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(e The hysteretic behavicur of Cu-AL-N single crystale (with X = Zn, Mn, Ni) deforming in the martensitic state is
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are received by calorimetry.

1. Introduction

Phenomenological models describe the thermoelastic equilibrium of the austenite-martensite two-phase
system with the hysteresis during thermoelastic martensitic transformations in shape memory alloys as a
baiance of three transformation driving forces: chemical, non-chemicai and dissipative ones [1].

Miiller's theory [2] takes into consideration no storage of the elastic energy (no thermoelasticity) and
identifies this ¢lastic energy (the coherency energy of phase interfaces) with the dissipated cnergy. This
shape of the pseudoelastic hysteresis loops was found by Fu's unique experiment on Cu-Al-Zn simgle-
crystals. It 5 also proposed in this theory as well as in other theories based om Landau's
phenomenological consideration the temperature Jdependence of the pseudo-plastic hysteresis. The
pseudo-plastic hysteresis and its peculianties were never expenmentally mvestigated m detsil because it
requires Lo combine tension-compression stress n one run.

Parameters of the pseudo-plastic partial and mejor hysteresis loops from detailed tension-compression
tests as well as thermodynamic parameters of the thermal hysteresis with the help of calonmetry are
determuned m this work.

2. Experimental
2.1 Alloys and procedures
The shape memory alloys (Tab. 1) were meited from components with the purity 99.99% in a graphite
caucible under argon aumosphere. Single-crystals were grown by a meodified Bridgman method. The
mgkuymhwuehmngmsedullZSKforMhandandmgthcﬁystsmblhemhm
test samples with a gauge volume 38x2.5x 2 (mm’) and wide grip parts. Discs @5 mm and 0.5 mm
thicimess for the calonmetric measurements were cut normal to the crystal axis.

Tension-compression tests were carried out with an "in-situ" apparatus which allows to vary the
sample temperature, toobomthesunphmrﬁwammopuulnnmumpo or to camy out

DSC-7 calorimeter of the Perkan-Elmer PC - m&c@cﬂmﬂmmmmdwnhtbe
"four-ponts” method at a stabilised current 4 A,

Tahthanpumhm(at%) ansmmnhm,andu‘mufo:m:hontunpmnna(x)oﬂhnmplﬁ

No. |[Cu |AI Mn (N MR M, [Mp [A,  |Af
1 688 [15.2 16.0 - — 100 |2895 [2R6.4 [290.7 [293.0
2 686 [207 | — [107 | — 110 [300.0 |287.0 [308.0 [322.0
3 706 [247 | - ~ | 47 [110 [3826 [376.1 |384.1 [389.8
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All samples were standard heat treated as follows: anncaling at 1125 K for 0.2 A, then quenchng nto
oil at 425 X for 0.5 A, and then quenching into water at the room temperature.

2.2 Results
2.2.1 Hysteresis of thermal-induced, stress-free transformation _ ' :
medmwwmwma&m
rate 0.015 K/s arc given in the Table 1. Tlmclmp:nunemabhimdbythcmnpohﬁmoﬂhn:
parts of the hystcresis loops 2(T) (Fig. 1 8) fromz= 1/2 1o 2=0 (M, 4¢) and o 2= 1 (M, 4,). The
mwmmmmmmwmmg Ib)nq:u
with the calorimetric ones. Transformation temperatures measured during partial cycles M (2) (hesting
following the scheme Ay >T_ > >T >4, and cooling all the time up to the same temperature
T < M ;. where i is & cycle number) and A;(2) (cooling under the scheme M, <T,_; <T; <T <M,
and heating up to the temperature T>Af)huildtwomighllimawhichmnotpuaﬂe!whhmm
in the case of the asymmetrical hysteresis loop (Fig. 2 a, b). Hysteresis loops in their ideal shape consist
in two triangles with equal squares on the left of the diagonal A;(z) and on the right of the diagonal
Ai(Z). On Cu-Al-Mn single crystals there is 2 wide interval (4}(z) - M}(2)) (Fig. 1 8) which is very
gmall on Cu=Al-Zn and Cu=Al-Ni single-crystals.

The measured and calculated transformation parameters are presented in the Table 2. The hysteresis of
thermal-induced, stress-free transformation is deseribed by the following parameters:
- equilibrium temperature bracketed by the M;(z) and A4.(2) temperatures extrapolated to z=0:

1= MO D i i e
Ap+ A )- M, +M
- hysteresis width !IZ=']]2:AT=( f+ :) 2( * f)',
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Fig. 1 Hysteresis loops by calorimetry (a) and resistometry (b). Sample 2.

- measured heat for the forward ¢ and reverse ¢* transformation;

- entropy difference between the martensite and austenite: A‘=£2:T¢|-_.LHA|-'

- “hermoelasticity* coefficicat in an energy Tepresentation: k =-;—%Asurforﬂnidul
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Fig. 2 Ideal hysteresis loops obtained at the rate 0.015 K/s (a) and 0,065 K/s (b). Sample 1.

lheﬂillmtmmfmnm,

(M M £ )As for the full forward and &4

-diui;nudmgyckninsﬂ»ﬁﬂlcychwﬁ:ﬂ-m.

TabchThnmoEmmdﬂnﬁ'amthncdﬂrmY

l(Af A,)As for

No. Tb. K q,u( / J / i wl i

gMA kg 5 Y T |
1 289.8 3.9 6400/-6600 224 34.7/ 258 874
2 [3040 | 215 | 6600/-6800 22.0 143.0/154.0 |473.0
3 3836 | 7.6 | T400/-8500 20.7 67.3/ 59.0 157.3
2.2.2 Pseudo-plastic hysteresis

Tension-compression tests of the samples in the martensitic state (7' < M) show the hysteresis between
the tension (o> () and compression branches of the deformation diagrams (Fig. 3 a<).
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Fig, 3 Pscudo-plastic hysteresis and its interior on the sample 1 (a), 2 (b - the ferromagnetic kind

-2.5

0.0

25 50

Strain, %

%

Straln,

the axes representation), and 3 (c)

250
3.0 =
200
1.5 =
150
b
cod @ 100
~1.53 o 30
: s
0
—3.0 = 'ﬂ;
—4.5 - 2 B
=100
-6.05 3
—7.5-; —200
-9.02 -250
-80 —40 0 40 -10-8 -6 -4 =2 0 2 4
Stress, MPa Strain, %
of




C8-910 JOURNAL DE PHYSIQUE IV

General feanres of the hysteresis are the following:

—aaymmctricshaperehﬁwlothcsirain—mdswhichmnbcidmﬂypmﬂedasapuaﬂelogrm
consisting in two triangles on the tension and compression stress-sides of the diagram
(Fi&3mb)mmmmhgm(mepmmhyum)mdmujmglﬂ(ﬁg.3c);

- independence of the hysteresis parameters on the tempersture, ) _

-shnﬂnﬂtyaflhcpwﬂn—plasﬁc(fumehsﬁu)hys‘hausis(ﬁg.3b,53)tnthcfa:mmgn=uchystuuu;
The interior of the hysteresis by the partial cycling can be generalised as follows:

- internal elasticity at the returning back from the tension or compression loading;

- internal tension and compression yields;

- existence of a diagonal lying close to the strain-axis (zaro-stress) which is built by the change
points from the elasticity to the yields;

- congruence of the internal hysteresis loops and the major one,

A peendo-plastic hystaresis loop is described by the following parameters:

- hysteresis width Ao (stress amplitude between the tension and compression yields);

- hysteresis length As (strain amplitude between two clastic branches),

- strengthening coefficient mmmy@m'mk,=—l‘::~£,mpi,manq

P
density (the last squation is true for the ideal hysteresis shape);

- dissipated energy during a complete tension-<ompression cycle w3 =
square nvoived mside the hysteresis loop). All these parameters for the investigated alloys are listed m
the Table 3.

Dependence of the clectrical resistance on the strain (Fig. 4) measured during the stress-induced
martensitic WmA—rM*{psmdodnsﬁcdeﬁamnﬂm-T)Af),mnmmngmmofihn
martensite variants M~ — A/ (pseudo-plastic deformation Tch),sxﬁnbcdlp'mmutoge‘lhﬁ'
(A*ML)—DM* (M,>T>Mp)is linear in

all cases, but with a different proportionality
coefficient (M~ and M~ arc here the single
martensite domains obtained at the compres-
sion and tension stress comespondingly). The
proportionality coefficient increases at a large
strain value. This strain value corresponds to
loop dewiates from its ideal shape (Fig. 3).
Tlus points towards the change in the
deformation mechanism from the reamange-
ment of martensite variants to the change Blectrical resistance changs, %

inside of the martensite, as it was also shown Fig 4 Strain dependence of the resistance. Sampie 2.
by X-ray investigations [3].

Table 3 Parameters of the pseudo-plastic hysteresis

Ao Ag

{calculated from the

00 1.3 2.6 3.0 52 65 7.8 9.1 104 11.7 13.0

k E wo i
No. As Ag, MPa ""E D> g_
1 0.150 3.4 2.8 63.8
A 0.106 40.0 47.1 530.0
3 0.110 155.0030)* 142.1 [2131.3(412.5)*

*the permancnt hrysteresis is shown in bracikets
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Partial features of the major and internal hysteresis loops noticed by these deviations from the ideal
shape are the following:

- internal pseudo-zlasticity appearing as the nelastic deformation recovery during the tension or
compression clastic unioading;

cmgmmufthnuumnalmdmnjuhyamIoopnsbmkmfmthnumaﬂdafomnmmmthuuigmof

the major hysteresis loop (Fig. 3), or inside it (Fig. 5 a, b).

- "return point memory” which consists of the closing of all the internal trajectorics in the return

points, from which these gone out (Fig. 5 a, b), on the nearest external hysteresis loop,

eventually on the major one and never cross themselves.

All these offects arc caused by the change of the strengthening cocfficient. [t is no more constant near
to an elagtic branch and increases asymptotically to the elastic modulus of the martensite with the
decrease of the strain amplitude (Fig. 3 ¢. 5). Intemal clasticity branches play the role of a boundary
condition for internal loops. If the deformation amplitude of an internal loop is small, the whole internal
trajectory has a strengthemng coefficient ditferent from the ome of the major hysteresis loop and the
internal loop is no more congruent with each other. It can be well seen on the Fig. 5 a. b with a spiral-like
decreasing of the deformation amplitude of internal hysteresis loops. On the limit {5— 0) the hystercsis
loop degrades 1o a straight line with the slope being equal to the elastic modulus of the martensite G. This
limitmyg behaviour can be represented by a dependences of the slops of the second hysierests loop diagonal
|mehnebmwammemmmdmagn1mkaof|MmmmMummmsm inside a loop) on the
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Flig. 5 Degradation of the ferroelastic hysteresis by the decreasing strain. Sample 2 (a) and 3 (b).

3. Discussion

Peculiarities of the pseudo-plastic hysteresis show that the equilibrium line has no slope relation with the
externsl vanable axis m absence of the phase transformation m the symmetrical (lattice parameter
difference) and/or thermodynsmic (entropy difference) semse. It, also, follows from Miller's theory
considering the coherent nueleation of two phases with different lattice parameters. The whole pseudo-
plastic hysteresis can be connected with the dissipation of the elastic energy arising from the martensite
wy=4k> .k s, whero ks is the permanent hysteresis which is absence on the samples | and 2.
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The hysteresis interior of the stress-free transformation shows both kinds of the elastic energy
appearance and its dissipation. The different slope of both equilibrium lines Af!(z) and A!(z) can be
mlxpmwduad:ﬂ’amlmhoﬁhamnhsmﬁxlhoﬁxwmﬂmximmﬁoumnm The hysteresis
of the stress-free transformation consists in two symmetrical contribution for the forward and reverse
transformations:

Wi 2[‘”’2” dT("'}]; a5 z={[My) - M(0)]+ [ A, - 4,]} s 2 = w4

and the asymmetrical contribution for the forward transformation:

wﬁ——[d{'&) AE L Asi ZI(M M) A, - A)]Asz’ The whole dissipated energy is

2| &
oqual (o their sum: W =2(i&“‘ + kM) where kX =_‘“:;(")‘

The dissipative driving force is derived from the dissipated energy::
2 = (R + b )z o (k™ — ket )z = (I + ky?)z amd wii = (2 + 2 )z = iz,

The phase fraction dependence of the dissipative driving force connected with the martensiie crystal
intersction was shown for an symmetrical irysteresis ioop by X-ray mvestigation on Nil/-polycrystais [4].
Two dissipative contributions for the stress-free (an asymmetrical hysteresis loop) and for the stress-
induced (a symmetrical hysteresis loop) transformation, in agreement with our results, were found by
internal fricuon investigation on the Cu-Zn-Al-polycrystals in the work [1]. The dissipated energy and
stored ¢lasuc energy dependence has the same form as follows ffom these and our works. [t means that
namely the stored elastic energy (or part of it) dissipates. For the pscudo-plastic hystercsis the whole
stored olastic energy dissipates, as it is shown here.

For the thermal hysteresis we can not conclude about the elastic energy storage, because it proposes a
shift of the A, -temperature in respect to the A -one, but the dissipation during the reverse transformation
shifts the 4, tempersture too. Therefore, it is not clear - whether the whole clastic energy dissipates by
Mmm&mﬁoa}wwmﬂhﬂmmnmﬁﬂﬁaw
is waved and causes the slope change of the equilibrium line. The clastic energy storage plays probably an
important role on edges of non-ideal hysteresis loop, asuwushuwnmtthn-Cusmgle-mymls[S]
and by investigation of the strain dependence of the electrical resistance for the pseudo-plastic hysteresis

Acknowiedgements. Dr V. Prieb thanks the Federal Ministry for Education and Science of Germany
and the Technical University Berlin for the financial and material support as well as Prof. [ Miller and
Prof. Yul Paskal for the mspiration of this work.

References

[1] Goithard R_, Stoiber J., Bidaux J.-E., Proc. of the Int. Symposium SMM-94, Beijing, China, Sept.
25-28, od.. by Chu Younai and Tu Hailing, Beijing, 1994, p.p. 309-313.

[2] S. Fu, Y. Huo and L. Mller. Acta Mechanica 99 (1993) 1-19.

[3] V. Prieb. J. de Physique IV, suppl. no. 11, 1 (1991) C4-317 - C4-322..

[4] Paskal Yu. I, and Monasevich L. A., Phys. Met. Metall. 52 (1981) 95 - 99.

[5] Pricb V. and Steckmann H., in these proceedings.

e ———
)

P—')
Ly g




