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ABSTRACT

It is shown that the manifested fracture mechanisms and the unusual V-like temperature dependence of the
fracture toughness in Cu-Al-Ni shape memory alloys are stipulated by the formation of the stress-induced
martensites. This conclusion is evidenced to be the case for single crystals, and also for polycrystalline
materials produced by hot extrusion.

KEYWORDS

Cu-Al-Ni, shape memory. alloys, fracture toughness, fracture mechanisms, single crystals, polycrystals,
tcmperature, stress-induced martensite.

INTRODUCTION

Cu-Al-Ni shape memory (SM) alloys attract the attention because. of their unusual mechanical properties,
namely the superelasticity and shape memory effect. The superelasticity arises due to the formation of the
stress-induced martensites (SIM). The corresponding martensitic transformations appear to be fully reversible
with respect to the deformation, what leads to unusually high deformation that may be recovered
quasielastically (at the level of 10% in single crystalline specimens). Though the martensitic transformations in
the Cu-Al-Ni SM alloy single and polycrystals have been carefully studied by many authors, the main
regularities for the fracture processes leave practically unknown. Sakamoto et al. (1982, 1986) has discovered,
that fracture of cast Cu-Al-Ni alloys in B or martensitic state is initiated by the SIM formation. Other authors
(Lee and Wayman 1986, Husain and Clapp 1987, Jean et al. 1991, Roh et al. 1991) have observed the fracture
mechanisms in polycrystals produced by different methods, but they gave no explanation to the observed
fracture mechanisms and did not consider they connected with the test temperature. Moreover, up to present
absolutely no studies have been done on the influence of SIM appearance in the concerned alloys on their
fracture toughness, which serves now as one of the most useful parameters in materials characterization. The
um of the present work was to study systematically the influence of the structural state and the test temperature
on the fracture toughness and the fracture mechanisms in Cu-Al-Ni SM alloys.

MATERIALS AND METHODS

Single Crystals. Single crystalline specimens were prepared from the rods with the orientation [100]B8,
possessing the different transformation temperatures. All the samples for three-point bending (TPB) tests were
checked to have the same orientation of the side surfaces with respect to the crystallographic axes within the
accuracy 5°. The description of the materials used and of the sample preparation procedures is given in details
clsewhere (Koval et al. 1992, Cherepin et al. 1992).
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Boocrding &0 the moded (he fracture surface formed during the deformation of the ST plates must comprise the
mutually perpendicnlar regions of the shear traces and the ductile-like dimples.

The TPB tesls have shown, that the whole lemperature interval studied may be divided into 3 regions according
b0 the main ends in fracre toughness and frachure stress behavior (Fig. 2). In the region 1 the specimen
possess before loading the ) phase of the cooling-induced martensite, in the region 3 the matrix P phase, and
the intermeeciate region I covers the lemperature imerval of the forward and reverse mansmsitic
mﬁm',.mmmummdmmmmmmaﬂm“m
have shown, that oaly in Lhe region 3 the obtained stress inlensity coefficient K values are stricly the Ko
vilues. The correlation between the values of K. op and o7 al differct temperatures is ciearty seen in Fig. 2.
It follows fom this cheervation, that on bending the fracture imbation is also conmected with the SIM
formation.
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place at first. When this channel of the strain accommodation is exhausted, the SIM plates are formed and on
further loading the situation is the same, as in the region 3.

In the region 2 the deformations to induce the SIM formation are very low, so the plates of the first SIM phase
are formed near the notch tip, leading to some stress relaxation. On continuing the loading process the
measured stress increases again, the plates of the second SIM appear and at last the fracture is initiated. The
higher values of the fracture stress determine the higher values of the stress intensity coefficient Ke. Thus, in
the region 2 the transformation toughening effect takes place, that is the toughening of the material due to
proceeding of the martensitic transformations(s). Since the fracture process is initiated by the SIM formation,
and the temperature dependence of the transition stress is known to demonstrate the V-like behavior in the
regions 1 and 3 (see Fig. 2), then outside the region 2 the fracture stress o and the stress intensity coefficient
K¢ are envisaged to manifest also V-like behavior. This effect of SIM on K may be additionally explained in
view of thermodynamics of the martensitic transformations. The amount of the mechanical energy needed to be
additionally supplied to the sample by the testing machine for SIM formation is evidently determined by the
driving force of the transformation. This additional energy in turn determines the increment in K¢ due to the
transformation. As the driving force for the transformation decreases when the temperature approaches the
transformation temperature interval, then the increment in K will also decrease.

We have also compared the results of the tensioi. and
bending tests carried out at the single crystals through the
estimation of the temperature dependence of the specific
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coefficient. The results of this comparison are plotted in Fig.
4 in arbitrary units to show the qualitative trends only. As is
clearly seen from Fig. 4, in Cu-Al-Ni SM alloy single crystals
the temperature dependence of K. closely correlate with the
one of S. that is the estimations of the trends in fracture
toughness (usually measured in TPB tests) might be carried

out for the concerned alloys by the results of the tensile tests
only.

O TR TT e
o

o

0-100 0 100 T °C
Fig. 4. Comparison of K and VS'values at
different temperatures.

EXPERIMENTAL RESULTS. POLYCRYSTALS
The effect of the granular structure on the mechanical properties of the materials is the circumstance one must
take into account during the investigation of polycrystalline SM alloys. The account for the presence of the
grain boundaries is needed in this case, since they serve as the obstacles for the quasielastic deformation of the
SM alloys which is usually accomplished by the movement of the interphase boundaries dividing the SIM plates
and the untransformed material. The interaction with the grain boundaries is possible also in the course of the
stress-induced reorientation of the variants of the cooling-induced martensite. Some authors (Sure and Brown
1984) have investigated the concerned problem without going into details of SIM behavior. They have shown,
that the Cu-Al-Ni SM alloys obeyed the well-known dependence of fracture and transition stresses on average
grain size expressed as the Hall-Petch law corrected for the specimen thickness effect. Nevertheless, our
analysis of the data from different papers quoted in the reference list clearly shows the large scatter in the
respective dependences plotted according to Sure and Brown by the data found in the literature. The reason for
this scatter may be as follows. Since it is well-known. that the chemical composition and the method of material
preparation effect the characteristic temperatures of the SM alloys, then it evidently follows in view of the
results of the SIM studies (Sakamoto et al. 1982. 1986). that the condition for the SIM formation must always
be taken into consideration during the comparison of the data from different sources. This condition has been
proposed to be characterized by the value of AT = T, - M. where T, is the test temperature. Thus, when
studying the polycrystalline SM alloys. either two distinctly different parameters. namely. the average grain size
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and the value of AT must be taken into account simultaneously, or the more important one is to be selected as
the main. In some of the materials prepared by novel technique, which possess the textured' m1c1_'osu'ucture,
even the definition what is to be treated as the "grain size" is strongly complicated. We gons_:der it not fatall,
because the actual grain sizes of the SM alloys reported in the literature does not vary significantly, usually
from about 50 to 400 um or even less, so in the first approximation the AT parameter may be rggarded as more
critical. Since the materials used in the given work have demonstrated the_ whole set of grain sizes, even wx_der
than that present in the literature, we have decided to divide our materials into thet groups with close grain sizes
and to characterize the influence of AT on the mechanical properties separatgly within egch group. Thus, in 1;_hls
paper only the effect of the temperature on SIM formation is considered, whilst the detailed studies on the effect
of polycrystallinity on the alloy properties has been left beyond the scope of the paper.

The data on the tensile strength of the polycrystalline samples are briefly pr_esgnted in Fig. 5. Despitg th;
scatter, one may observe, that the general trends in the plotted dependence are similar to those plotted in Fl‘g.
' for single crystals. This means, that the SIM formation is to

1000 be regarded as the governing factor which influence the
& B strength of the hot-extruded Cu-Al-Ni SM alloy_s regardless
Z 600 their phase composition, that is both in matrix phase or
s o martensitic phase states. This statement is supported also by
2 600} ° o B a the results of the extensive fractographic studies co'nducted on
; 0 the samples tested in tension and bending at dlﬁ'ere:}t AT
? 400 o H values. The obtained data show, that the specimens
= u} o possessing the martensitic phase structure bn;ay :ac;omqufa;;
E F i i incompatibility stresses at the grain boundaries arisi
E . Martensite Austenite :i}:; to thzasmt);’onnalion easier, than the matrix ph:asle(

specimens. In fact, the matrix phase samples begin to br
sl mece 0 ppr:f:lically immediately after the formation of the first SIM

plates. Though the transgranular fracture mechanism is
prevailing for the matrix phase, the very fe\_v number of
grains with the traces of the SIM deformation is ob;_erved at
the fracture surfaces. On the contrary, the martgnsmc phase
samples accommodate the deformation at first by the reorientation of the alregdy pre§enl mtragranular
martensitic variants. On further loading SIM plates also appear, whose deformation again Qeten_mr'les the
fracture stress and so the fracture surfaces are formed with the clearly observgd V-sh;peq regions inside Fhe
fractured grains. These regions evidence, that despite the effect of the neighboring grains, inside each specific
grain the SIM deformation and its fracture proceeds according to the scheme shown in Fig. 1.

Fig. 5. Tensile strength of the polycrystals at
different AT parameter values.

Due to complex stress state in bending tests which significantly influence the conditions for the SIM formation,
the data on the fracture toughness K of the polycrystalline materials show large sgalter, Nevertheless, the
general trends over the different alloys studied are similar to the results on the tensile sgrepgth, namely Fhe
increase in K on departing by the temperature outwards the imerval of the‘ characteristic- t(ansfeﬂnaul?‘n
temperatures. The results of the mechanical tests also permit to clal_m, that the lmﬂuence of ghe grain size (:; he
mechanical properties in the martensitic state is less critical, than in the matrix one, what is well e?tphca e in
view of different conditions for the SIM formation in different states. Since the number ot_" var_tams of the
cooling-induced martensitic plates appear weakly dependent on llhe grain size, the larger grain w11'l mean ﬂt:
larger length and the thickness of the variants in it, that is the higher value of the‘delformanon wh'lch mayhA
accommodated by the intragranular reorientation of the variants. Thlus, our_prehmmary congluswn on '[['ls
subject is that the matrix phase alloys must have the smallest grain size possnble to lower the mcompa!xbl _ny
deformations at the grain boundaries, whereas the martensitic phase materials shoqld bet}er have the grain size
at the level of about 200 pm or even more, to improve the intragranular reorientation of the martensitic
variants.

CONCLUSIONS
I'he results of our extensive studies on the mechanical properties of Cu-A]-Ni SM alloys iq different phase and
structural states evidence, that they manifest the transformation toughening effect, which comprise in the

icrease of strength and fracture toughness due to proceeding of the martensitic qansformation. Since Fhe
amount of the mechanical energy which is to be additionally supplied for the proceeding of the transformation
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