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Abstract: The wear resistance of highly porous titanium in the tribo-pair with bronze under boundary
lubrication condition was investigated. According to analyses of worn surfaces of highly porous
titanium, it was shown that the main reason of poor wear resistance were subsurface pores that led to
nucleation of micro-cracks in the subsurface layer and thereby intensified fatigue (delamination) wear.
For improvement of wear resistance of highly porous titanium, the surface engineering methods,
such as deformation (ball burnishing, BB), diffusion (gas nitriding, GN), and their combination—
deformation–diffusion treatment (DDT), were considered. It was shown that surface hardening of
highly porous titanium by BB, GN, and DDT reduces the weight wear intensity and the friction
coefficient of the tribo-pairs by 1.4, 3.5, 4.0 and 1.8, 2.3, 3.2 times, respectively. Such an improvement
in the tribological properties of highly porous titanium after surface hardening is explained by
changes in the main wear mechanism of the tribo-pairs from adhesive and fatigue to abrasive. The
highest wear resistance of highly porous titanium was observed after surface deformation–diffusion
treatment, as this treatment provides a combination of the positive effects of both ball burnishing
(closing of surface pores) and nitriding (formation of a surface chemically inert and hard nitride layer).

Keywords: powder metallurgy; titanium; porosity; surface engineering; friction; wear mechanism;
wear resistance

1. Introduction

Titanium has at least three unique properties: high specific strength, excellent corrosion
resistance in many corrosive media and biocompatibility. Therefore, titanium is an ideal
material for almost all sectors of the industry. However, the manufacturing of titanium
mainly depends on the needs of aerospace and medical applications, which is explained
by the high-cost manufacturing. It is several times higher than the manufacturing of
steel or aluminum. That is, only for the aerospace industry and medicine the unique and
practically irreplaceable properties of titanium are more important than its price. The
high cost of titanium production is due to the complex traditional technology, which
includes the process of multiple vacuum remelting, thermo-mechanical processing, forging
and subsequent rough machining. Using this technology, in order to achieve the final
dimensions of the part, approximately 20%–90% of the wrought titanium is removed [1–6].
Powder metallurgy (PM) is one of the perspective directions to solve this problem. PM
reduces rough machining costs and increases material yield. This technology makes it
possible to produce parts with complex geometry and products with dimensions close to
final ones [4–11].

However, titanium obtained by the PM method has one characteristic structural
feature—residual porosity. Usually, the porosity of titanium is a structural defect that
negatively influences the mechanical, fatigue, anti-corrosion and other characteristics of
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titanium [12–26]. For example, an increase in porosity reduces the corrosion resistance
of titanium, since surface pores increase the contact area of contact with an aggressive
medium [12–14]. In addition, with an increase in porosity, the fatigue characteristics of
titanium decrease, since pores (especially surface ones) initiate the nucleation and growth
of fatigue cracks, which ultimately leads to fracture [15–17].

However, it should be noted that, according to literature sources, non-porous de-
formable titanium has low tribological characteristics, which makes it impossible to use
it in tribo-pairs without additional surface engineering [27–30]. The poor wear resistance
of titanium is due to a number of its properties such as low thermal conductivity, high
chemical activity, and low hardness. Therefore, it is logical that porous titanium also needs
additional surface engineering, but taking into account its structural feature—porosity.

Unfortunately, the effect of porosity on the tribological characteristics of titanium is still
poorly understood. This can be explained by the fact that tribology is a system response and
not a property of a material. That is, tribological characteristics depend not only on physico-
mechanical properties of the material but also on the friction conditions (temperature,
environment, lubrication type etc.) and on the properties of the counterbody material.
Therefore, porosity can have both a negative and a positive effect on the tribological
properties of titanium. For example, works [18–20] show that porosity negatively affects
tribological characteristics because surface pores decrease the real contact area between
the frictional (sliding) surfaces that increases the contact pressure and stress on the surface
and, as a result, intensifies the wear rate. In addition, surface pores can act as concentrators
and places of cracks nucleation and propagation in the near-surface layers during friction,
which increases the fatigue wear (delamination) of titanium. Liu et al. [21] determined
that the edges of the surface pores act as ‘cutters’ which intensify the abrasive wear of the
counterbody and increase the probability of rupture and chipping of the edge of the pores
and the development of three-body abrasive wear. On the other hand, under boundary
lubrication, pores can act as reservoirs for body fluids and may improve anti-friction
properties and wear resistance of a tribo-pair [22–24]. Munagala et al. [25] investigated
pores in Ti6Al4V coating that captured the wear debris and decreased its wear due to
the abrasion. Chen et al. [26] showed that porosity is not always detrimental. The small
amount of pores under some conditions appears to be useful to the erosion resistance of the
composite. They suggested that porosity might help absorb impact energy that accompanies
crack splitting, which reduces crack propagation and delays rapid fracture. Therefore, when
evaluating effect of porosity on the tribological characteristics, it is necessary to take into
account the operating conditions of a tribo-pair, that is, the scope of application of porous
titanium.

Given the fact that PM titanium has the same high specific strength and corrosion
resistance and at the same time is cheaper than wrought titanium, it is promising material
for vehicle engineering. For example, it can be used to make components of bearings,
engines, and hydraulic cylinders of cars operating under boundary lubrication conditions
in tribo-pair with bronze. Parts made of titanium allow both the enhancement of the
resource and the reduction in the weight of the vehicle and, as a result, reduction in energy
costs for maintenance [27,31–36].

Based on this, the aim of this work is to investigate wear mechanisms of porous
titanium under boundary lubrication conditions and to propose methods of surface engi-
neering for improving its wear resistance.

2. Materials and Methods
2.1. Material Manufacturing

Porous titanium manufactured by powder metallurgy were investigated. As start-
ing (raw) powder, titanium hydride TiH2 powder was used, obtained from Joint-Stock
Company Titanium Institute (Zaporizhzhia, Ukraine). Before vacuum sintering, titanium
hydride TiH2 was ground in a RETSCH PM100 planetary mill (powder mixture fractions did
not exceed
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40 µm) and pressed at a specific load of 400 MPa by a P-125 hydraulic press at 20 ◦C.
Sintering was carried out using the SNVE-1.3.1 electric furnace in a vacuum (13 Pa) at
1100 ◦C for 4 h with subsequent furnace cooling. The cylindrical samples (Figure 1) were cut
from the obtained rectangular billets. The samples were polished to the surface roughness
of Ra = 0.2 µm. The porosity of the obtained titanium samples determined by Archimedes’
method was 20%.
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Figure 1. Scheme of sample preparation for characterization.

2.2. Surface Engineering

In this work, we tried to evaluate some methods of surface engineering, which, in our
opinion, are promising for the following reasons:

• Ball burnishing (BB). Choosing this method can be explained by the fact that the
surface plastic deformation of titanium makes it possible, due to the refinement of
grains and an increase in linear and point defects in the near-surface layer, to increase
the hardness and as a result improve the wear resistance of titanium [30,37–40]. Also,
plastic deformation ensures the formation of a compacted surface layer, that is, it
contributes to the closing of pores [41,42]. Such closing of the near-surface pores
makes it possible to less the negative effect of porosity during friction because this
leads to a decrease in places of cracks nucleation and propagation. In this case, BB
was carried out using a 1K62 universal screw-cutting lathe at room temperature. A
ball with a diameter of 5 mm is made of diamond polycrystalline composite material
Cd–Co–34Ni [31]. Lubrication type—boundary lubrication in an industrial oil I-20A.
BB regime: load—100 N; speed—200 rpm; the number of passes—3. A ball with a
diameter of 5 mm is made of a diamond polycrystalline composite material [27].

• Gas nitriding (GN). This method is chosen taking into account that the formation of
a surface chemically inert nitride compound layer with high hardness significantly
improves the wear resistance of titanium [43–47]. The formed protective nitride
compound layer also partially closes (covers) the surface pores, which perhaps reduces
their negative effect on wear resistance of titanium. GN is warried out using equipment
developed by Karpenko Physico-Mechanical Institute of NAS of Ukraine. GN regime:
heating up to a temperature of 750 ◦C, exposure for 5 h; subsequent heating at a
rate of 5 ◦C × min−1 to a temperature of 800 ◦C; cooling with a furnace. For GN,
commercially pure gaseous nitrogen is used.

• Deformation–Diffusion treatment (DDT). This treatment is based on a combination of
preliminary surface plastic deformation and subsequent thermochemical treatment.
This combination is used due to the fact that as a result of preliminary plastic deforma-
tion, phase redistribution processes occur in the surface layer, residual compressive
stress, the area of grain boundaries, the density of dislocations and point defects, which
are favourable channels for facilitated diffusion of nitrogen, is Increased. This makes
it possible to form layers (in our case, nitride layers) with higher wear resistance and
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hardness compared to conventional gas nitriding [27,48–50]. Combined DDT includes
preliminary BB and subsequent GN of titanium, according to the above-mentioned BB
and GN regimes.

2.3. Material Characterization

The phase-structural state of samples was determined by XRD analysis using a
DRON-3.0 diffractometer (Burevestnik, Nizhny Novgorod, Russia ) in Cu Kα radiation.
The anode voltage was 30 kV, and the current was 25 mA. Diffraction patterns were reg-
istered in the 2θ angle range—10 . . . 90◦. Scan step was 0.05◦, exposure time—5 s. The
surface roughness (parameter Ra) was measured by a 170,621 profilometer (Standart Pribor,
Kyiv, Ukraine). Durometric analysis was carried out by means of a PMT-3M microhardness
tester (Lomo, St. Petersburg, Russia) at a load of 0.49 N on the Vickers indenter. The surface
topography and microstructure were investigated by the EVO 40XVP scanning electron
microscope (SEM) (Carl Zeiss, Oberkochen, Germany) equipped with a backscattered
electron detector (BSD) and INCA Energy dispersive X-ray (EDX) microanalysis (Oxford
Instruments, Abingdon, UK). The porosity of the near-surface layer was determined us-
ing the ImageJ software (Version 1.8.0). The scheme of the sample preparation for the
characterization is presented in Figure 1.

2.4. Tribological Test

The tribological characteristics were studied using an SMT-2 friction machine
(Tochpribor-KB, Russia) with automatic registration of coefficient of friction (COF) and
temperature near the friction zone (TOF) at a specific load of 1 MPa. The friction expo-
sure and rate were 3000 s and 0.6 m × s−1, respectively. Friction scheme—‘disk–block’
(Figure 2). Friction was carried out under boundary lubrication in industrial oil I-40
(GOST 20799-88). Disks (bodies) were made of porous titanium in the initial state and
after surface treatments. The blocks (counterbodies) were made of bronze (Cu-10Al-4Ni-
4Fe). The surface roughness Ra of the counterbody was 0.2 µm. The chemical compo-
sition and mechanical characteristics of the bronze counterbody are shown in Table 1.
Tribological tests were performed at 20 ◦C. The TOF was determined using a chromel–
alumel thermocouple, which was fixed to the counterbody (Figure 2). Such friction con-
ditions and the material of counterbody were chosen in view of previous studies, where
the prospect of using titanium and its alloys as a structural material in hydraulic sys-
tems was considered [27,39]. The wear resistance of the studied tribo-pairs was eval-
uated by their weight change after friction. Weighing of the specimens after friction
was determined by VP64C analytical balance (OHAUS, Parsippany, NJ, USA) with the
accuracy of ±1 mg. Before and after tribological tests, the samples were washed in
gasoline, acetone, alcohol and thermal dried in a vacuum furnace at a temperature of
200 ◦C. This procedure was performed to remove residual liquid and oil from surface pores.
For evaluation of each surface engineering method, at least three tribo-pairs were tested to
ensure reproducibility.

Table 1. Chemical composition and mechanical characteristics of Cu10Al4Ni4Fe bronze (GOST
18175-78).

Chemical Composition, wt. %

Element Al Fe Ni Mn Zn Sn Si Pb P Others Cu
max 9.5 3.5 3.5 0.3 0.3 0.1 0.1 0.02 0.01 0.6

Balancemin 11.0 5.5 5.5 – – – – – – –

Mechanical properties

Ultimate tensile strength, MPa 640
Elongation, % 5

Vickers microhardness, GPa 1.5 ± 0.1
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3—hole for thermocouple, 4—rotational direction, 5—normal load.

3. Results
3.1. Surface Characterictics

After BB, the surface microhardness of titanium increases by approximately twofold
(Figure 3a). Due to the smoothing of surface microrelief (Figure 4b), the roughness is
improved twofold compared to the initial one (Figure 3b). The microstructural analysis
shows that due to local plastic deformation, the pores in near-surface layer of titanium
are closed (healed). That is, a consolidated surface layer with a thickness of 200 µm and a
porosity of about 1% is formed (Figure 5b).
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The surface microhardness of the titanium increases by four times (Figure 3a) due to
the formation of the compound nitride layer after GN (Figure 5b). However, the surface
roughness deteriorates by 1.6 times (Figure 3b) since a characteristic surface microrelief is
formed, and it reproduces grain boundaries of titanium (Figure 4c). It can be caused by the
increased intensity of penetration of the atoms through the grain boundaries, as they are
favourable paths for their facilitated diffusion [43]. The porosity in the near-surface layer
increases from 20 to 25%, and the pore size also increases (Figure 5c). Such an increasing
porosity can be explained by the formation of a nitride compound layer on the pore surface
which expands subsurface pores due to the density difference between titaniums (TiN
density—5.4 g/cm−3 vs. α-Ti density—4.5 g/cm−3).

After DTT, an increase in the surface microhardness by 4.6 times is observed
(Figure 3a). Higher level of surface microhardness after DDT than after GN is explained by
the intensification of nitride formation processes, which is confirmed by higher reflections
of nitride phases in the diffraction patterns (Figure 6). That is, as a result of preliminary
plastic deformation, phase redistribution processes occur in the surface layer; residual
compressive stress, the area of grain boundaries, the density of dislocations and point de-
fects, which are favorable channels for facilitated nitrogen diffusion, are increased. Surface
roughness deteriorates, but it is better than after nitriding (Figure 3b). It is that preliminary
BB due to surface smoothing that makes it possible to form a less relieving topography of
the nitrided surface (Figure 4d). Also in the near-surface layer, a slight increase in porosity,
not exceeding 5%, is observed (Figure 5d).
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3.2. Tribological Characterictics

Analysis of the kinetics of COF changes (Figure 7a) showed that at the initial stage of
the test, the friction coefficient for all tribo-pairs decreased and stabilized. Analysis of the
kinetics of COF changes (Figure 7a) showed that COF of tribo-pair where porous titanium
in its initial state was unstable throughout the studied period. Also, for untreated porous
titanium, a high amplitude of COF oscillations was observed, which is evidence of intensive
frictional processes (Figure 7a). But for surface-treated porous titanium, the COF after 500
s decreased and stabilized, which means that the tribo-surfaces of the tribo-pairs were
running. Surface hardening of porous titanium by the BB, GN, and DDT methods made it
possible to reduce the COF of the studied tribo-pairs by 1.8, 2.3, and 3.2 times, respectively.
The character of the curves of TOF changes correlated well with COF (Figure 7). Therefore,
for a tribo-pair, where untreated porous titanium was used, the highest temperature in the
friction zone was recorded. It indicated the highest intensity of plastic deformation and
diffusion processes in the surface layer. The lowest COF and TOF values were recorded for
a tribo-pair, where titanium hardened by DDT.
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It was found that the wear intensity of the counterbody (bronze) was higher than
that of porous titanium, regardless of the surface treatment (Figure 8). Surface hardening
of highly porous titanium by BB, GN, and DDT methods allowed reduction in the wear
intensity of the counterbody of 1.5, 3.6 and 3.9 times, respectively. However, we did not
observe a similar dependence of the wear intensity for the body (porous titanium). In
particular, untreated and surface-hardened by BB porous titanium after friction lost its
weight, which indicated its wear. The weight of porous titanium hardened by GN and
DDT increased after friction, which indicated the transfer of bronze to the titanium surface.
Thus, GN and DDT of porous titanium provided the highest wear resistance under such
tribo-interaction conditions (Figure 8).
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4. Discussion

In this research, to explain the tribological behavior of porous titanium, the wear
mechanisms of friction pairs were investigated. An analysis of the topography of the
wear surfaces of porous titanium and bronze shows that friction of tribo-pairs lead to
wear by several mechanisms: adhesive (junction), fatigue (delamination), abrasive and
oxidative. On the worn surface, the characteristic peculiarities of these mechanisms were
observed: smearing areas (transferred materials) and craters corresponding to adhesive
mechanism; delamination areas of subsurface layer and micro-cracks—fatigue mechanism;
areas of grooved relief—abrasive mechanism; areas with increased oxygen content on the
surface—oxidative mechanism (Figures 9–11 and Table 2).
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Table 2. EDX analysis of worn surfaces of highly porous titanium after friction with bronze
(see Figure 9).

Analysis
Element Content, wt. %/at. %

Ti N Cu Al Fe Ni O

Figure 9a 41.94/39.71 -/- 29.62/20.37 8.42/9.93 0.73/0.35 0.55/0.51 18.81/29.13

Figure 9b 53.01/52.36 -/- 26.93/18.40 7.32/7.01 0.34/0.21 0.95/0.90 11.45/21.12

Figure 9c 47.71/45.87 6.52/14.98 35.68/24.77 3.96/7.76 3.18/3.14 0.89/0.59 2.06/2.89

Figure 9d 67.11/54.48 13.51/29.39 15.03/12.22 1.80/1.88 1.02/0.56 0.35/0.18 1.18/1.29
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The main (dominant) are the adhesive and fatigue wear mechanisms. Their charac-
teristic features prevail on the worn surfaces of porous titanium and bronze. Such wear
mechanisms describe the interaction of friction surfaces, accompanied by severe plastic
deformation of thin subsurface layers under loads exceeding yield strength of materials.
However, the nature of these wears mechanisms is different. Adhesive wear is realized in
process of frictional interaction due to destruction of a protective oxide film and baring of
the surface of chemically reactive titanium. During friction at an interatomic distance, adhe-
sive junctions of contact surfaces occur with energy release. When the molecular interaction
between micro cold-welded surfaces is higher than the tensile strength of contact materials,
and bodies continue to move mutually, the softer metal is removed and transferred to
another surface. The adhesive craters are formed on the contact surface of metal samples
with lower hardness (bronze) (Figure 10a), and adhesive smearing—on samples with higher
hardness (titanium) (Figure 9a). It was confirmed by EDX analysis of surfaces after friction
(Table 2): bronze (light areas) was observed on the surface of titanium samples (Figure 9a).
Such smearing areas are directed with sharp edges towards the sliding direction.

Fatigue wear is realized due to plastic deformation in the contact zone, which con-
tributes to maximum convergence of tribo-surfaces and formation of texture in surface
layers from extremely deformed grains located in a direction of the relative frictional move-
ment of tribo-surfaces (Figure 9a). Due to the high cyclic loads during friction, several
deformed layers are formed in surface layer of titanium, in which cracks nucleate, unite
with each other and propagate to the surface (Figures 9 and 11a). The individual areas
of surface layer peel off and separate from the surface; the delamination process occurs
(Figure 9a).

It should be noted that subsurface pores, which behave as additional stress concentra-
tors and, consequently, become centres of nucleation of surface cracks, are the cause of the
delamination during the friction of porous titanium. Thus, according to the metallographic
analysis of the section of porous titanium after friction (Figure 11a), the initiation and
propagation of cracks, which occurs not only on the surface of several deformed layers but
also in the pores, was observed. That is, plastic deformation is concentrated not only in sub-
surface layer but also near the pores, from which many cracks begin to grow (Figure 10a).
It indicates intensive delamination processes. Therefore, it can be assumed that the poros-
ity of titanium during friction in the tribo-pair with bronze under boundary lubrication
conditions is a negative structural factor which intensifies the wear of porous titanium by
the fatigue mechanism (delamination). This assumption is confirmed in [38,39], where,
with an increase in porosity, the wear resistance of aluminum and its alloys decreased due
to an increase in the centres of crack initiation in subsurface pores during friction. Also,
in studies [51–53], the positive influence of porosity on the wear resistance of materials is
noted (porous iron and composite). This is explained by the fact that during friction under
conditions of boundary lubrication, pores act as additional reservoirs for the lubricant,
which, under load during friction, is squeezed into the tribo-contact zone and reduces
both the friction coefficient and wear intensity. However, in our case, this effect was not
observed. This is due to the presence of an adhesive component in the wear of these
tribo-pairs, when bronze, smearing to the titanium surface, closes the subsurface pores and,
consequently, levels the previously mentioned effect. In addition, it can have a negative
effect on the tribological behaviour of titanium in this tribo-pair. Under the influence of
applied loads during the friction, the opening and growing of cracks in the pores can also
occur due to the pulsating oil pressure in closed pores.

It can be assumed that the oxidative and abrasive wear mechanisms are secondary
ones because their appearance is caused by adhesive and fatigue wear. Due to adhesion
and fatigue wear during friction, the wear products (transferred materials, delaminated
layers, debris, etc.) do not always leave the contact zone, but under the action of high
loads and temperatures between two contact surfaces, they can oxidize in situ and form
local areas of brittle oxides of contact materials, which subsequently are chipped off. This
assumption about the formation of oxides on worn surfaces was confirmed by EDX analysis
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(Table 2), which recorded oxygen, the content of which on the surface exceeds the maximum
solubility in α-titanium. Since the oxides have higher hardness (for example, the hardness
of TiO2 dioxide is several times higher than that of titanium) and chemical inertness (not
cold-welded during friction) compared to the contact materials, they provoke abrasive
wear by two (if the oxide areas are still fixed to the surface) or three (if the oxide areas
are chipped off from surface) body mechanisms. The realization of this mechanism was
confirmed by the SEM analysis of worn surfaces of porous titanium and bronze: minor
local grooves, scratches, scuffing, etc., which are characteristic signs of the abrasive wear
mechanism, were observed. The signs of oxidative wear mechanism were observed on
surface of porous titanium, and the signs of abrasive mechanism were mostly fixed on the
surface of soft material—bronze. Obviously, in the process of friction, titanium oxides are
formed on the surface of titanium, which leads to abrasive wear of softer bronze.

The frictional behaviour of BB porous titanium is similar to that of untreated tita-
nium. That is, the wear of deformation hardened porous titanium in the tribo-pair with
bronze occurs according to the same mechanisms: adhesion, fatigue, oxidative and abra-
sive (Figures 8 and 9b), as in untreated porous titanium. However, the wear rate in the
case of deformation hardened surface is lesser, which improves the wear resistance of
porous titanium.

It was confirmed by SEM (Figures 8 and 9b) and EDX (Table 2) analyses since there
were fewer adhesion areas on the titanium surface (Figure 9b and Table 2) and adhesive
craters on the surface of the bronze counterbody (Figure 9b). According to the Archard
equation [52,54], the main parameter for adhesive wear is surface hardness. Since the sur-
face plastic deformation during BB provides higher surface microhardness in comparison
with untreated titanium (Figure 3a), it leads to an increase in the adhesion resistance of
porous titanium under friction conditions. It should also be noted that in a recent study [55],
the Archard equation was corrected, where, in addition to hardness, an important role was
assigned to surface roughness: the better the surface quality (less surface relief), the higher
the wear resistance of the material. In our case, BB reduces the roughness parameter Ra
(Figure 3b) and surface relief (Figure 4b) in comparison with untreated porous titanium;
that is, it improves surface quality, increasing adhesive wear resistance of porous titanium.

After BB, the fatigue wears resistance of porous titanium is also improved, which was
confirmed by the results of SEM analysis: a smaller number of delamination areas and
surface micro-cracks on the worn surface was observed (Figure 8b). As a result of surface
deformation, the pores in the surface layer of titanium closed and practically disappeared
(Figure 4b). It can be assumed that a decrease in the number and size of subsurface pores
reduces the probability of formation of cracks in the subsurface layer and their emergence
on the surface. This assumption was confirmed by SEM analysis of the worn surface of
deformed titanium: in the surface layer, we fixed a smaller number of pores and their
size, acting as concentrators of crack growth. Also, a much smaller number of cracks was
nucleated from such pores. It was associated with formation of a deformed surface layer
after the BB. According to studies [38,39], BB of titanium alloys provides the formation of
wear resistant layer with compacted structure and residual compressive stress. The last
two characteristics of the layer contribute to the inhibition of the nucleation and the growth
of surface micro-cracks which increases the resistance to fatigue wear.

As mentioned above, oxidative and abrasive wear are secondary wear mechanisms.
Since BB (surface deformation) reduces the intensity of adhesive and fatigue wear, the
oxidative and abrasive components are also less shown compared to untreated porous
titanium. It was confirmed by SEM (Figures 9 and 10b) and EDX (Table 2) analyses: less
oxygen on the surface (oxidative wear) and smaller dimensions (width) of the grooves
(abrasive wear) were observed.

As a result of GN, the wear resistance of porous titanium was improved in comparison
with untreated titanium. It can be explained by the fact that the formation of the surface
compound layer, which consists of titanium nitrides Ti2N and TiN (Figure 6), and an
underlying diffusion zone change the several wear mechanisms of the studied tribo-pair



Coatings 2023, 13, 1714 11 of 14

on one dominant mechanism—abrasive (Figures 9 and 10c). That is, as a result of the
formation of the surface compound layer (Figure 6), which has high surface hardness
(Figure 3a) and chemical inertness [27,56], the effect of the so-called ‘cold micro welding’
does not occur, which is typical for adhesive wear, but is instead levelled. The forma-
tion of a diffusion zone due to solid solution hardening of the subsurface layer [57,58]
significantly reduces the probability of the formation of subsurface micro-cracks in pores
(Figure 11c) and delamination in subsurface layers (Figures 9 and 11c), which is typical for
the fatigue mechanism.

The dominant abrasive wear was evidenced by the results of SEM analysis of worn
surfaces, where a grooved relief on the counterbody (bronze) surface (Figure 10c) was
observed. The mechanism of such wear can be explained as follows: after GN, the surface
roughness parameter of porous titanium increases (Figure 3b) due to the formation of
a nitride layer (Figure 6). In this case, the highest places (peaks) of the surface profile
correspond to titanium nitride phases. Hard nitride phases (Figure 3a), like an abrasive,
cut or plow softer surface of the counterbody (Table 1), form characteristic grooved relief
(Figure 10c).

The surface topography of nitrided porous titanium remains practically unchanged
after friction (Figures 4 and 9c). However, according to EDX analysis (Figure 9c and Table 2),
local areas of counterbody’s material were fixed on nitrided surfaces. It is obvious that
during friction, the material of the counterbody is transferred to the nitrided titanium
surface due to not the adhesive, but most likely the abrasive wear mechanism. Some
products of micro-cutting of the bronze surface (debris) do not leave the contact area but
settle (or stick) on the nitrided surface in the depressions of the microrelief or in the surface
pores (Figure 9c).

Both GN and DDT of porous titanium provide the formation of a nitride layer with an
underlying diffusion zone. According to XRD analysis, the intensity of nitride phases is
higher for titanium after DDT than after GN, which indirectly indicates the formation of
thicker surface nitride layer (Figure 6).

The wear mechanism occurring due to the formation of the surface compound layer
also corresponds to the abrasive one. However, on the surface of the bronze counterbody,
which was investigated in a tribo-pair with deformation–diffusion hardened porous tita-
nium, we fixed grooves (Figure 10d), the width and depth of which were smaller than those
observed on the bronze surface worked in a tribo-pair with nitrided porous titanium. The
lower intensity of abrasive wear of the tribo-pair is associated not so much with the surface
microhardness (since porous titanium does not lose mass and does not change the surface
topography) but with the surface roughness. After the DDT, the surface quality is better
(the roughness parameter Ra is lesser) than after nitriding (Figure 3b); that is, the lower
surface peaks of the nitride phases (Figure 4d) deepen into the bronze phase with lower
intensity and cut or plow its surface.

In summary, we can conclude that the porosity of titanium under these conditions of
triboconjugation is a negative fact that needs to be leveled. The most promising method in
this work is combined deformation–diffusion processing. This is explained by the fact that
ball burnishing in this work ensures the closure of surface pores and, as a result, a reduction
in the intensity of adhesive wear. However, this deformation treatment of the grinding
wheel affects the intensity of adhesive wear, the cause of which is not only porosity, but
the very nature of titanium (low hardness and thermal conductivity, chemical activity, etc.).
Gas nitriding, on the contrary, makes it possible to form a chemically inert and hard nitride
layer, which is not prone to adhesion. However, the formed nitride layer is thin (up to
3 µm), which does not allow complete coverage of the large and deep (up to 50 µm) surface
pores. The originality and perspective of deformation–diffusion processing is that this
processing allows combining the strengths and eliminating the weaknesses of traditional
processing such as ball burnishing or nitriding. Therefore, this treatment can be applied
to porous titanium, which works under conditions of tribo-coupling. However, it should



Coatings 2023, 13, 1714 12 of 14

also be noted that such processing is annealed to the configuration of the titanium product,
since preliminary ball burnishing can be used for cylindrical and simple parts.

5. Conclusions

In this research, the tribological properties of highly porous titanium in a tribo-pair
with bronze under boundary lubrication conditions were investigated. The following
conclusions were drawn:

1. It was shown that surface hardening of highly porous titanium by BB, GN, and DDT
reduces the weight wear intensity and the friction coefficient of the tribo-pairs by 1.4,
3.5, 4.0 and 1.8, 2.3, 3.2 times, respectively.

2. The main wear mechanisms of highly porous titanium were adhesion and fatigue,
and secondary ones were oxide and abrasive. Subsurface pores led to nucleation of
micro-cracks in the subsurface layer, thereby intensifying fatigue (delamination) wear.

3. The BB, due to the closing of subsurface pores, roughness improvement and surface
hardness increment, reduced adhesion and fatigue wear intensity. The GN and DDT,
due to the formation of a surface compound nitride layer (TiN and Ti2N), changed
the mechanism of the adhesion and fatigue wear of c.p. titanium on an abrasive one.

4. The highest wear resistance of the tribo-pair under these friction conditions was fixed
for highly porous titanium after DDT.
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