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Abstract: The tribological behaviors of NiTi alloy produced by the spark plasma sintering (SPS)
method before and after annealing were investigated at various loading conditions via indentation,
scratch, and wear tests. Indentation tests were performed by a pyramidal Berkovich indenter,
while scratch and wear tests were carried out by a diamond Rockwell spherical indenter at room
temperature. The annealing of the as-prepared samples was performed at 350, 450, and 550 °C
in the ambient atmosphere. The influence of the annealing temperature on the sample behavior
towards tribological study was investigated here. The results indicated that the alloy annealed at
350 °C showed a higher hardness compared to the other annealed alloys. The scratch and wear
resistance of the annealed sample at 350 °C showed a better performance in comparison to the
other samples under a constant load. The high wear resistance of the annealed NiTi alloy may be
attributed to its metastable R-phase. The detection and evaluation of acoustic emissions during the
nano/micro-tribomechanical testing proved to be a very effective way for the exploration of the
durability of SPS NiTi alloys.

Keywords: NiTi alloy; annealing; indentation; wear; scratch test

1. Introduction

NiTi shape memory alloy (SMA) has been subjected to interest in the field of tribology-
related applications in various areas at harsh operating conditions [1]. Due to its superior
wear resistance, corrosion resistance, biocompatibility, and shape memory behavior, NiTi
alloy is a very promising material in biomedical devices such as NiTi needles, wires,
stents, or super-elastic arch-wires. An alternative route is developed in the area of powder
metallurgy such as spark plasma sintering (SPS) for the feasible method of successful NiTi
alloy fabrication [2-5]. The Ni5Tisg alloy possesses a unique shape memory effect and
transformation pseudoelasticity. The pseudoelastic strain can reach up to 8-20% by two
orders of magnitude larger than ordinary elasticity [6,7]. NiTi alloys exhibit good wear
resistance in sliding wear and cavitation erosions, where the resistance of NiTi alloys is
comparable to that of conventional alloys. It is attributed to the effect of work hardening [8];
nevertheless, the effect of NiTi alloys pseudoelastic behavior is mostly responsible for good
wear resistance [9,10]. In addition, NiTi possesses damping-sensitive properties that make
it a good candidate for material robots and smart materials actuators in the areas of
micro-electro-mechanical system (MEMS) devices [11,12]. Although the hardness of NiTi
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SMAs is much lower, better wear resistance has been reported as compared to those of
conventional wear-resistant materials such as steel and alloy [13,14]. The effect of the
sintering temperature on the microstructural evolution and transformation was studied in
the case of SPS NiTi alloy [15,16]. Especially, NiTi alloys exhibit a higher wear resistance
than conventional materials such as steels, and Co-based tribo-alloys and thus become
a potential candidate for tribological applications [17,18]. The higher wear resistance
of NiTi alloy is attributed to its so-called pseudoelasticity that is caused by reversible
martensitic transformation. The sliding wear behaviors of NiTi alloy are derived from three
different phases such as austenitic, martensitic, and dual-phase states of intermetallics. The
austenitic phase has higher wear resistance than the martensitic phase of NiTi alloy [19]. On
the other hand, it has been observed that the effect of nickel addition on the microstructure
and wear behavior of spark-plasma-sintered CP-titanium, asserting an improved resistance
to adhesive and abrasive wear with increasing nickel content [20]. However, there is an
ambiguity in understanding the surface hardness contribution in terms of tribological
behavior of NiTi alloys. In our previous work, we successfully prepared NiTi alloys with a
shape memory effect [21]. Because of the tremendous application potential of NiTj, it is
important to explore its durability from the tribological point of view. The understanding
and control of the tribological behavior, as well as the overall mechanical durability of NiTi
alloy prepared by the SPS technique, is an important issue. Interfacial phenomena such as
adhesion, friction, and wear can affect the performance and durability of the devices made
up of NiTi thick alloy.

In the present work, the tribological behaviors of NiTi alloy prepared by the SPS
method and after various annealing have been studied using indentation, scratch, and
wear tests. The aim is to understand the tribological response of NiTi alloy prepared by
the alternative route and the effect of annealing on the wear response of the material. The
wear mechanisms are analyzed in conjunction with phase formation during the annealing
of NiTi alloy.

2. Materials and Methods
2.1. Materials

NiTi alloy samples were prepared by the SPS method using TisoNisy powder (2063 pm)
at a temperature of 900 °C with a load of 48 MPa. The comprehensive characterization of
the SPS NiTi alloy was described in our previous work [21]. The fabricated material was
divided into four samples that were subsequently annealed (at different temperatures of 350,
450, and 550 °C in the air with a heating rate of 10 °C/min; cooling was spontaneous). One
sample, labeled as NiTi_as-prepared, was kept as a reference. The samples were annealed
in a conventional furnace for a 1 h duration. For the physical and tribo-mechanical testing,
the samples were mirror-polished.

2.2. Experimental Methods

The surface features of the NiTi samples were analyzed by using a scanning electron
microscope, Tescan FERA 3, dual-beam SEM/FIB equipped with a field emission cathode
(Tescan Orsay Holding a.s., Brno, Czech Republic). The quality of the surface features was
examined as a function of annealing temperature.

XRD data were collected at room temperature with an X'Pert PRO 6-6 powder diffrac-
tometer with a parafocusing Bragg-Brentano geometry at 40 mA and 35 kV with CoKx
radiation (average wavelength A = 0.1790 nm), a focus-slit distance of 100 mm, and a
goniometer radius of 240 mm. The data were measured in the 20 range of 20-120°, using
a step size of 0.013°, a scan step time of 1.4 s, and a fixed divergence slit size of 0.5°. The
phase analysis and the analysis of crystallite size and microstrain were performed using the
software package HighScore Plus 4.8. fy. PANalytical. The NIST LaBg SRM 660a standard
was used for the correction of the instrumental broadening.

Differential scanning calorimetry (DSC) analysis was carried out for the annealed
samples by using a DSC 25 (TA Instruments, New Castle, DE, USA) instrument at a



Coatings 2021, 11, 1246

30f18

scanning rate of 5 °C/min in the temperature range of —100 to +100 °C. The samples were
cut into small pieces and placed inside an Al crucible that placed inside the chamber of a
DSC furnace for measurement. Argon gas was used as purge gas during the experiments.
The NiTi powder and the as-prepared NiTi alloy prepared by the SPS method showed
the transformation temperature as a function of the cooling and heating temperatures is
shown in previous work [21]. The transformation temperatures for the NiTi powder and
the as-prepared NiTi alloy are included in the Table 1.

Table 1. Transformation temperatures for the annealed spark plasma sintering (SPS) samples.

Sample As (°O) A (°O) Rs (°O) R¢ (°O) M; (°O) M; (°C)
NiTi_as-prepared —47.6 29.7 - - -19 -47.6
NiTi powder 32 62 40 -2 -19 —-47.6
NiTi_350 °C 32.39 52.34 44.98 13.47 -
NiTi_450 °C 17.34 38.48 39.27 21.61 -16.67 -53.99
NiTi_550 °C -8.95 4.70 -14.14 —-33.46 -35.03 —48.28

Mechanical and tribological properties were measured at room temperature by depth-
sensing indentation (nanoindentation), and nano/microscratch and wear testing techniques
using a fully calibrated NanoTest instrument (MicroMaterials Ltd., Wales, UK). The samples
were fixed on a special low-noise/high-sensitivity acoustic emission (AE) sample holder
employing a dedicated structured piezo-element and inbuilt pre-amplifier using a low-
temperature wax.

Nanoindentation hardness and reduced elastic modulus were evaluated with a three-
sided pyramidal Berkovich indenter at loads of 50 and 100 mN that corresponded to the
maximum penetration depths around 750 and 1100 nm, respectively. Two loads were used
to explore the possible effect of the lack of homogeneity and voids. The measured data
were corrected for the thermal drift and the frame compliance of the instrument. Hardness
and reduced elastic modulus values were calculated using a standard procedure [22]. The
mean values and the standard deviation were calculated from at least 10 independent
measurements.

Scratch tests and multi-pass wear tests were performed by a diamond Rockwell inden-
ter with a nominal radius of 10 um. During the progressive-load scratch test, the load on
the indenter linearly increased after the first 50 um until reaching the predefined maximum.
The experiments were performed as a three-pass test, where the initial topography pass
with a very low topography load of 0.02 mN was followed by the on-load scratch pass and
later by the final topography pass to scan the scratch groove profile. Each test was repeated
at least three times. Adhesion-cohesion properties were investigated with progressive-load
load tests up to 100, 250, and 500 mN. The wear resistance was tested at the constant loads
of 100 and 250 mN by a repetitive nanoscratch test with a total scan length of 450 pm and
at a scanning speed of 10 um/s. The gradual degradation of the surface layer was studied
during 10 on-load passes; one topography pass was always alternated by two on-load
passes. The scratch test and the wear test were evaluated based on a combined approach
employing the analysis of the indenter load-depth records and the microscopic observation
of residual wear tracks integrated with the AE records. The residual scratch grooves and
wear tracks were thoroughly investigated with a laser scanning confocal microscope LEXT
5000 (Olympus, Tokyo, Japan) using depth and intensity (wavelength: 405 nm) images.

The AE activity was continuously monitored during the scratch and wear tests using
the ZEDO system (Dakel, Prague, Czech Republic) featuring a high dynamic range and
sampling frequencies as high as 10 MHz that enabled to explore very weak as well strong
AE events at nano/microsecond scales in a broad frequency range of 30-2000 kHz. The
direct correlation between the depth-load-distance/load records and AE records was
ensured via the proper synchronization of the nanotester and the AE system.
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(c) NiTi 450 °C

3. Results and Discussion

The surface morphologies of the annealed NiTi samples are shown in Figure 1. There
was no significant grain growth observed in the samples. The particles packing and necking
was observed in each sample.

(b) NiTi 350 °C

(d) NiTi 550 °C

Figure 1. Backscattered SEM images of the (a) NiTi sample and annealed at (b) 350 °C, (c) 450 °C, and (d) 550 °C.

3.1. DSC Analysis of the NiTi Alloy and the Annealed NiTi Alloys

The phase transformation corresponding to the transformation temperature in the
annealed NiTi samples was investigated by using DSC (Figure 2). The transformation
temperature upon cooling changed from the austenite to the R-phase and finally towards
martensitic transformation, indicating the martensite start and finish temperatures (Mg and
M). Upon heating, the samples returned to the austenite phase with an indication of the
start and finish temperatures (As and Ag). The shifting of the transformation temperature
towards a lower temperature was observed. The transformation temperatures of the
annealed samples are presented in Table 1.

The transformation peaks for the annealed samples showed the phases of the marten-
site, R-phase, and austenite start and finish temperatures. There were the prominent
peaks of the austenite and R-phase observed in the annealed sample at 350 °C. At 450 °C,
a bifurcating peak formed at the heating cycle that represented the combination of the
R-phase with austenite. On cooling, the R-phase and martensite were separate. There was
a shift towards a lower temperature upon more annealing at 550 °C. These peaks were very
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prominent and distinguished in the sample after annealed. This shifting may happen due

to the presence of intermetallic compounds.
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Figure 2. Differential scanning calorimetry (DSC) responses of the annealed SPS NiTi samples

showing the heat flow as a function of temperature.

3.2. XRD Analysis of the NiTi Alloy and the Annealed NiTi Alloys

The phase composition, particle size, and strain of the NiTi powder, the as-prepared
NiTi alloy (NiTi_as-prepared), and its corresponding annealed samples were evaluated via
XRD. The diffractograms of the starting powder NiTi and the as-prepared NiTi alloy are

shown in Figure 3a.
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Figure 3. (a). Powder XRD patterns of A) NiTi particles and B) NiTi as_prepared. (b) Powder XRD patterns of the NiTi
alloys annealed at C) 350 °C, D) 450 °C, and E) 550 °C.

Since both systems turned out to be two-phase and after compaction a significantly
different broadening of the peaks appeared, multicomponent and multiline Rietveld re-
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finement was used to calculate the quantitative phase composition. From independent
and well separable diffraction peaks, it was possible to construct a Langford plot for the
calculation of coherent particle size and microstrain. The same calculation method could
be used for the annealed samples. The quantitative estimation of various phases, as well
as the results of size/strain analysis for the NiTi powder and the annealed samples, are
summarized in Table 2.

Table 2. Phase compositions, crystallite sizes, and strains of the NiTi powder, the as-prepared NiTi by SPS, and the annealed

samples.
Sample Phase/Lattice (S;Ir):‘i; (C/"‘I:/e;*) Rorngs Cszzf?;h;)e Strain (%) Rorofie D-stat

NiTi particles NiTi cubic Pm-3m 78.5 6.22 74.8 0.03 0.63 1.72
NiTi monoclinic P2;/m 215 7.84 25.2 0.10 1.88 0.73
NiTi_as-prepared NiTi cubic Pm-3m 77.7 1.43 30.2 0.00 1.69 0.21
- NiTi monoclinic P2;/m 223 1.22 6.3 1.00 1.69 0.21
NiTi trigonal P-3 71.7 248 33.1 0.10 1.27 0.43
NiTi_350 °C NiTi monoclinic P2;/m 16.2 3.49 7.7 1.00 1.37 0.31
Ni4 Tis rhomboedric R-3 12.1 3.97 NC NC NC NC
NiTi trigonal P-3 61.8 0.12 28 0.20 1.11 0.63
NiTi_450 °C NiTi monoclinic P2;/m 255 0.28 155 1.00 1.08 0.70
Niy Tiz rhomboedric R-3 12.7 0.27 NC NC NC NC
NiTi cubic Pm-3m 88.5 3.88 25 0.00 1.90 0.12
NiTi 550 °C NiTi monoclinic P2;/m 4.4 1.19 7.5 0.00 1.88 0.12
= Niy Tiz rhomboedric R-3 6.5 222 NC NC NC NC
TiO, tetragonal P42 /mmm 0.6 0.98 NC NC NC NC

Both the starting powder and the SPS as-prepared alloy showed the same qualitative
and very similar quantitative phase compositions; 78.5 resp. 77.7 wt.% of austenite and
21.5 resp. 22.3 wt.% of the martensite phase. The crystallite size of the austenite phase
decreased by the SPS method from 74.8 to 30.2 nm. On the annealed sample at 550 °C,
the crystallite size for austenite further decreased to 25 nm. The crystallite size of the
monoclinic phase was reduced to 7.5 nm. The samples annealed at the temperatures of
350 and 450 °C showed metastable behaviors with the presence of R-phase. The minimum
strain of 0.1% was observed in the NiTi_as-prepared sample. The minimum strain was
maintained or increased in the samples annealed at 350 and 450 °C. However, the sample
annealed at 550 °C did not show any strain. The crystallite size of the martensite phase
decreased from 25.2 to 7.7 nm with a minimized strain.

In the case of the annealed samples, the evolutions of the phase composition and
the coherent particle size as a function of the sintering temperature were observed (see
Figure 3b). Upon annealing, the NiTi alloys at various heating temperatures of 350, 450, and
550 °C for 1 h in the presence of some intermetallic compounds were identified. The sample
annealed at 350 °C showed the presence of the R-phase (trigonal, 71.7%), the martensite
phase (monoclinic, 16.2%), and the intermetallic compound Ni3Tis (thomboedric phase,
12.1%). At 450 °C, the sample showed a hexagonal phase of 61.8% and a monoclinic
phase of martensite 25.5% with an intermetallic phase of 12.7%. The sample annealed
at 550 °C showed 88.5% of the austenite phase with 4.4 wt % of the martensite phase,
intermetallic compound Ni3Tis of 6.6 wt % with some minor quantity of the rutile phase.
The premartensitic phase (so-called R-phase) with a trigonal P-3 structure emerged in the
annealed samples may arise due to the thermal effect in the NiTi structure, leading to an
asymmetric form. The R-phase was precisely trigonal; nevertheless, its trigonality was very
weak, and in the literature, is sometimes marked as hexagonal, which is the same as in
Figure 3b [23]. The intermetallic phases that may arise from the eutectoid decomposition of
NiTi to NiTiy, Ni3Ti, or Ni3Tiq formed results, when the preannealed samples were in the
furnace [24]. The quantity of the intermetallic phase of NiyTiz was approximately 12% in
the annealed samples, which well agrees with other research results [21,22]. The increasing
area fraction of the intermetallic compound and the oxide compound belonged to the
undesirable side effects of the increasing heating temperature. While the crystallite size of
the NiTi phase after SPS was 6.3 nm for the monoclinic martensitic phase, it increased after
annealed at 350 °C and then significantly improved until the temperature reached 450 °C,
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from 7.7 to 15.5 nm. However, the trend was not maintained as a function of the annealing
temperature, this may attribute to the grain growth, but the grains contained the same
amount of imperfections. Thus, the crystallite size did not change at the temperature of
550 °C, which did not follow the trend [25]. It was observed that the samples annealed at
350 and 450 °C showed a premartensitic phase (R-phase) with a trigonal structure, whereas
the sample annealed at 550 °C showed only a cubic austenite phase. The decrease in
particle size, together with the growth in microstrains, illustrated that the hexagonal lattice
became unstable at increasing heating temperature and then underwent the final phase
transformation into a cubic lattice system. Figure 3b displays the formation of intermetallic
phases emerging in the annealed samples with a major conversion into the austenite phase
at the maximum annealing temperature of 550 °C.

3.3. Nanoindentation of the NiTi Alloy and the Annealed NiTi Alloys

Sets of indentation curves, the calculated hardness, reduced modulus, and plasticity
index values (ratio of the plastic to total indentation work) as a function of the annealing
temperature are represented in Figure 4a—d. The hardness of the original (as-prepared) SPS
sample showed a mean value of 4 GPa for both loads of 50 and 100 mN. After the annealing
at 350 °C, the indentation hardness increased to approximately 4.5 GPa. On the other
hand, a further increase of the annealing temperature led to a reduction of hardness even
below that of the original SPS sample. This effect can be linked to the temperature-driven
phase changes, more specifically to the transformation from the austenite phase to the
R-phase. The elastic modulus values followed the same trend, while the maximum value
of about 95 GPa was observed for the sample annealed at 350 °C. The indentation depth
was inversely proportional to the hardness of the annealed SPS alloys.

a) b)
100 — NiTi_as-prepared 100 — NiTi-350 °C
s 80 s 80 o E50mN
E 60 E 60 m
g 40 k] 40 2 100 mN
9 20 S 20 el
0 0 = ©
0 300 600 900 1200 0 300 600 900 1200 ?'D
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Figure 4. Results of nanoindentation tests on the as-prepared and annealed SPS samples of NiTi: (a) hardness; (b) reduced
elastic modulus; (c) indentation curves for experiments up to 100 mN; (d) plasticity index.

It should be noted that hardness alone does not always provide enough information
necessary for the prediction of wear. Therefore, new parameters, often ratios of easily
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accessible basic parameters, have been introduced for the description of overall mechanical
durability such as plasticity index, H/E ratio, and H®/E? ratio) [26,27]. The plasticity index,
defined as the ratio of plastic to total indentation work Wy, /W that describes the amount
of mechanical work spent for plastic deformation, initially increased with the annealing
temperature, reached its maximum for 350 and 450 °C and then declined at 550 °C. This
can be seen from a larger area enclosed by the indentation curve. Higher values of plasticity
index reflected higher susceptibility to the plastic deformation of the samples annealed
at 350 and 450 °C in comparison to the as-prepared sample and the annealed samples at
550 °C. An inverse behavior was observed for H/E and H?/E? ratios with the lowest value
of the H/E ratio or the highest E/H ratio for the annealed sample at 350 °C (see Figure 5).
It should be noted that especially the plasticity index, the H/E ratio, and the H?/E? ratio
are often used as important parameters governing the overall mechanical durability [28,29].
Where the former is usually linked to the elastic strain to failure, while the later is defined
as the resistance to plastic deformation. Furthermore, the H/E ratio predetermines the
fracture behavior, as it appears in the majority of fracture toughness equations. The surface
resistance to fracture initiation and propagation scales inversely with the H/E ratio [30,31].

NiTi_as-prepared

W50 mN 0.025 1 W50 mN
W 100 mN =100 mN
I 0.020
I I T o015 4
L 1
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w
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T 0.010 4
0.005 -
T T 0.000 - T T T
NiTi - 350 °C NiTi - 450 °C NiTi - 550 °C NiTi_as-prepared  NiTi - 350 °C NiTi - 450 °C NiTi - 550 °C

Figure 5. Hardness-to-elastic modulus ratios for the as-prepared and annealed SPS samples: (a) H/E ratio; (b) H3/E? ratio.

3.4. Scratch and Wear Tests for the NiTi Alloy and the Annealed NiTi Alloys

The overview of the residual grooves after progressive-load scratch tests made with a
spherical indenter is shown in Figure 6. The depth representation for tests performed at
500 mN pointed out the plastic deformation, as the dominant phenomenon was observed.
The same held for a lower load of 250 mN, where a less extent of plastic deformation was
distinguished as also evidenced by lower indentation depths in Figure 7. The detailed
microscopic analysis (in both depth and intensity representations) did not reveal any traces
of the cracking inside or the detachment between individual spherical particles forming
the compact sample.

The depth change records in Figure 7 compared the on-load depths (blue curves) to
the plastic depths of residual grooves (red curves) obtained using a final topographic scan.
The 250 mN scratch test showed fewer fluctuations of on-load depth profiles for NiTi in
the case annealed samples at 350 and 550 °C in comparison to those of the as-prepared
sample and the sample annealed at 450 °C. The different degrees of porosity, together with
the change in phase compositions, can be responsible for this behavior. In order to show a
high repeatability for the explored spark-plasma-sintered samples, three profiles for each
scratch test are presented in Figure 7.

The difference between the on-load (i.e., elastic-plastic) and residual (i.e., plastic)
profiles in the graphs can be quantified via the elastic recovery parameter (ERP). The ERP
value was obtained from the last 15 um of the scratch length, where the maximum load
was already held constant. Figure 8 shows the ERP values for the tested NiTi samples
obtained from the 500 mN ramped-load scratches, where the surface deformation was
well developed. Curves with a non-standard shape of the final part of the scratch, usually
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caused by a pore (void) between the individual particles, were excluded. The lowest values
of the ERP were measured for the as-prepared sample and the annealed NiTi sample at
550 °C containing the austenitic phase, while the ERP value increased by an average of 15%
for the samples annealed at 350 and 450 °C.

Based on the results of the ramped-load scratch tests, the constant load multi-pass wear
tests were performed on given samples at two loads, 100 and 250 mN. Their evaluation was
conducted from depth records, primarily through monitoring depth increments between on-
load or topographic passes. Furthermore, the wear rate was calculated as the worn volume
per unit distance using the depth records and the three-dimensional (3D) microscopic data
of the residual wear tracks. The typical residual wear tracks are shown in Figure 9 for tests
performed at 250 mN with more pronounced plastic deformation.

. [gp— ;’—m
TR — —————

)

Figure 6. Typical residual scratch grooves after progressive-load scratch tests on the NiTi samples (as-prepared and
annealed) made at a normal load of 500 mN in intensity and depth representations for the as-prepared sample (a,e) and the
samples annealed at 350 °C (b,f), 450 °C (c,g), and 550 °C (d h).
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Figure 7. Depth change records of 250 and 500 mN progressive-load scratch tests of the as-prepared NiTi sample (a), NiTi
annealed at 350 °C (b), NiTi annealed at 450 °C (c), and NiTi annealed at 550 °C (d) (depth profiles for 3 independent tests

are presented in each graph).
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Figure 8. Elastic recovery parameters obtained from the last part of the 500 mN ramped-load scratch
test for NiTi_as-prepared, NiTi annealed at 350 °C, NiTi annealed at 450 °C, and NiTi annealed at 550 °C.
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Figure 9. Typical residual wear tracks after constant-load multi-pass wear on NiTi samples (as-prepared and annealed)

made at a normal load of 250 mN in intensity and depth representation for the as-prepared sample (a,e) and the samples
annealed at 350 °C (b,f), 450 °C (c,g), and 550 °C (d,h).

The depth increments analysis of the multi-pass wear test did not reveal significant
differences between the investigated NiTi samples. Only the as-prepared NiTi sample
(NiTi_as-prepared) reached slightly higher on-load depths than the NiTi sample annealed
at 350 °C, which correlated well with the higher hardness for the latter sample determined
using nanoindentation. The resulting records from the wear tests were relatively smooth,
with the curve fluctuating only in the case of the NiTi sample annealed at 450 °C, which
may correspond to the surface/near subsurface inhomogeneity or the decrease of particle
compactness. Similar trends were observed also for the test performed at 100 mN.

The comparison of wear rates calculated based on the evaluation of the residual wear
tracks using 3D microscopy and depth records is shown in Figure 10b. Although the
absolute values differed, trends remained quantitatively similar. In general, the discrep-
ancy between these two independent approaches originates from both the porosity of
samples and the methods peculiarities. The worn volume was directly evaluated via 3D
microscopy, while the geometric relations were applied to the depth records. The higher
spatial resolution of the optical method was then responsible for the incorporation of the
pores volume inside the residual wear track, resulting in the increased value of the worn
volume. On the other hand, the profilometry was performed using the same diamond tip
(radius: 10 um) like the on-load passes and was less sensitive to pores contribution.
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calculated from the on-load data.

The lowest wear rate was observed for the sample annealed at 350 °C, while the
highest wear rate was found for the as-prepared sample and the annealed sample at 550 °C.
This behavior correlated with the hardness values (Figure 4b) and the classical Archards
wear theory [32] that directly relates the hardness to the worn volume. The increased
worn volume for NiTi_as-prepared and NiTi_550 °C can be linked to a larger amount of
the plastically displaced material as evidenced in Figure 9¢,h and also to a lower amount
of the ERP (see Figure 8). It should be noted that this analysis considers only the shape
and dimension of the residual wear track, in other words, it reflects only the permanent
plastic deformation. Taking into the account the on-load depth record for the final pass, it
is possible to calculate the worn volume and the wear rate for the combined conditions of
elastic and plastic deformation (see Figure 10c). Similarly to the previous case, the smallest
wear rate was observed in the hardest NiTi_350 °C sample.

The AE envelopes, representing the signal detected during the scratch test and coming
from the sudden microstructural rearrangement of the SPS samples, are shown in Figure 11.
A pronounced AE activity was detected for the as-prepared sample, while the annealed
samples either exhibited only a very faint AE activity or did not exhibit it at all. Therefore,
only the AE activities of the as-prepared sample and the sample annealed at 350 °C were
presented. It can be seen that the detection threshold for the as-prepared sample, i.e., the
occurrence of the first AE activity, shifted to the earlier stages of the test with the increase
of the normal load [33]. In order to better understand the nature and origin of the AE
signal, one can see a composite graph in Figure 12 showing the AE envelope and the
corresponding depth change record together with the residual scratch groove. The AE
signal was clearly distinguishable, and the highest AE amplitudes mostly accompanied
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sudden changes in the penetration depth. Nevertheless, there were many other clearly
visible AE events. This implied that the interfacial cracking between individual particles
(particles detachment) was not the single failure mechanism [34,35]. On the contrary, the
absence of the detectable AE signal suggested the improvement of the particles boundaries
as well as the modified crystallinity for the annealed samples.

a) b)
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Figure 11. Acoustic emission (AE) envelopes recorded during progressive-load scratch tests performed up to 100, 250,
and 500 mN for the as-prepared sample (a) and the air-annealed sample at 350 °C (b) (3 records for each normal load are
presented to show repeatability).
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Figure 12. Typical depth change record together with the corresponding AE envelope for the
progressive-load scratch test performed up to 500 mN on the sample NiTi_as-prepared.
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The formation of the native oxide scale after annealing at 550 °C was identified by
XRD as the titania rutile phase. The presence of this oxide scale acting as the tribolayer can
be responsible for the improved cracking resistance of the annealed SPS samples [36-38]. It
should be noted that the rhomboedric phase was observed for the annealed samples and
the austenite phase becames dominant after annealing at 550 °C (see Table 2).

Although the depth change records and the microscopic observation identified only
faint differences in durability, the analysis of AE records obtained during the multi-pass
wear tests revealed different behaviors of the SPS samples. The as-prepared sample
exhibited a distinct AE activity during the first three load passes, while the amplitude
of AE events vanished gradually in the course of the test. On the other hand, weak AE
activities were detected for the annealed samples only during the first two load passes
(see Figure 13. Besides, an AE activity was observed at specific places repeatably that
reflected the presence of surface voids. The particle boundary delamination or crushing
for the as-prepared samples supported the hypothesis of improved mechanical durability
in the case of the annealed samples. This clearly evidences that AE is a valuable method
providing a unique insight into the deformation response of materials at an external
loading [22,32,33,39,40].

b)
2x105- on-load pass #1

4x106 = A i iy ub i

2><105 on-load pass #2
4x1

2><10 S: on-load pass #2
. ; L0 — 4x10°

06
2)(105 “on-load pass #3
4><1O6

2)(10 s on-load pass 5]
Jl 4x10°, }

2x10°5-on-load pass ”4

4x10° SW

2x105-- on-load pass #4
4x106%

2x10-5--on-load pass #5
4><106

2x105- on-load pass #5
4x10°6

2x105.| on-load pass #6

4x10 "*

2x105-- on-load pass #6
4x105=

2)(10 s -on-load pass #7
4x10

AE envelope (V)

2x105 ON- “Toad pass #7
4x10°%

2x105.-on-load pass 48

2x105-- on-load pass i)

4)(106

2)(105 Con-load pass#9

4x10%+

ook 4x10°6;
2x10°5- on-load pass #9

o 4x10%

2x105-on-load pass #10

4x10°6 =

2x105 - on-load pass #10
4x10° Cnn

: T : . T
200 300 400 0 100 200 300 400
Distance (um)
Lt >

et
0 100

S
2
~

Figure 13. AE envelopes for the multi-pass wear tests performed at 250 mN for the NiTi_as-prepared samples (a) and the
annealed sample at 350 °C (b).

The wear behavior was influenced by the presence of the precipitates of intermetallic
phases such as Ni3Tiy with a high capacity of transformations into the austenite phase.
This resulted in an increased absorbed energy for the transformation of the structure that
led to a decrease in the damage mechanism. The annealed samples contained more marten-
site phases, which could be easily oriented, reorientated and re-transformed within the
structures during the wear test without any absorption of energy. This led to no significant
change in the wear test. The presence of precipitate phases strongly affected the hardness
and the wear behavior, as the nucleation, free-growth, mobility, and accommodation of
phases were restricted which conditioned the capacity for absorbing energy reducing the
wear damage [41-44].

The plethora of results obtained via all the performed local mechanical tests and struc-
tural investigation clearly manifested a complex nature of the mechanical and tribological
durability of the spark-plasma-sintered NiTi samples. The phase composition was signif-
icantly affected by the annealing temperature that in turn directly changed mechanical
properties and surface durability. The highest hardness and elastic modulus values for the
sample annealed at 350 °C well agreed with lower penetration scratch depths as well as
the smallest volume of material pile-uped around the edges of residual scratch grooves.
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This was also supported by higher values of the scratch ERP in comparison to austenite
containing the NiTi_as-prepared and NiTi_550 °C samples. The opposite trends between
indentation plasticity index and scratch elastic recovery parameter can be explained by a
different nature of loading conditions including the strain rate and the friction. This com-
plexity of specific loading conditions and crystallographic phase mixture also contradicted
the commonly used assumption that H/E scales with wear resistance. It was also reported
that the resistance to plastic deformation, defined as the H3/E2 ratio, does not always
directly increases with the threshold for nonelastic deformation as reported for dynamic
contact [40]. This suggests that classical Archard theory relating the hardness to the wear
rate holds for NiTij, at least under the loading conditions used in this study. The wear rate
calculated for the conditions of purely plastic deformation (analysis of the residual wear
track—final depth) as well as the combined elastic and plastic deformation (on load depth)
implied the best performance of the sample annealed at 350 °C with a specific mixture of
crystallographic phases. The specific phase composition was then probably responsible
for a more effective energy dissipation mechanism and better tribomechanical durability.
Although the titania tribolayer was identified for the annealed sample at 550 °C, its effect
on the improvement of the overall tribological performance was not observed. In general,
a positive effect of annealing on the improved fracture resistivity was identified via AE
monitoring during the local tribo/mechanical testing.

4. Conclusions

The tribological and structural investigations of NiTi alloy samples prepared by the
SPS method were performed before and after annealing. The SPS method proved to be
an alternative route for the preparation of NiTi SMA. Depth sensing indentation, scratch
testing, and wear testing coupled with AE detection were performed at various loading
conditions. After annealing at 350 °C, NiTi alloy showed a phase change from the austenite
to the R-phase with some martensite and intermetallic compounds. Further investigations
need to be conducted to determine the surface recovery of indentation points based on
the shape memory effect of NiTi alloys. The influence of annealing on the formation of
additional phases and its role in surface recovery are also worth further study. For the
NiTi alloy annealed at 350 °C, the wear behavior was also influenced by the presence of
precipitate intermetallic phases of NiyTiz as well as its high capacity of transformation,
which increased the absorbed energy for restoring the structure and then decreasing the
damage mechanism.
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