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FRACTOGRAPHIC FEATURES OF THE FATIGUE FRACTURE OF NITINOL ALLOY
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We study the macro- and microfractographic features of the mechanism of initiation and propagation
of fatigue cracks in the nitinol alloy after its testing for low-cycle fatigue and analyze possible influence
of the structural and phase transformations caused by the cyclic deformation of nitinol on the fracto-
graphic features of its fatigue fracture. Thus, almost parallel transcrystalline facets of brittle cleavage
located in almost mutually perpendicular planes along the entire length of martensite crystals are ob-
served within the boundaries of separate grains (first of all, in the early stages of fracture). The signs of
shallow fatigue striations are detected (but rarely) in the zone of the stable growth of the fatigue crack.
The spacing of these striations approximately corresponds to a crack-growth rate of 8- 107 m/cycle.
It is suggested that the deformation transformation of austenite into martensite can also distort the clas-
sical deformation mechanism of formation of the fatigue striations. In the zones of fractures with un-
controlled crack growth, the elements of ductile pit topography are predominant, which is typical of the
fracture surfaces of specimens destroyed under active loading.

Keywords: shape-memory alloy, martensitic transformation, fractography, hydrogen effect, plastic de-
formation.

Alloys with the properties of pseudoelasticity [1] and shape memory [2] are now used in various branches of
engineering more and more extensively [3—6]. Among these alloys, we can especially mention nitinol (Ni—Ti
alloy). Its ability to resist to cyclic loads is regarded as one of its most important mechanical characteristics [7]
specifying its serviceability as a functional material with hyperelasticity effect.

Numerous specific features of pseudoelastic nitinol under the conditions of low-cycle loading were deter-
mined in [8]. In particular, these features include a rapid decrease in the amplitude of deformation and an in-
crease in the level of residual strains observed for about ten loading cycles and is terminated by the region of
stabilization of these characteristics. Note that the pseudoelastic behavior of these alloys is explained by the di-
rect and inverse austenite-martensite transformations. Under the influence of deformation caused by loading,
we observe the direct phase transformation. In the course of unloading, we observe a subsequent recovery of
deformation of the metal even at temperatures higher than the temperature of termination of the austenitic trans-
formation. As a result of these structural and phase transformations, the Ni-Ti alloy may recover up to 6-8%
of the level of strains.

The signs of embrittlement of nitinol are connected, first of all, with a decrease in the energy consump-
tion of the fracture processes. The fractographic analysis of the fracture surfaces reveals these specific features.
In particular, this is well visible in the example of influence of the process of hydrogenation on the character of
fracture of the specimens subjected to intense stretching [9].
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It is clear that, under the conditions of cyclic deformation, which not only exhausts plasticity but also inten-
sifies structural-phase transformations in nitinol, one may expect the appearance of the fractographic signs of
embrittlement. Their detection should facilitate the procedure of identification of the mechanism of fracture
of nitinol. The aim of the present work is to study the appearance of fractographic signs of the fatigue frac-
ture of nitinol.

Testing Method

In our studies, we used nitinol alloy (Niss gTiss ) in the form of a rod & 8 mm. From this rod, we prepared
smooth cylindrical specimens whose diameter and the length of the working part were 4 and 12.5 mm, respec-
tively. The specimens were cyclically loaded by axial tension at a frequency of 0.5 Hz for the load ratio R =0.
In the tests, the variations of loads in a cycle were controlled by displacements of the holders. The specimens were
tested at a temperature of 0°C in a chamber with distilled water containing pieces of ice [8]. The strength char-
acteristics of nitinol at this temperature are as follows: Gy, =447 MPa, 6, = 869 MPa.

The fractographic specific features of the fracture surfaces of specimens were studied in an EVO-40XVP
scanning electron microscope. For this purpose, we chose fracture surfaces of two specimens that were test-
ed for different initial amplitudes of cyclic deformation (Ae = 6.5 and 3.1%). These specimens failed after
773 and 2053 loading cycles, respectively [10, 11], which corresponds to the conditions of low-cycle fatigue.
In what follows, these specimens are denoted by A and B.

Results of Fractographic Investigations

The macroscopic fracture surfaces of both analyzed specimens are characterized by the normal orientation
of the fracture planes. Note that the fracture processes originate from the lateral surfaces. In the fracture surface
of the specimen B destroyed for the lower amplitude of deformation A€ in a loading cycle than for the speci-
men A, we observe an almost continuous front from the surface fatigue crack. In this case, the topography of
the fracture surface has typical signs of brittle fracture (Fig. 1a).

A well-visible boundary separates a sickle-shaped zone of initiation of the fracture process from the neighbor-
ing zone of its subsequent rapid propagation with clear signs of embrittlement on the macrolevel. The presence
of embrittlement manifests itself in the form of festoons separated one from each other by rupture crests. They
diverge in a fan-shaped manner from the zone of fracture initiation (Figs. 1a, b). On the macrolevel, this surface
topography is typical of the fracture surfaces of specimens made of steels degraded after long-term operation and, in
particular, after impact tests. Note that the contact of crack faces in each cycle of loading of the specimens damages
their fracture surfaces. First of all, this is true for the fracture surfaces of the specimen B, which can be explained
by the lower crack opening displacement (due to the lower amplitude Ag in the course of the tests). Therefore, we
analyzed the fracture surface of the specimen A in more detail and for a higher resolving power. This enabled us to
establish the relationship between the topography of the fracture surface and the structure of grains in the alloy.
Thus, it was shown that the sizes of fatigue-fracture facets are comparable with the sizes of grains in the structure
of the alloy (Figs. 1c, d). Moreover, the indicated specific feature is even more pronounced in the fracture surfaces
of the specimen A tested at higher strain amplitudes. Within the limits of separate grains, the fracture facets are
clearly bordered by well-visible rupture crests, which serves as a sign of significant orientation mismatch of the
planes with minimal resistances to the propagation of fracture in neighboring grains.

The fatigue fracture surfaces of nitinol are characterized by the radial (relative to the zone of fracture initia-
tion) orientation of elements (Fig. 2). The appearance of these elements is similar to the so-called festoons, which
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Fig. 2. Microfractograms of the fracture surfaces of specimens A (a—c) and B (d) in the zones of stable growth of fatigue cracks.
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are usually formed in the fatigue fracture surfaces of the major part of structural materials [12—14]. For high
rates of crack propagation (in fact, from the onset of the second part of the kinetic diagram of fatigue fracture),
these festoons are crossed (in the transverse direction) mainly by fatigue striations whose steps determine the
rates of propagation of the fracture processes in each loading cycle.

However, in the fatigue fracture surfaces of nitinol, these elements were observed, in fact, as an exception.
This can be explained by the fact that they are formed on the surface under the conditions of fatigue fracture and
then, most likely, damaged due to the effect of crack closure observed in the course of contact of the crack faces
in a loading cycle. We also note that the depth of fatigue striations on the fracture surface attains 30 nm [15].
The opening displacement of the crack faces under axial tension is also insignificant. Under these conditions,
it is difficult to avoid the possibility of contact of the crack faces and, hence, the low-height surface topography
of striations is, in fact, destroyed. Nevertheless, the presence of isolated and small areas of fracture with traces
of very fine striations was observed in some festoons in the fatigue fracture surfaces (Fig. 2c, within the limits of
the outlined section). On the average, their step is equal to 0.8 um, which corresponds to a crack growth rate

of 8-1077 m/cycle (this velocity is traditionally regarded as the middle of the second section in the kinetic dia-
gram of fatigue fracture for structural materials). We also take into account the possibility of intensification of
the strain-induced phase transformation of austenite into martensite by cyclic deformation of nitinol in the pro-
cess zone of a fatigue crack. In view of this fact, the classical deformation mechanism of formation of the stria-
tions can be also distorted in embrittled martensite and acquire certain atypical signs of shallow brittle striations.

In the stage of stable fatigue growth, both specimens reveal similar fractographic signs in the form of almost
parallel crests whose orientation changes in passing through the grain boundaries. However, in the specimen A,
these crests are well outlined and not always rectilinear (Fig. 2a). At the same time, in the specimen B, they
are always rectilinear and less prominent (Fig. 2d), which is explained, most likely, by the lower level of cyclic
loading.

In [16], the rupture crests almost parallel within the limits of separate grains were observed as a result
of tensile testing of preliminarily hydrogenated specimens at a temperature of 0°C. Under static loading,
the height of this topography is much higher than under cyclic loading, which is explained by the lower level of
the latter. Similar crests were not detected in the fracture surfaces of nonhydrogenated specimens subjected to
intense stretching. Hence, the appearance of these crests in hydrogenated nitinol is connected with the facilita-
tion of phase transition in it under the influence of hydrogen. Thus, it is logical to relate similar elements in the
form of parallel rupture crests revealed in the fatigue fracture surfaces of the specimens (Figs. 2b, d) also to the
structural-phase transformation of austenite into martensite and to the formation of parallel cleavage facets along
the boundaries of martensite crystals. Note that cyclic loads may promote the realization of this transformation
with characteristic signs of the embrittlement of nitinol.

As for the specific features of fracture in the central zones of both fracture surfaces corresponding to the
stage of uncontrolled crack propagation (Fig. 3), the elements of ductile pit fracture typical of the fracture sur-
faces of specimens tested under active loading were predominant in both cases. Here, we only mention a less
pronounced topography of the rupture crests separating neighboring pits in the specimen A as compared with
the specimen B. This may serve as an indication of a higher rate of fracture in the specimen A for the higher
strain amplitude in a loading cycle.

In addition, we detected a significant number of large pits in the specimen A whose sizes are comparable
with the sizes of titanium inclusions revealed in the structure of alloy in [9]. However, no inclusions of this kind
were detected in these pits (Fig. 3a).

It is possible that the higher strain amplitude promotes the decohesion of inclusions from the matrix accom-
panied by the formation of large pits, which create additional stress concentration and, hence, may serve as
an additional factor of embrittlement of the material.
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Fig. 3. Microfractograms of the fracture surfaces of specimens A (a) and B (b) in the zones of spontaneous fracture.

CONCLUSIONS

Independently of the initial amplitude of cyclic deformation of nitinol specimens by axial tension, their frac-
tures originate from the external surface as a result of the formation of segment-like sections from various sites
along the perimeter of the fracture surface. These sections merge and form a continuous front of fracture. Inside
the zones of initiation, we reveal parallel facets outlined by prominent rupture crests whose orientation varies
from grain to grain. This serves as a sign of significant orientation mismatch of the planes with minimum re-
sistance to the propagation of fatigue fracture in the neighboring grains of the nitinol alloy. Within the limits of
separate grains (especially in the early stages of fracture), we also revealed almost parallel transcrystalline facets
of brittle cleavage (along martensite crystals) separated from each other by rupture crests also formed by the
mechanism of cleavage. Their appearance is explained by the embrittlement of nitinol as a result of the structur-
al-phase transformation of austenite into martensite caused by cyclic straining of the metal at the crack tip.

On the surfaces of festoons elongated in the direction of crack propagation and located in the zone of stable
fatigue fracture, we rarely detected the traces of very fine fatigue striations oriented normally to the festoons.

The step of these striations approximately corresponds to the crack growth rate equal to 81077 m/cycle.
However, in general, the presence of the effect of crack closure, which cannot be avoided for small crack open-
ing displacements observed under the conditions of cyclic loading of the specimens by uniaxial tension, levels
the low-height surface topography of the fracture surfaces and destroys, first of all, the traces of striations. It is
possible to assume that the deformation transformation of austenite into martensite may also distort the classical
deformation mechanism of formation of fatigue striations.

In the zone of fracture surfaces with uncontrolled crack propagation, the elements of ductile pit topography
typical of the specimens failed under the action of active loading are predominant.
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