while the R <—> II t r ans i t ion involves a big shif t of 
the l a t t i c e . These two obse rva t ions may well be connected. Indeed, according 
to Müller ( 4 ) . t h e s ize of the hys te res i s is determined by the in te r fac ia l 
energ ies of t he phase boundar ies and these will be big, If the l a t t i ce d i s t o r ­
t ion is big. On t h a t count we do not expect a hys te res i s in the A <—> R 
t r ans i t i on . 
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