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Abstract This study deals with the wear behavior of two
NiTi shape memory alloys, one of them being martensitic,
the other one austenitic at room temperature. Wear tests
have been conducted with a disk-on-block geometry. The
block was made of the NiTi alloy, whereas counterface
disk materials were AISI M2 high-speed steel and a
WC-Co hardmetal. From the evolution of the friction
coefficient and temperature during the tests and from the
characterization of the wear debris and traces, it has been
possible to identify the main wear mechanisms. In the wear
tests involving the M2 steel disk, both NiTi alloys display a
transition, as a function of the applied load, from a mainly
oxidation regime to a more complex situation, in which
oxidation wear is accompanied by delamination of metallic
alloy fragments. Higher wear rates of the shape memory
alloys have been observed for the NiTi/WC—-Co coupling.
In this case, a transition from a mainly delamination wear
to a regime featuring a mixture of delamination and
oxidation wear has been observed.

Introduction

In the class of shape memory alloys (SMAs), NiTi mate-
rials definitely have a central role. A very large number of
research works, aiming at understanding the main aspects
of the shape memory effect (SME) and pseudoelasticity
(PE) have been carried out over the years using NiTi alloy
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specimens. Moreover, these alloys, either in binary or more
complex compositions, are used in most of the commercial
and technological applications of SMAs [1, 2]. The reasons
for this success can be found in the wide range of inter-
esting properties displayed by these materials, that render
them suitable for a wide range of different applications.
Just to mention the main fields in which NiTi alloys have
been profitably employed, we remind biomedical applica-
tions [3], for which, incidentally, the presence of nickel
turned out not to be a problem, as no release of this
potentially allergenic element was detected [4, 5], aero-
space deployment systems [6], safety devices [7], actuators
and robotics [8], anti-seismic components for civil
engineering structures [9], etc.

In more recent years a further promising field has been
envisaged for NiTi materials, that could be employed as
wear-resistant alloys. Several studies have been conducted
on different systems, involving bulk alloys [10-16], coat-
ings [17-22] and surface modified, e.g., ion-implanted,
layers [23-32]. The tribological aspects of wear couples
involving SMAs are attractive in several respects. Bio-
medical applications require the knowledge of mechanisms
that may lead to the formation and release of wear debris.
Friction may reduce the efficiency of the SMA-active
components, by dissipating significant fractions of the
work that can be produced by actuators and by hindering
displacements in smart devices.

Another field in which the wear behavior of NiTi alloys
may have a major importance is that of mechanical
machining. As compared to other titanium alloys [33], NiTi
materials have shown additional troublesome aspects
[34, 35], mainly related to their relatively low thermal
conductivity, low elastic moduli of both martensitic and
austenitic polymorphs and elevated recoverable deforma-
tions. Therefore, the comprehension of the wear
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mechanisms may help overcoming the still standing diffi-
culties in mechanical machining NiTi alloys. Consequently,
additional manufacturing tools would become available for
these materials in addition to electrodischarge machining
[36] and laser cutting [37].

The phenomenology of the SME and pseudoelasticity
plays a major role in the tribological performances of NiTi
alloys. Therefore, it is important to identify the actual state of
the alloy material under the adopted tribological conditions.

The main aim of the present study is to characterize the
dry-sliding wear behavior of martensitic and austenitic
NiTi alloy samples. This comparative investigation intends
to highlight how wear kinetics of the two NiTi alloys and
of the counterface disk materials is influenced by the phase
transitions induced in the alloys by test conditions, like
applied load, frictional heating, etc.

Experimental

Two commercial NiTi alloy sheets have been acquired for
the present research. The compositions and the thermo-
mechanical treatments were such that one material,
codenamed “A”, having a composition Ni—44.08Ti (wt.%),
is austenitic at room temperature and the other one, the
“M” alloy, with a composition of Ni—44.67Ti (wt.%), is
martensitic.

Differential scanning calorimetry (DSC) tests have been
conducted on both materials to measure the relevant tran-
sition temperatures.

Mechanical tensile tests have been carried out on each
alloy at different temperatures, selected on the basis of the
calorimetric results, to measure the deformations and
strengths characteristic of the austenitic and martensitic
phases.

Vickers hardness tests, with a load of 30N, were con-
ducted at room temperature on the alloy surface.

Wear tests were carried out in air at room temperature
using an apparatus described elsewhere [38, 39], using a
disk-on-block geometry under dry-sliding conditions. The
sliding disk, having a diameter of 40 mm, was made either
of AISI M2 steel, with hardness of 800 VHN or of a
WC—Co alloy, with hardness of 1650 VHN. NiTi-alloy
strips, 10-mm wide and 50-60-mm long, were used as
“block” samples. The sample thickness was 1.25 mm for
the M-alloy and 0.75 mm for the A-alloy. The sliding
speed was 0.837 ms~' corresponding to 400 rpm of the
disk. A sliding distance of 1004 m for each run and applied
loads ranging from 50 N to 200 N was adopted. The evo-
lution of friction coefficient and temperature beneath the
disk-block contact zone was recorded during the wear tests.
At the end of each run, the weight loss of the worn samples
was measured using a high-sensitivity precision balance.
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The microstructure of the specimens was characterized
with optical and environmental scanning electron micros-
copy (ESEM) observations, X-ray diffraction (XRD), using
a monochromated CuKo radiation, and hardness tests. The
low-vacuum operating mode employed for ESEM obser-
vations allowed us not to coat the specimen, that, as will be
shown, occasionally contained insulating phases, e.g.,
oxides and carbides, with a conductive film. The compo-
sition of selected regions of the specimens was
qualitatively evaluated with X-ray energy dispersive
spectroscopy (EDXS).

Results
Alloy properties

In Table 1, the DSC results obtained with the two alloys
are listed. According to these data, martensite phase, once
it has been induced in the M-alloy by cooling it down
below 10 °C (My), remains stable unless the material is not
heated up above 70 °C, the austenite start temperature (Ag).
The A-alloy has an austenite finish temperature (Ay) equal
to 45 °C. The alloy remains in this phase down to —15 °C,
the martensite start temperature (Mj).

Figure la shows the stress—strain curve for the A-alloy
at room temperature. The curve displays a typical super-
elastic plateau, due to the austenite—martensite—austenite
stress-induced transformations. The constant stress defor-
mation is nearly fully recovered when unloading the tensile
test specimen. The same alloy, when tested at a tempera-
ture in the martensite range (—50 °C) still displays a stress
plateau, having a lower value than in the former case. This
time the constant stress deformation is produced by the
reorientation of martensite twins (detwinning) (Fig. 1b).
Deformation is not recoverable just by unloading the
sample, but a thermal treatment above the austenite tran-
sition temperature, exploiting the notorious one-way SME,
would be required.

A similar tensile behavior is displayed by the M-alloy
when tested at room temperature (Fig. 2a). Consistently
with the DSC data, this same alloy tested at 100 °C, in a
fully austenitic state, shows a superelastic behavior
(Fig. 2b). Both alloys displayed at room temperature a

Table 1 DSC results for the two alloys: Ay = austenite start tem-
perature; Ay = austenite finish temperature; A, = austenite peak
temperature; M, = martensite start temperature; My = martensite
finish temperature; M, = martensite peak temperature

°C A A A M M; M,
Alloy A-NiTi 25 45 35  —15  —60  —35
Alloy M-NiTi 70 95 85 30 10 20
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Fig. 1 Stress—strain curve for the A-alloy. (a) Room temperature,
starting with a fully austenitic material. The constant stress plateau
corresponds to the stress-induced austenite—martensite transforma-
tion; (b) —50 °C: the alloy is martensitic

comparable deformation to fracture, equal to 10% approx.
The fracture strength at room temperature of the two alloys
also resulted to be the same. i.e., 1600 MPa. Room tem-
perature hardness values for the two alloys are: 360 HV for
the A-alloy and 235 HV for the M-alloy, with a standard
deviation of 5% in both cases. The higher hardness value of
the A-alloy is partly due to a more pronounced
(super)elastic recovery that reduces the indentation size
more than in the martensitic alloy.

Wear behavior

The dependence of the wear rate of the two NiTi alloys on
the applied load during wear tests has been monitored
through the normalized wear rate, or wear coefficient, K5
[40]. The normalized wear rate is defined, in terms of the
wear rate W (volume of removed material versus sliding
distance) and the applied load, L, as:

Kan =W/L.
This parameter is very effective in describing wear

behavior of materials under different wear test conditions.
In Fig. 3, the evolution of K, with the applied load for the
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Fig. 2 Stress—strain curve for the M-alloy. (a) Room temperature,
with a fully martensitic material. (b) At 100 °C: the alloy is in the
austenite field

A and M alloys, dry-sliding against the AISI M2 steel disk,
is shown. For both alloys all data points fall in the mild
wear range. Moreover, both alloys display a reduction in
the normalized wear rate when passing from 50 N to 100 N
load. At higher loads, wear rate slightly increases, although
for both materials it stays below the values measured at
50 N. It is worth noting that at 150 N and 200 N the
M-alloy has a lower wear rate than the A-alloy, whereas in
the low load range the two materials behave the same,
within the limits of the experimental errors.

Significantly higher wear rates have been observed, over
the same load interval, when alloy samples were sliding
against a WC—Co disk. Figure 4 shows the K, versus load
curves for the two alloys. For a comparison the data points
from Fig. 3, referring to the test conducted with the AISI
M2 counterface disk, are displayed as well. With the harder
WC—Co disk both alloys have wear rates one order of
magnitude larger than with the AISI M2 steel, although
still comparatively low. The general trend of the data
points for the two alloys is comparable to what has been
reported for the samples tested against the AISI M2 steel,
with an initial decrease of K, with the applied load. Wear
rate of the A-alloy goes through a minimum and then starts
increasing. For the considered values of the applied load no
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Fig. 3 Variation of the normalized wear rate, or wear coefficient, K4,
as a function of the applied load for the two NiTi alloys dry sliding
against a AISI M2 counterface disk
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Fig. 4 Variation of the normalized wear rate, K4, as a function of the
applied load for the two NiTi alloys dry sliding against a WC-Co
counterface disk. In the same plot the values for the NiTi-M2 wear
couple (see Fig. 3) are displayed for a comparison

wear rate increase has been observed for the M-alloy, and
that up to 200 N load continues to decrease. Another
analogy that can be observed in the wear behavior of the
two SMAs tested against two different counterface mate-
rials is the lower wear rate displayed by the M-alloy, as
compared to the A-alloy, at the maximum load of 200 N.

Before moving on to the description of the experimental
results concerning the microstructural characterization of
the wear debris and tracks, a few notations on the wear
behavior of the two counterface materials are worthwhile.
The normalized wear rate of the AISI M2 disk as a function
of the applied load is displayed in Fig. 5. The M2 steel
displays a wear behavior that seems not to be sensitive to
the different NiTi alloys, as the K, values fall within the
same range in both cases. Wear coefficients recorded for
the steel disk are slightly higher than those of the alloys.
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Fig. 5 Normalized wear rate, K,, versus applied load for the AISI
M2 counterface disk

The AISI M2 disk mating the M-alloy displays a K, that
goes through a maximum and then decreases. With the M-
alloy all normalized wear rates are above those found with
A-alloy samples, except that for the lowest load (50 N).
With the A-alloy, the M2 counterface disk shows a
continuous reduction in K, as the load is increased.

Figure 6 shows the normalized wear rate versus load
curves for the WC—Co material. In this case, a clear dif-
ference between the two tribological couplings,
corresponding to the two NiTi alloys, can be noticed. The
main difference with respect to the observations reported
so far is the negative values of the normalized wear rate of
the WC—Co disk.

Temperature and friction coefficient are very important
parameters for the identification of wear mechanisms. They
have been continuously recorded during the tests. In Fig. 7
the curves for the friction coefficient, u, and temperature,
T, recorded during a wear test conducted with a 50 N load
and involving the A-alloy worn using an AISI M2 disk are
displayed. The two curves display features that have been
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Fig. 6 Normalized wear rate, K, versus applied load for the WC-Co
counterface disk
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Fig. 7 Evolution of friction coefficient, u, and temperature, T, as
recorded during a wear test conducted with a 50 N load and involving
the A-alloy worn using an AISI M2 disk

found qualitatively the same even under different experi-
mental conditions. In particular, it is interesting to note that
both friction coefficient and temperature evolve toward
steady states, featuring comparatively stable values of the
two parameters. The actual values of the stationary friction
coefficients and temperatures will depend on the specific
test conditions, as shown by the plots of temperature and
friction coefficient versus load in Fig. 8a, b (see figure
caption for the complete legend). From the plots in Fig. 8 it
turns out that, for all wear couples that have been consid-
ered, temperatures increase with the load, whereas friction
coefficients decrease.

Characterization of the wear products
(NiTi versus AISI M2)

The mechanisms responsible for the observed wear kinetics
have been investigated through the analysis of the wear tracks
and debris obtained from the tests conducted under different
conditions. From wear tests using AISI M2 steel as disk
material two kinds of wear debris have been obtained. The first
one corresponds to the descending part of the normalized wear
rate curve in Fig. 3, i.e., to the loads of 50 and 100 N. In Fig. 9
an ESEM micrograph displays the typical morphology of this
kind of wear debris produced by the A—NiTi alloy at 50 N. The
EDXS analyses indicate that these wear particles are made of
mixed oxides, containing mainly iron (from the sliding disk),
nickel and titanium (from the alloy specimens). The submi-
crometric particles tend to stick together and form clusters that
may abandon the tribological system. Alternatively, these
clusters remain trapped in between the sliding surfaces and
spread onto wear tracks. This is illustrated by Fig. 10, dis-
playing the ESEM picture of the surface of a wear track on a M-
alloy sample tested at 50 N. The brighter regions are parts of
the NiTi alloy surface, on which the darker sintered oxide
debris layers are clearly visible. These conditions are com-
monly encountered in tribological systems for which, we can
conclude, oxidation is one of the dominant wear mechanisms
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Fig. 8 Evolution of the steady state friction coefficient and temper-
ature as a function of the applied load for the different wear test
configurations adopted in the present study. (a) Friction coefficient for
the A and M alloys sliding against AISI M2 and WC—Co disks. (b)
Evolution of the temperature during the tests involving the above
couplings

[41]. Similar microstructures as the one displayed in Fig. 10
have been observed in both NiTi alloys, M and A, wear tested
at 50 and 100 N with the AISI M2 disk. This can be taken as an
indication that the same wear mechanism is active under such
experimental conditions.

At higher loads, corresponding to the ascending part of
the normalized wear rate plot in Fig. 3, the situation is
quite different. Wear debris, displayed in Fig. 11 and
obtained from a test carried at 150 N with a M-alloy
specimen, feature large NiTi alloy fragments partly cov-
ered with smaller particles, mainly made of iron oxides.
Wear tracks on the NiTi alloys feature three distinct
regions, as shown by Fig. 12 (alloy M tested at 200 N). We
still have the sintered layers of mixed, mainly iron, oxides.
Moreover, oxides are much thinner and appear to be inti-
mately bound to the alloy surface over a significant area of
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Fig. 9 ESEM micrograph displaying the microstructure of a cluster
of wear debris particles collected at the end of the test conducted with
the A-NiTi alloy versus AISI M2 wih an applied load of 50 N

AccV - SpotMagn. Det WD ——1 6opm

20.0'kV. 5.0 - 400x

BSE 10.8 0.6 Torr Campione b

Fig. 10 ESEM micrograph showing the typical microstructure of a
wear track observed on the M-NiTi alloy dry sliding against the AISI
M2 disk with an applied load of 50 N

the track surface, owing to the higher applied pressures.
Surface regions of the base alloy, appearing as brighter
features in Fig. 12, are also visible in wear tracks. In view
of the conditions of the nearby zones of the track surface,
that, as just remarked, are covered with sintered oxide
layers, it is plausible to think that the morphology of the
wear tracks is the result of the delamination induced by
heavy mechanical deformations.

Characterization of the wear products
(NiTi versus WC—Co)

Delamination is the main wear mechanism in wear tests

conducted at the low load (50 N) using WC-Co as coun-
terface disk material. Wear debris obtained from the
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Fig. 11 ESEM micrograph displaying the typical microstructure of a
wear debris collected at the end of a test conducted with the A-NiTi
alloy versus AISI M2 with an applied load of 150 N
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Fig. 12 ESEM micrograph showing the typical microstructure of a
wear track observed on the M—NiTi alloy dry sliding against the AISI
M2 disk with an applied load of 200 N

M-NiTi alloy mainly consist of NiTi lamellar fragments
(Fig. 13), with smaller particles identified as nickel and
titanium oxides. Compacted oxide layers have been
observed on the wear tracks. In Fig. 14, the morphology of
wear tracks on the M-alloy tested at 50 N is shown. In this
case too, as already seen in Fig. 12, the light gray regions
are freshly created surfaces of the base alloy, appearing
once fragments have been removed from the surface of the
specimen. Another interesting feature of the low load wear
tracks is the presence of tungsten carbides, the bright
particles scattered on the surface of the wear tracks. These
carbides come from the counterface disk, indicating that a
good adhesion is established between the two mating sur-
faces of the NiTi alloy and the disk. The situation described
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Fig. 13 ESEM micrograph displaying the microstructure of wear
debris particles collected at the end of a test conducted with the
A-NiTi alloy versus WC—Co with an applied load of 50 N

A(.jc.V Sﬁot Magn 5 Det Wi
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Fig. 14 ESEM micrograph showing the typical microstructure of a
wear track observed on the M-NiTi alloy dry sliding against the
WC-Co disk with an applied load of 50 N. Brighter particles are
tungsten carbides

so far, as concerns both wear debris and tracks, is pretty
much the same in the case of the A-alloy. Therefore, it can
be assumed that the dominant wear mechanisms are the
same for both NiTi alloys.

At higher loads wear debris is characterized by a higher
concentration of nickel and titanium oxide particles
(Fig. 15a, b), as resulted from a comparison of EDXS
spectra corresponding to a wide field of view. As to the
corresponding wear tracks, they alternate alloy free surface
regions and layers of compacted oxide particles (Fig. 16a,
b). These layers have larger size on the surface of the
A-alloy (Fig. 16a), while they look thinner and not so wide
on the surface of the M-alloy (Fig. 16b).

Fig. 15 ESEM micrographs displaying the microstructure of wear
debris particles collected at the end of a test conducted with the NiTi
alloy sliding against WC—Co with an applied load of 200 N. (a)
A-NiTi alloy; (b) M-NiTi alloy

Discussion

In this study, the behavior of two NiTi SMAs has been
considered. One of the NiTi alloy is austenitic the other one
martensitic at room temperature. The actual phase com-
position of each alloy and its dependence on temperature
has important effects on the mechanical response of the
shape memory materials, as clearly shown by the results of
tensile tests (Figs. 1 and 2) carried out on the NiTi alloys at
temperatures selected on the basis of calorimetry results
(Table 1).

The dry sliding wear tests of the two NiTi alloys dis-
played similar trends as concerns wear coefficient as a
function of the applied load. In both Figs. 3 and 4, an initial
decrease in K4 is observed. However, the microstructural
investigations on the wear products indicate that the phe-
nomena responsible for this similar wear behavior are not
quite the same for the two materials used as counterface
disk: the AIST M2 steel and the WC—Co alloy. In case wear
tests were conducted using the AIST M2 steel slider, wear
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Fig. 16 ESEM micrographs showing the typical microstructure of a
wear track observed on the NiTi alloys dry sliding against the WC—Co
disk with an applied load of 200 N. (a) A-NiTi alloy; (b) M-NiTi
alloy

debris is made of mixed oxide particles containing ele-
ments from the steel disk mainly and, to a lower extent, of
the NiTi alloys (Fig. 9). We propose that the oxidation
process is triggered by the formation of particles of the
NiTi alloys. These alloys, being significantly softer than
the M2 steel, are easily abraded by the refractory element
carbides present in the steel. For instance, the micrometric
abrasion traces of the carbides are visible on the sintered
oxide layer in Fig. 10. Owing to the elevated reactivity of
nickel and, even more, titanium, metallic fragments get
easily oxidized and start abrading the M2 disk. This phe-
nomenon corresponds to the run-in stage of the friction
coefficient versus time curves (see for instance Fig. 7).
Oxide particles are present to an increasing extent between
the sliding surfaces as wear test proceeds. Unless they
abandon the systems, these oxide particles start compacting
and sintering, and build up mixed protective layers on the
alloy surface (Fig. 10). This stage is marked by a reduction
in the friction coefficient, observable in the relevant curves.
The higher the applied load, i.e., 100 N versus 50 N, the
quicker is the formation of protective compacted oxide
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layers. This also results in a reduction in KA, when passing
from 50 N to 100 N load. At higher loads (150 and 200 N),
oxidation is still occurring to some extent, as proved by the
observations on the wear products. However, the tribo-
logical coupling is now dominated by a strong adhesion
between the M2 disk and the compliant alloy specimens.
Adhesion and surface strain-hardening of the NiTi samples
are responsible for the delamination of the alloy samples,
resulting in the formation of larger metallic alloy debris
(Fig. 11). The contribution of two main wear mechanisms,
oxidation and delamination, is nicely confirmed by the
morphology of the wear tracks (Fig. 12), displaying the
alternate presence of layers of compacted oxide particles
and alloy-free surface regions from which the metallic
debris has been removed.

The observed increase in the wear coefficient (Fig. 3) is
actually in agreement with the evolution of the steady
friction coefficient as a function of the applied load
(Fig. 8a). In fact, strain hardening of the outer alloy layers
would actually reduce the adhesive contribution, pap,
to the overall friction coefficient through the following
relationship [42]:

Hap = Tm/H

where 7, is the shear strength of the alloy-slider junction
and H is the alloy surface hardness. Surface hardening has
also beneficial effects on the resistance to abrasive wear of
the NiTi alloys. In our case, a major contribution to abra-
sive wear comes from the high concentration of carbides in
the AISI M2 steel. It is interesting to note that, differently
from literature findings [10, 43], in the high-load region, in
which adhesion is dominating the wear behavior of the
NiTi-M2 couple, the martensitic alloy displays a better
wear resistance than the austenitic material. The elevated
deformations at constant stress that NiTi alloys are capable
to sustain in the martensitic and austenitic fields, through
the mechanisms of detwinning and of the stress-induced
martensitic transformation, respectively, are regarded as
the main factors that determine the excellent wear perfor-
mances of these alloys.

In case of SMA specimens deformed in the martensitic
field, their initial austenitic shape can be recovered upon
heating them up at temperatures higher than the relevant
austenite finish temperature (Ay, see Table 1). In the present
study, it can be inferred that the NiTi alloy wear debris,
worn out from both A and M alloys, has been deformed in
the martensitic state. For the M alloy this occurs in view of
the temperatures reached during wear tests at lower loads.
At the higher loads (Fig. 8b), temperatures in excess of
austenite finish (Ay = 95 °C) are achieved and the alloy
might actually become austenitic. However, also in this
condition, for the elevated accumulation of deformation,
proved by a diffuse cracking of the alloy, stress-induced
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martensite phase transformation might occur. Therefore,
also wear debris produced at this stage would behave very
similar to the ones that formed at temperatures falling in the
martensite field. The A-alloy sample too may be taken to the
stress-induced martensite field when sufficiently high
deformations have been achieved. In view of this scenario,
we propose that, as displayed in Fig. 4, the higher wear rate
of the A-alloy depends on an earlier achievement, than in
the M-alloy, of temperatures in excess of its austenite finish
temperature (Ay = 45 °C), owing to frictional heating
associated with wear tests. Above this temperature, alloy
debris would detach from the disk, and then leave more
easily the tribological system, as a result of the SME that
would take the alloy fragments back to the original flat
shape they had in the sheet. As the M-alloy has a signifi-
cantly higher austenite transition temperature, Ay = 95 °C,
the detachment of the debris from the disk can only take
place at higher temperatures, reached after longer times.
However, this is the main but not the only reason why wear
rate of the M-alloy turns out to be lower than that of the A-
alloy under the present wear conditions. To complete the
picture it should be considered that the spring-back energy
available for the detachment of the metallic debris is to
some extent proportional to the area of the relevant stress—
strain curves. The A-alloy is capable to store increasingly
higher amounts of energy from room temperature upward,
once the deformation to fracture has been overcome
(Fig. 1a). In fact, the stress at which the superelastic
deformation plateau starts increases with temperature. For
the M material the “elastic” energy stored at room tem-
perature is comparatively smaller (Fig. 2a). Only when the
alloy is transformed back to the austenitic phase (Fig. 1b)
the energy available for the spalling of the debris is com-
parable to that of the A-alloy.

Although some similarities, in terms of the variations of
friction coefficients, temperature (Fig. 8) and wear rate
(Fig. 4) as a function of the applied load, have been
observed in the wear behavior of the NiTi/WC-Co and
NiTi/M2 systems, the active wear mechanisms are quite
different. The decrease in the wear rate of both NiTi alloys,
dry sliding against the WC—Co disk, with increasing loads
is determined by the transition from a regime in which
abrasion is the main mechanism toward a condition in
which some oxidation too occurs. Abrasion, that induces
the formation of metallic debris, is mainly due to tungsten
carbides that are removed from the metallic cobalt matrix
and act as third bodies trapped between the mating surfaces
(Fig. 15). As the counterface disk in much harder than the
NiTi alloys, carbides can be implanted into the surface of
the alloys or being embedded inside the layers of com-
pacted debris, as shown by Fig. 14. As loads are increased,
the more demanding wear conditions, particularly the
higher temperatures, induce the formation of protective

oxide layers, through the compaction of wear debris
(Figs. 15 and 16). These layers reduce the abrasive action
of the carbides, resulting in lower friction coefficients
(Fig. 8) and wear losses (Fig. 4).

As concerns wear behavior of the two counterface disk
materials, they turned out to be rather different under dif-
ferent dry sliding conditions. Wear rates measured for the
M2 steel fall in the same range as the two NiTi alloys.
Moreover, for all loads, but the lower one, i.e., 50 N, the
M2 material has comparable and nearly constant wear
rates, irrespective of the SMA (see Fig. 5). At 50 N, a
better wear resistance of the M2 mating the martensitic
alloy, as compared to M2 versus the austenitic one, is to be
ascribed to the lower friction coefficient that has been
measured for the M2/NiTi M alloy (Fig. 8a). This lower
friction coefficient would actually correspond to lower real
shear stress acting on the two surfaces in contact. For a
given load, real stress can be reduced by an increase of the
real contact area. This condition can be fulfilled to a larger
extent by the M-alloy for two main reasons. The M-alloy is
softer than the A-alloy. Moreover, the rearrangement of the
martensitic variants, resulting in the constant stress defor-
mation plateau observed in the stress—strain curves, occurs
at a significantly lower stress than in the case of the A-alloy
(see curves in Fig. 2a and Fig. 1a, respectively).

As to the wear rate of the slider at higher loads, the
monotonic slowing down that has been recorded can be
safely ascribed to an increasingly protective action pro-
vided by the layer of the compacted wear debris [44]. As
already discussed with reference to the NiTi alloys, debris
that get trapped in between the block and the disk are
oxidized and then compacted onto the surface of the wear
tracks (Fig. 12). In all cases, from 50 N up to 200 N, iron
oxide particles have always been found in the wear debris.
This suggests that oxidation promotes and/or assists wear
kinetics of the M2 disks.

As to the WC—Co hard-metal sliders, very low wear
rates have been measured, much lower than that for the M2
steel and, thereby, of the two NiTi alloys (Fig. 6). Negative
values of the wear coefficient, resulting from the adhesion
of wear debris onto the slider surface, have been measured.
This effect is more pronounced in the softer M-alloy. As
already stated, the ubiquitous presence of tungsten car-
bides, directly inserted into the alloy or on the compacted
layer of wear debris, has been observed at 50 N. These
particles, particularly those more loosely bound to the Co
matrix, at different stages of the wear process are removed.
In particular, when disk and block metallic surfaces are in
contact, tungsten carbides adhere to NiTi and are removed
by the shear stress resulting from sliding. At later stages of
the test, or under more severe conditions, when significant
amounts of oxide debris are present, even an abrasive
removal of carbides may occur.
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A large number of literature studies have shown the
potentially interesting properties of NiTi SMAs for tribo-
logical applications. In the present research wear behavior
of two of these alloys, dry sliding against an AISI M2 steel
and a WC—Co hardmetal counterbody, has been investi-
gated to understand how different phase compositions may
affect wear kinetics of these materials.

A general result is a comparable, or possibly better, wear
resistance of the martensitic alloy, as compared to the au-
stenitic one. Different wear mechanisms are active under
different wear conditions. With the M2 steel counterface
disk, in the lower load region (50-100 N) oxidation is lar-
gely dominating wear kinetics and the two alloys behave all
the same. This is not unexpected, as the frictional heating
takes the martesitic alloy into the austenitic field since the
early stages of wear tests. At higher loads, delamination,
with the formation of metallic debris becomes increasingly
important. At this stage the martensitic alloy has a lower
wear rate than the austenitic one. For the latter, in fact, wear
debris recovers the original flat geometry for the SME and
would therefore tend to detach from the mating surfaces,
thus increasing wear rate. This phenomenon, induced by the
one-way-shape-memory effect, happens to a lower extent in
the martensitic alloy, having a higher austenite transition
temperature. With the WC—Co counterbody, the sequence
of wear mechanisms taking place at increasing loads is
rather different. As WC—Co is significantly harder than the
NiTi alloys, higher wear rates of the SMAs have been
observed with the NiTi/WC-Co couple. In this case a
transition from a mainly delamination wear to a regime
featuring a mixture of delamination—oxidation wear has
been observed. The hard metal disks present an extremely
low wear rate, mostly determined by the loss of tungsten
carbides that are extracted from the disk mainly by the
intense adhesive interaction with the NiTi alloy.

As a general comment to the observed results, it can be
concluded that wear mechanisms intervening in material
couples involving SMAs are very much dependent on the
actual response they display under different thermal,
mechanical and environmental operating conditions.
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