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Abstract

This research, for the first time, conducted a comprehensive study into the effect of a modern Severe Plastic
Deformation technique, “Indirect Extrusion Angular Pressing (IEAP)”, on the microstructural refinement
of niobium and the subsequent impact on the tribological properties. The samples were processed for 4, 9,
and 12 passes of IEAP and then exposed to Pin-on-disk wear test in dry sliding conditions. The results
showed that the grain refinement occurred in niobium from an average grain size of 13 pm to 0.5 um, along
with an increase in hardness from the initial value of 79 HV to 180 HV after 12 passes. Results of wear
tests revealed that IEAP processing reduced the wear width, volume loss, and specific wear rate by 14%,
38%, and 38%, respectively, and thereby enhancing the wear resistance of the material. Evaluation of the
morphology of wear tracks demonstrated less spalling and less fatigue propagated cracks as well as finer
detachment of wear debris on the surface of the processed samples, which led to producing a mild wear
regime. The outcomes suggested that IEAP processing resulted in higher resistance in niobium against
abrasion and against the development of fatigue propagated cracks which were respectively associated with
higher hardness and larger fractions of high-angle grain boundaries (HAGBS).
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1. Introduction

Niobium as a refractory-transition metal serves in different industrial and medical applications. As
a hypoallergenic metal, it has been employed in jewelry and coin manufacturing technologies [1].
As a light-ductile metal, it has a wide range of applications in superconducting radio frequency
(SCRF) technology [2,3], nuclear reactors, chemical processes [4], energy storage [5—7], cutting
tool substrate in the form of carbide [8], etc. Niobium is usually covered with a dense layer of
oxide, thereby providing a high level of corrosion resistance. The elongation of more than 20%
and the low brittle-to-ductile fracture temperature of -125 °C make niobium very ductile and
suitable for large deformations. As a refractory metal, the melting point (Tm) is quite high (2477



°C), implying a very high recrystallization temperature (~826 °C, which is approximately 40% of
Tm in Kelvin degrees). These facts allow niobium to be utilized in Severe Plastic Deformations
(SPD) without incurring the risk of fracture or dynamic recrystallization [9]. Nowadays, a
systematic approach has been adopted to enhance the properties of metallic materials by means of
grain refinement via SPD techniques [10]. This enhancement by grain refinement may contain
different aspects in materials properties. The most important aspects are the improvement in
mechanical properties [11-13], electrical properties [14-16], hydrogen sorption kinetics [7,17,18],
corrosion resistance [19-21], biocompatibility [22,23], and wear resistance [24-27]. The wear and
tribological behavior of materials are important aspects when designing structural parts that are in
contact with each other because the wear of a machine element leads to increased clearance and
loss of precision [28]. Earlier investigations performed on the SPD processing of niobium showed
that grain refinement had a great impact on increasing the mechanical strength of the material
[4,9,29-32]. One major aspect of strength is the resistance of materials against wear. A wide range
of studies attempted to assess the impacts of SPD on the wear and tribological properties of
different materials such as aluminum [33-36], tantalum [37], titanium [38,39], copper [40], etc.
Nonetheless, the outcomes are controversial as they report that the wear resistance could decrease,
increase, or remain unaffected after processing [41]. From the theoretical point of view, harder
materials shall be more resistant against the abrasion of the counterpart surface in a tribosystem.
The conventional equation of Archard (Equation 1) explicitly links the two parameters of wear
and hardness [41]. This equation shows that volume loss of materials is inversely proportional to
the hardness:
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where V is the volume loss, K is the friction coefficient, L is the total sliding distance, N is the
applied normal load, and H is the hardness of the material. The contradiction between the hardness
increase and wear-resistance decrease was explained in light of the complexity of the wear
mechanisms that contributed to the wear in the tribosystem [42]. It is generally accepted that wear
is not the property of the materials; instead, it is the response of a tribosystem to the contact
stresses. Therefore, several contributing factors may affect the wear, and no unique model is
applicable to all situations [41].

Fatigue behavior of SPD-induced niobium has also absorbed the attention in the literature. It was
revealed that ultra-fine grained (UFG) niobium alloy (Nb -1wt.% Zr) after SPD processing
presented a stable cyclic deformation response compared to the coarse grain (CG) conditions as a
result of microstructural evolution of niobium and the increased fractions of high angle grain
boundaries (HAGBS) [43].

This work aims to study the impact of grain refinement on the tribological properties of a niobium
alloy processed by a modern SPD technique. A modified Equal Channel Angular Pressing (ECAP)
is exploited in this work for SPD processing and grain refinement of materials. ECAP is believed
to be the most used of all SPD techniques [10]. The modified Indirect Extrusion ECAP die called
Indirect Extrusion Angular Pressing (IEAP) was designed and employed in the experiments for
the microstructural refinement with the main advantage of reducing the friction between the die



and workpiece during the process as compared to the conventional ECAP dies. Based on the
traditional equation of strain in ECAP [44], this die imposes an equivalent VVon Mises strain value
of € = 1.155 on the materials in each pass of extrusion. More details about the die geometry and
indirect extrusion method of ECAP can be found elsewhere [45]. This type of ECAP die is helpful
for processing high-strength materials, particularly at higher passes of extrusions when the strength
of materials increases dramatically and thereby, increasing the risk of damaging the die or the
punch [46,47]. In this work, niobium alloy with a purity of 98.5 wt.% was processed using the
IEAP die. This material, as mentioned above, has great potential as a biomaterial thanks to its
biocompatibility and inert nature, although with the main drawback in poor mechanical properties.
Enhancing the mechanical and tribological properties of niobium, therefore, may arouse strong
interest in the implementation of this material for biomedical applications [48].

2. Material and methods
2.1 Processing of materials

The Indirect Extrusion ECAP die (IEAP - shown in Figure 1) with a squared cross-sectional
channel, a channel angle of ¢ = 90° and a corner angle of y=0°, processed the materials using route
Bc.
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Figure 1: Indirect extrusion ECAP (IEAP); a): Die assembly; b): Schematic cross section of the die and the progress of the punch
movement during deformation.

A dilute niobium (Nb) alloy with the chemical composition of Nb > 98.5, Y < 0.8, Ni <0.5, Ta<
0.1 in wt.% provided by Neo Performance Materials (NPM) Silmet A.S. - Estonia, was received



as ingots and prepared with the dimension of 12x12x130 mm for IEAP processing. All IEAP
experiments were conducted at room temperature and processed via route Bc where each sample
rotated on its longitudinal axis between consecutive passes by 90 degrees in the same direction
[49]. This route is expected to produce the most effective grain refinement with homogeneous
microstructure and optimum superplastic ductility [44]. Molybdenum disulfide (MoS2) was used
as a lubricant during the extrusion. Niobium samples were processed for four, nine, and twelve
passes of ECAP. A SHIMADZU HMYV microhardness tester measured the hardness of specimens
in the scale of Vickers (HV) with an applied load of 200 g for 15 sec. At least ten points were
measured along the diameter of each specimen, and the average value was considered as the overall
value of hardness.

2.2 Wear tests

All processed and initial billets were sectioned in a transversal direction and cut into smaller disks.
Then they were mechanically polished up to 4000 grit sandpapers and then finely polished with
suspensions of highly concentrated diamond with 3 and 1 um particles, then cleaned with acetone
and dried with hot air before the wear tests. A pin-on-disk tribometer equipped with a stereoscope
and a digital camera, a load cell for recording the friction force, and a computer to process and
compile the data were implemented in the experiments. The wear tests were performed in dry
sliding conditions at the relative humidity of ~45%, the ambient temperature of 23 °C, and repeated
three times for each sample. Redhill® Stainless steel bearing balls AISI 304 with a diameter of
2=11.1 mm, a surface hardness of 25 — 39 HRC, and surface roughness of Ra = 0.5 um were
employed as counterpart surface for pin-on-disk tests. The pin was fixed in the load arm and
positioned perpendicular to the specimen. Rotating the specimen under the pin made a circular
wear track with a diameter of 10 mm. Wear tests were conducted with a rotational speed of ®=200
+ 5 rpm. Accordingly, a relative sliding velocity of ~0.1 m/sec was achieved between the pin and
disk. The wear tests were conducted with time steps of 30, 120, 300, 900, 1800, and 3000 sec on
each sample which corresponds to the sliding distance of 3.14, 12.56, 31.4, 94.2, 188.4, and 314
m, respectively. A new pin was used in each experiment, and a load of 1 kg was applied vertically
to the pin during the test. The mean and maximum values of Hertzian contact pressures were 0.49
and 0.73 GPa in this tribosystem. A non-contact 3D profiler (Carl Zeiss Axio CSM-700 confocal
microscope) with a vertical resolution of 0.0 1nm and a lateral resolution of 0.38um was employed
to measure the volume loss and wear rate of the wear tracks. Six sections from each wear track
with the dimensions of 320x1300 pum were measured by the profilometer, and then, the total
volume loss was calculated based on the length of the wear track. All wear tests were performed
in accordance with ASTM-G99 standards [50].

2.3 Material characterization

The morphology of worn surfaces was examined by using an Optical and a Scanning Electron
Microscope (Nikon Epiphot 200 and a Hitachi SU8020, respectively). Analysis of the chemical
composition of worn surfaces was conducted by using energy-dispersive X-ray (EDAX)
spectroscopy running at 20 kV in the same electron microscope. The EBSD maps were taken by
using an FEI Quanta 3D scanning electron microscope operating at 20 kV. The step size varied
between 150 and 30 nm depending on the dimensions of the images. Orientation Imaging
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Microscopy (O1M) software was used for the analysis of the EBSD results. A 15° criterion was
employed to differentiate between the low-angle boundaries (LAGBSs) and high-angle boundaries
(HAGBS). In order to prepare the samples for EBSD measurement, the surfaces were mechanically
polished up to 4000 grit SiC abrasive papers and then polished with 5, 3, and 1 um aluminum
oxide suspensions. The final step was accomplished by polishing the surface with a 40 nm colloidal
silica suspension.

The lattice defect structure in the specimens was studied by X-ray line profile analysis (XLPA).
The X-ray line profiles were measured by a high-resolution rotating anode diffractometer (RA-
MultiMax9, manufacturer: Rigaku, Japan) using CuKa (wavelength, A=0.15406 nm) radiation.
Two-dimensional imaging plates detected the Debye-Scherrer diffraction rings. The peak profiles
were evaluated by the convolutional multiple whole profile (CMWP) fitting procedure [51,52].
Using the CMWP method, the diffraction pattern is fitted by the sum of a background spline and
the theoretical line profiles related to crystallite size and dislocations. For each reflection, the
theoretical line profile was obtained based on the convolution of the theoretical size and strain
profiles. The area-weighted mean crystallite size (<X>area) and the dislocation density (p) were
determined by the CMWP fitting evaluation procedure of the diffraction patterns. The value of
<X>area IS Calculated as <x>area=m-exp(2.56%), where m is the median and o is the square root of
the lognormal variance of the crystallite size distribution [51]. In the CMWP evaluation method,
one fitting parameter is Choob?p, where b is the modulus of the Burgers vector of dislocations and
Choo Is the dislocation contrast factor for reflections with the indices h00 (h is an arbitrary integer
number). The Burgers vector for body-centered cubic (bcc) crystal structures is given as
a/2<111>, where a is the lattice constant and equals 0.3306 nm. Accordingly, b equals 0.2863 nm
for Nb alloys. The average contrast factors for reflections can be calculated numerically from the
anisotropic elastic constants of the crystal [53]. The values of the elastic constants c11, C12, and Cas
are 246.5, 134.5, and 28.7 GPa, respectively, for Nb alloys [54]. Using program ANIZC [55], the

values of C,,, for the edge and screw dislocations were calculated as 0.119 and 0.165,
respectively.

3 Results:
3.1 Evolution of the microstructure and mechanical properties
3.1.1 X-ray line profile analysis

Using the average contrast factors and utilizing the CMWP method, the crystallite size and the
dislocation density were determined by fitting the calculated theoretical patterns to the
experimental diffractograms. Figure 2 illustrates a CMWP fitting in logarithmic intensity scale for
the sample deformed by 12 passes of IEAP. The crystallite size and the dislocation density are
listed in Table 1. It is noted that the crystallite size obtained by XLPA in plastically deformed
metallic materials is usually smaller than the grain size determined by electron microscopy. This
difference can be explained by the fact that the crystallite is equivalent to the volume scattering X-
rays coherently, and dislocation patterns inside the grains may break the coherency of X-rays. The
present investigation shows that the crystallite size decreased while the dislocation density
increased with the number of IEAP passes.
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Figure 2: The CMWP fitting after 12 IEAP passes. The open circles and the solid line represent the measured data and the fitted

curve, respectively. A part of the pattern is presented in the inset with a linear scale. The difference between the measured and
the fitted patterns is shown at the bottom of the inset.

3.1.2 EBSD analysis and microhardness testing

Figure 3 shows the orientation distribution (left) and grain maps (right) for the initial and IEAP-
processed specimens obtained by EBSD. The grains were defined as the volumes bounded by high-
angle grain boundaries (HAGBs) with the misorientation angles higher than 15°. The average grain
size in the initial sample with CG microstructure (~13 um) was consistently refined to approach a
UFG microstructure. This reduction of the grains size was down to ~ 4, 1.2, and 0.5 um in the
IEAP samples after 4, 9, and 12 passes, respectively.



Figure 3: EBSD analysis of niobium demonstrating the orientation distribution (a,c,e,g) and the grain maps (b,d,f,h) in the initial
specimen (a,b), and the processed specimens for 4 (c,d), 9 (e,f) and 12 (g,h) passes of IEAP.

The grain size- and misorientation angle- distribution in the samples are shown in Figure 4. As
shown below, IEAP processing was able to increase the density of HAGBs in the material

successively.
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Figure 4: Distribution of the grain size (left) and the grain-boundary misorientation angles (right) in the initial sample (a), and
the processed specimens after 4 (b), 9 (c), and 12 (d) passes of IEAP.

Structural parameters of the materials, including the mean value of grain size, crystallite size,
dislocation densities, the fraction of high-angle grain boundaries as well as microhardness, and the
equivalent strain imposed on the material, are given in Table 1. According to the results, the grain
size significantly reduced after processing, and the hardness substantially increased. The rate of
increase in hardness is appreciable at the early stages of IEAP extrusion (104% increase after four
passes of IEAP). In comparison, this rate slightly decreased by the pass numbers (123% increase
after twelve passes). A similar trend can be found in increasing the fraction of high-angle grain
boundaries in the processed samples when compared to the initial one.



Table 1: Structural parameters of the initial and processed samples after IEAP. The area-weighted mean grain size (Darea) and
the high angle grain boundary fraction (VHacs) were determined by EBSD; the area-weighted mean crystallite size (<X>area)
and the dislocation density (p) were obtained by XLPA, and the microhardness values were measured in Vickers scale.

Sample Von  mises | Microhardness | p,., [um] <X>area [NM] | p [10% m2] | VHace [%]
strain [HVO0.2]

Initial - 79+3 13+2 - - 20

IEAP 4 4.62 161+4 3.9+0.6 146 + 18 3.0+0.4 44

IEAP 9 10.39 177+6 1.2+0.2 97+ 10 13+2 58

IEAP 12 |13.86 180+ 4 05+0.1 71+8 16+3 61

3.2 Weatr test:
3.2.1 Coefficient of friction and wear rate

Evaluation of the coefficient of friction (CoF) in all samples did not present any noticeable change
in values before and after IEAP processing. CoF in all samples ranged between ~0.30 to ~0.35, as
shown in Figure 5.
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Figure 5: Demonstration of CoF with respect to the time in the initial and IEAP processed samples. The uncertainty is less than 7%.

Figure 6-a shows the volume loss (VL) of the wear tracks obtained from the wear test. Figure 6-b
represents the specific wear rate (Ws) based on the volume loss (VL) per distance (L) per applied
load (Fp): Ws =V L/(L-Fp) [56].
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Figure 6: Effect of IEAP on the wear behavior of niobium;(a) Volume loss in the samples versus time; the inset graph shows the
selected area with higher magnification of the volume loss with two decimal digits. (b) Specific wear rate versus time; the inset
graph depicts the selected area of the wear rate with three decimal digits. The uncertainty is less than 12%.

These graphs show that applying IEAP and the subsequent grain refinement in the niobium
samples decreased the volume loss and the wear rate down to 38%, but the number of extrusions
had no significant influence on these parameters as the graphs for IEAP4, IEAP9, and IEAP12
overlapped each other. It is noticeable that the wear rate in the CG niobium was much higher at
the beginning of the test (~4 times higher than that of UFG samples), and this trend changed and
decreased at the steady-state zone, but still higher than the processed ones.



In order to better analyze the transition of the wear mechanisms during the test, optical microscopy
of the wear tracks from the beginning of the test to the end within different time steps is provided
in Figure 7, and the results of measurement of the width of wear tracks in the samples are collected
in Figure 8. This graph is consistent with that of the volume loss and the wear rate illustrated earlier
in Figure 6 since the corresponding values in all IEAP-processed samples overlapped each other.
According to the results, the width at the steady-state conditions decreased down to ~14% after
processing.
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Figure 7:Transition of the wear tracks by increasing the sliding time; images were obtained by optical microscopy.
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Figure 8: Evolution of the width of the wear track with respect to the sliding time. The width values presented here are the mean
values of six sections of each wear track. The uncertainty is less than 10%.

3.2.2 Morphology of the wear tracks

SEM observations of the surface of wear tracks are presented in Figure 9. These images show the
wear mechanisms of abrasion, adhesion, fatigue wear, and oxidation on the surface of the wear
tracks in dry sliding conditions.
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Figure 9: SEM images of the surface of wear tracks: Images obtained from the initial specimen with CG microstructure (a, b, c, and
d); and the ones obtained from the IEAP12 specimen with UFG microstructure (e, f, g, and h).

The two mechanisms of abrasive and adhesive wear are predominant in both cases of CG- and
UFG- microstructure by considering the evidence of microplowing and plastic deformations, the
presence of ridges and grooves, as well as the formation of build-up edges and smearing of
materials on the surface. In addition, EDX analysis of the wear tracks in the initial- and IEAP12-
samples (shown in Figure 10) confirmed the appearance of oxidative wear. The results of EDX
analysis are collected in Table 2. These results also imply the occurrence of materials transfer from
the pin to the rotating disk in light of the presence of iron (Fe) and chromium (Cr) on the wear
tracks.
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Figure 10: Demonstration of the selected areas used for SEM-EDX analysis.

Table 2: Results of EDX analysis of the processed (IEAP12) and unprocessed (Initial) samples

unn. C [wt.%]
Sample Niobium | Oxygen Iron Chromium Yttrium
Spectrum 1 68.34 22.84 3.71 1.61 0.51
Initial Spectrum 2 69.79 23.37 2.94 1.11 0.50
Spectrum 3 92.62 5.35 - - 0.70
IEAP12 Spectrum 1 64.14 27.23 3.15 1.55 0.67
Spectrum 2 63.64 28.14 3.11 1.47 0.69

Another wear mechanism that is mainly found in the initial sample (CG microstructure) is the
spalling of the surface as a result of fatigue wear. This type of wear results from repetitive strains
imposed by sliding, succeeding to the crack development, separation of deformed materials, and
eventually forming the spalls on the surface [58]; see Figure 9.

The other mechanism of the wear which is primarily discernible in the processed samples is the
detachment of small fragments by plastic shearing. In macroscopic scales, fragmentation is a result



of brittle fracture appearing in brittle materials (as opposed to smearing in soft or ductile metals
[57]. In this work, such fragmentations mark out the effect of work hardening and the reduction of
ductility after IEAP processing. Indeed, imposing strains by IEAP and accumulation of
dislocations in materials leads to increasing the hardness and hence, transitioning the wear
mechanism to a mild form of wear in the processed samples.

4 Discussion

This research was meant to explore the evolution of microstructure and the possible impacts on
the mechanical and tribological properties of a dilute niobium alloy by using a modern SPD
technique called IEAP. SPD techniques such as ECAP and HPT were successfully employed in
the literature to improve the mechanical properties of pure Nb by decreasing the grain size and
increasing the dislocation densities; it was proved that dislocation density has a significant impact
on the strength [29-31]. In this study, the dislocation density in niobium considerably increased
by IEAP processing between 4 to 12 passes from ~3 x 104 to ~16 x 10%* m2, while the crystallite
size decreased from ~146 to ~71 nm. In a former study, the microstructural evolution in pure Nb
during HPT-processing was investigated by XLPA, and it was shown that dislocation density
increased to 80 x 10'* m by increasing the equivalent strain up to 44 [30]. In the present work,
the highest dislocation density (~16x10** m) was measured after 12 passes of IEAP, which
corresponds to the equivalent strain of 13.86. For HPT-processed Nb, the dislocation density was
significantly higher, ~ 60x10* m?, in a similar equivalent strain. In another study, the
microstructure of pure Nb was investigated after different levels of deformation imparted by ECAP
and HPT [29], and it was revealed that HPT fabricated slightly finer microstructures than ECAP
at the same equivalent strain level. It should be noted that different processing parameters such as
pressure could result in different microstructures at the same equivalent strain imposed by SPD;
this fact could also explain the difference in dislocation densities at the same equivalent strain.
Indeed, the higher pressure applied by HPT can hinder the diffusion, which is necessary for the
annihilation of edge dislocations during SPD processing, thereby leading to the further
accumulation of dislocations as compared to the case of IEAP.

According to the EBSD orientation maps (Figure 3), the average grain size of the initial Nb sample
was refined after four passes of IEAP from ~13 to ~4 um; the processed sample contains refined
and coarse grains with the sizes between ~0.2 and ~5 pm. After nine passes of IEAP, the overall
structure is more uniform, and the grain size varies between ~0.15 and ~3 pm. Further grain
refinement was observed by increasing the IEAP passes up to twelve, and the average grain size
reached the submicron scale (~0.5 pm). This investigation is in agreement with an earlier study
where ECAP was applied to pure Nb, and for the initial state, the grain size varied between 20 -
40 um [31]. After sixteen passes of ECAP, the average grain size was refined to ~0.4 pm, and in
this study, a similar refinement was achieved after twelve passes of IEAP. Then, it could be
concluded that the increased hardness by increasing the strain is closely connected to the increase
in the dislocation densities and the decrease in the grain size.

A detailed inspection of the hardness and structural parameters of the material (Table 1), including
the mean grain size and the fraction of HAGBS, shows that these parameters approach a saturation
level by increasing the number of extrusions in IEAP (see Figure 11).
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Figure 11: lllustration of the trend of saturation in structural parameters of the material depicted in a multi-layer graph:
microhardness in black, the grain size in red, and HAGB fractions in blue. The Oth pass in the X-axis refers to the initial case.

Studies in the literature also suggest a similar trend of saturation in microstructural parameters and
hardness after the grain refinement of niobium by ECAP [32,59-61]. However, a study about
ECAP processing of commercially pure (CP) niobium with the purity of 99.7% processed up to
24 passes claimed that despite reaching the saturation in grain size after 4 to 8 passes, the HAGB
fractions did not approach the saturation level [9]. This statement was challenged in another study
on the processing of CP niobium (99.9%) with two different SPD techniques, ECAP and HPT
[59]. This research showed that the saturation of structural parameters was not achieved by ECAP.
At the same time, HPT and the combination of HPT and ECAP allowed the hardness and the
microstructural features (including HAGBS) to approach a saturation stage. HPT has been widely
used as a powerful SPD tool for microstructural refinement of metals and alloys owing to its
capability to induce extremely large deformations in materials. This technique has two advantages
over ECAP: 1) HPT can impose large amounts of strains, in the order of € = 100-500, while strain
values of 18 to 20 are quite high in ECAP. 2) HPT can exert high values of pressures in the order
of 2-6 GPa to the material, whereas this number is in the order of hundreds of MPa for ECAP. This
high level of pressure results in difficult recovery of dislocations and thus, further strengthens the
material [59]. Even HPTE, a new generation of HPT which is able to produce bulk samples, has
been proved to be capable of increasing the microhardness and grain refinement to higher levels
along with a higher saturation hardness in CP aluminum (AA1050) when compared to those of
ECAP [62]. Aside from the type of processing, the processing temperature is a key factor in
governing the saturation of microstructural features. An investigation on the HPT processing of
niobium at room- and cryogenic- temperatures elaborated on this fact [32] and showed that
saturation was achieved at room-temperature processing, and any further deformation did not
refine the microstructure because of reaching an equilibrium state in the generation and
annihilation of defects as a result of dynamic recovery. On the other hand, it was disclosed that
cryogenic processing of niobium retarded the saturation and helped to attain higher strength.
However, what is important to point out here is that saturation in microhardness and



microstructural features in single-phase materials are affected by several parameters, of which the
most important controlling factors are processing temperature, impurities, and alloying elements
[63].

Results of the dry sliding wear test showed that IEAP processing of the samples decreased the
volume loss and thus, reduced the wear rate (see Figure 6). This enhancement in the reduction of
the wear rate, however, is only discernible between the initial and IEAP processed samples, and
no significant change can be found among the processed samples with respect to increasing the
number of extrusions. It is openly admitted that wear starts with the abrasion of the surface at the
beginning of dry sliding wear tests [57]. As indicated earlier, hard materials are expected to be
more resistant against abrasion; therefore, the processed samples with higher hardness presented
more resistance against the wear (lower volume loss and wear rate). This fact is easily observable
in Figure 7 at the beginning of the test (t = 30 sec), where IEAP12 possesses a narrower wear track.
Increasing the sliding time and hence, the sliding distance of the ball on the disk results in the
delamination, plastic deformation, as well as smearing of the materials leading to developing the
other wear mechanisms comprised of adhesion and fatigue. In addition, the temperature of the
contact surface increases and thereby intensifies the oxidative wear. As a result, introducing
several factors in the tribosystem arises the complexity of the wear and dilutes the impact of
hardness among the processed samples. Moreover, it should be noted that increasing the pass
numbers of IEAP and imposing more strains reduces the ductility and decreases the strain-
hardening capability [33,64], the two critical factors that are believed to be responsible for
lowering the wear resistance of alloys in SPD processing [41].

The improved wear resistance of the IEAP-processed niobium as compared to the initial material,
as indicated, is attributed to the increased hardness as a result of grain refinement and increased
dislocation density (see Table 1). On the other hand, the increase of IEAP passes from 4 to 12
yielded only marginal improvement in the hardness and the wear rate despite the significant grain
refinement and the rise of the dislocation density. Between 9 and 12 passes, although the
dislocation density and the HAGB fraction remained practically unchanged, the grain size was
further refined from 1.2 to 0.5 um without any significant change in the hardness and the wear
resistance. This apparent contradiction can be explained by the additional strain hardening
resulting from both hardness and wear testing. For instance, hardness testing yields a plastic strain
of about 8% during the pressing of the indenter into the surface of the material. This additional
strain can harden the material. Since less deformed materials have higher strain hardening
capability, the hardening caused by hardness testing is higher at lower numbers of IEAP passes.
This effect can cause similar hardness values even if the microstructural features are different
between 4 and 12 IEAP passes. The same can be applied for wear testing.

One noticeable difference in the morphology of the UFG and CG niobium samples is the
appearance of several spalls as a result of fatigue wear on the surface of the CG niobium (see
Figure 12), which resulted in the occurrence of severe wear and thus a higher volume loss. In
comparison, the IEAP12 specimen (see Figure 9) and other UFG samples (not shown here)
presented mild wear in the wear tests.
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Figure 12: Development of fatigue propagated cracks in the CG niobium (initial sample): Crack initiation as a result of cyclic
loading, propagation of cracks, and eventually, separation of the materials and appearance of spalling.

This difference suggests that IEAP processing of niobium enhanced the wear resistance of the
materials against fatigue, at least in terms of Low Cycle Fatigue (LCF) life. As indicated in section
1, the dominance of HAGBs in SPD-induced microstructure can enhance the fatigue life of
materials, providing a stable cyclic deformation response [43]. Research findings on the ECAP
processing of IF steel proved that the microstructure in the processed steel with superior HAGB
fractions appeared unchanged under cyclic loading. In contrast, the one with LAGB-dominated
microstructure was continuously reoriented through the process and consequently, led to cyclic
softening [65]. Furthermore, another study discovered that niobium is also stable at elevated-

temperature fatigue tests up to the homologous temperatures of T,= 0.32 (T}, = T processing .

b
melting Point

Kelvin scale) due to the high melting-point of niobium (Tm = 2477 °C), while the transition to
microstructural instability in niobium starts at 0.32 < T;,< 0.34 [61].

The last point about the experimental results that is worthwhile to mention here is the oxidative
wear mechanism in the CG and UFG specimens. EDX analysis of the surface of the initial sample
and IEAP-processed one after twelve passes of extrusion acknowledged the presence of a high rate
of oxidation in the wear tracks in both processed and unprocessed samples (Table 2). Oxidative
wear is generally known as a mild type of wear with stable conditions compared to the fluctuating
conditions of severe wear conditions [57]. Niobium has a strong affinity with oxygen; dry sliding
wear tests can lead to increasing the temperature and therefore intensifying the oxidation[60]. In
this work, oxidative wear can be found in both cases of the CG and UFG niobium. Nonetheless,
the amount of oxidation in the UFG ones is slightly higher (27-28 % oxygen vs. 23-23%) which
could be due to the higher hardness resistance, and subsequently, increasing the temperature during
the wear tests, and thus, increasing the oxidation rate. Detachment of nanosized wear debris
observed in the processed samples with UFG microstructure (Figure 9) is an indication of a stable



wear condition in contrast to the appearance of fatigue propagated cracks in the CG niobium
(Figure 12) that made the wear mechanism rough and resulted in a higher rate of wear.

As mentioned in the introduction, niobium has presented distinctive features in biomedical
applications as well as nuclear and aerospace industries. Particularly with respect to implantable
biomaterials, it has demonstrated high potentials thanks to its excellent corrosion resistance and
biocompatibility, although suffering from relatively low yield and low ultimate strength, which
could imply low fatigue resistance as well. In principle, failure in biomedical materials usually
happens due to fatigue rather than yielding or overloading [48]. The present study into the impact
of IEAP on the microstructural refinement of niobium uncovered clear evidence on enhancing the
strength and wear resistance of the material, especially in terms of fatigue wear, while such
modifications would not alter the biocompatibility of the material [43]. Therefore, it suggests the
potential applications of this technique on improving the wear and fatigue performance of other
metallic biomaterials that suffer from low strength and cyclic stability and paves the pathway for
further research on the development of biomaterial implants.

5 Conclusion

This study, for the first time, conducted an experimental investigation into the effect of a modern
severe plastic deformation technique called IEAP on grain refinement and the consequent changes
in the tribological behavior of materials. IEAP is based on the indirect extrusion of materials
through angular channels. A dilute niobium alloy was processed via 4, 9, and 12 passes of
extrusion, and one sample was kept in initial conditions with coarse-grained (CG) microstructure
as a reference. Thereafter, the microstructure and mechanical/tribological properties were
investigated. The following achievements are noteworthy to summarize here:

0 Results of EBSD analysis and microhardness testing confirmed that IEAP processing refined
the CG microstructure towards UFG size and enhanced the hardness by increasing the pass
numbers. The initial grain size of 13 um was reduced to 500 nm, and the initial microhardness
of 79 HV increased to 180 HV after twelve passes. Similarly, X-ray line profile analysis
(XLPA) demonstrated a consistent increase in the dislocation density and the high angle grain
boundary (HAGB) fractions in the specimens.

o Pin-on-disk experiments in dry sliding conditions revealed that IEAP processing enhanced the
wear resistance of the material, particularly in terms of fatigue wear, and reduced the wear rate
down to 38%. However, no remarkable change was observed in the friction coefficient.

o0 Investigations on the morphology of the wear tracks showed that the predominant wear
mechanisms in the initial sample (CG niobium) were abrasive, fatigue, adhesive, and oxidative
wear. In contrast, the processed samples (UFG niobium) showed better fatigue resistance by
representing less spalling and minor cracks along with more fragmentation of small particles
on the surface. By way of comparison, the wear mechanisms in the processed samples were
relatively milder with less wear rate and comprised of abrasion, oxidation, and adhesion.

0 Increasing the pass numbers of extrusion in IEAP, and thereby imposing further strain,
increased the hardness but did not make any significant change in the wear resistance of the



material. This behavior can be explained by referring to the fact that further IEAP extrusions
reduced the strain hardening capacity and decreased the ductility, thus lowering the wear
resistance of the material against plastic deformation. In addition, increasing the hardness of
the material after each pass of extrusion increased the material’s resistance against abrasion.
This resulted in a rise in the temperature of the contact surfaces during the wear test and
consequently increased the rate of oxidative wear. The cumulative impact of these parameters
increased the complexity of the wear and outweighed the influence of hardness increment.

Enhancing the mechanical properties, wear resistance, and fatigue performance of UFG
niobium by IEAP without altering the composition and biocompatibility suggests that this
technique may offer a promising direction towards the development of other metallic
biomaterials.
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