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Abstract

Titanium alloys are found in many applications where weight saving, strength, corrosion
resistance, and biocompatibility are important design priorities. However, their poor tri-
bological behavior is a major drawback, and many surface engineering processes have
been developed to enhance wear in titanium alloys such as nitriding. Plasma (ion) nitrid-
ing, originally developed for ferrous alloys, has been adopted to address wear concerns
in titanium alloys. Plasma nitriding improves the wear resistance of titanium alloys by
the formation of a thin surface layer composed of TiN and Ti,N titanium nitrides (e.g.,
compound layer). Nonetheless, plasma nitriding treatments of titanium alloys typically
involve high temperatures (700-1100°C) that promote detrimental microstructural
changes in titanium substrates, formation of brittle surface layers, and deterioration of
mechanical properties especially fatigue strength. This chapter summarizes the previous
and ongoing investigations in the field of plasma nitriding of titanium alloys, with partic-
ular emphasis on the authors’ recent efforts in optimization of the process to achieve tri-
bological improvements while maintaining mechanical properties. The development of
low-temperature plasma nitriding treatments for o + § and near-§ titanium alloys and
further wear improvements by alteration of near-surface microstructure prior to nitriding
are also briefly reviewed.

Keywords: Titanium alloys, plasma nitriding, compound layer, nitrogen diffusion zone,
fatigue crack initiation, severe plastic deformation, surface failure mechanisms

1. Introduction

Titanium alloys are attractive candidates for aerospace, automotive, and biomedical indus-
tries due to their many advantages including, but not limited to, high strength-to-weight
ratio, excellent corrosion/oxidation resistance, biocompatibility, and high fatigue resistance.
However, their poor tribological behavior, for example, high and unstable coefficient of
friction, high wear rate, and susceptibility to galling and scuffing, restricts their use for
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applications where sliding is inevitable. Nitriding is a surface hardening process in which
nitrogen atoms are utilized for surface modification and has been practiced for wear
improvement in titanium alloys for many years. In conventional nitriding techniques such
as salt bath treatments, gas nitriding, and hot isostatic pressing (HIP), nitrogen atoms are
provided by liquid, gas, or solid media [1, 2]. In plasma nitriding, also known as ion nitriding
and glow discharge nitriding, active nitrogen is provided by an ionized nitrogen-contain-
ing atmosphere [3-7].

The growing interest in this process is due to its high efficiency, cost-effectiveness for mass
production, absence of pollution, and ease of process control [8-11]. Also, it is preferred over
other nitriding technologies due to feasibility at lower temperatures, dimensional control,
retention of surface finish, and versatility for achieving desired properties through modifica-
tion of process parameters [8-13].

Plasma nitriding improves the tribological properties of titanium alloys through the formation
of a thin surface layer mainly consisting of TiN and Ti,N, that is, the compound layer. The
nitrided microstructure also consists of a region of nitrogen-stabilized a-titanium, that is, a-
case, and a nitrogen diffusion zone (typically 15-25 um deep) underneath the compound layer
[14, 15]. The plasma-nitrided microstructure is strongly correlated with the composition of
titanium substrate and the nitriding process parameters such as duration, temperature,
pressure, and composition of the nitriding medium, among which temperature has the most
significant influence [12, 15-17].

Plasma nitriding of titanium alloys is typically carried out in the temperature range of 700-
1100°C for 6-80 hours in a nitrogen-containing medium (N,, N,-Ar, N,-H,, or N,-NH;) [18-
22]. The high temperatures involved in the process lead to grain growth, overaging, and
microstructural transformations in titanium substrates that decrease the fatigue strength and
ductility [10, 22, 23]. Moreover, the brittle nature of the compound layer and a-case and the
high stiffness mismatch between the compound layer and the titanium substrate lead to
premature failure initiation from the surface. As such, improvements in mechanical properties
have been reported by practicing plasma nitriding at lower temperatures [10, 24-26]. The slow
nitriding kinetics of titanium alloys at low temperatures can be enhanced by alteration of the
microstructure in the surface vicinity via thermochemical (e.g., laser-assisted treatments and
electron beam (EB) melting) and mechanical (e.g., mechanical attrition and shot peening)
pretreatment processes [27, 28]. As a result, the depth and hardness of nitrogen diffusion will
increase and thus the load bearing capacity of the plasma-nitrided surfaces will be improved
[29]. Duplex treatments have also been introduced and developed in surface engineering of
titanium alloys. Duplex treatments combine the positive effect of deep hardened layers
achieved in the diffusion zone with low friction and high wear resistance of surface coatings
leading to significant enhancements in load bearing capacity and wear resistance [30-36].

This chapter is organized into seven sections as follows. After the introduction, Section 2 gives
a brief description of the fundamentals of plasma nitriding and the nitriding process param-
eters for titanium alloys. Section 3 presents a review of the literature on the effect of plasma
nitriding on the microstructure of titanium alloys. The tribological and mechanical properties
of plasma-nitrided titanium alloys are discussed in Section 4 and Section 5, respectively. Recent
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developments in the modification of plasma nitriding treatment via the introduction of duplex
treatments and surface pretreatments are presented in Section 6, followed by a summary of
the main findings in Section 7.

2. Fundamentals of plasma nitriding

In a conventional plasma nitriding treatment, an external voltage applied between the
nitriding furnace (anode) and the workpiece (cathode) ionizes the nitriding gas and provides
active nitrogen flux for surface modification [3, 4]. The nitriding atmosphere is generally
composed of a buffer gas (e.g., Ar or H,) and the reactant gas (e.g., N,). A schematicillustration
of voltage versus current density characteristic for glow discharge is shown in Figure 1. Plasma
nitriding is conducted in the abnormal glow region where a uniform, stable glow covers the
workpiece, and the current density is directly proportional to voltage drop and thus is easily
controlled [13, 37]. As the applied voltage is provided by a direct current (DC) power supply,
the continuous voltage and heat input may result in localized heating, overheating of thin
sections, hollow cathode effect!, arcing, and other damages to the surface. These problems can
be avoided by utilizing a pulsed power supply where the heat input is controlled with duty
cycles, usually in the order of 10-50% of the total cycles, without affecting the nitrogen activity
or nitriding time [38]. In addition to DC and alternating current (AC) power supplies, plasma
may be generated by radio frequency (r.f.) excitation [4, 39], microwaves, electromagnetic
induction [4, 40], and electron emission configurations [4]. Some of the recent advances include
intensifying the glow discharge using thermionically assisted triode glow discharge, plasma
immersion ion implantation, electron cyclotron resonance, etc. The intensified plasma-assisted
processes (IPAP) generate a higher density of energetic ions and increase the kinetics and
efficiency of nitriding, making plasma nitriding feasible at low temperatures (less than 500°C),
pressures, and durations. As a result, significant improvements in surface hardness, depth of
nitrided layers, and tribological and fatigue properties have been reported [41-46].

Under the influence of the applied electric field, electrons accelerating from the cathode
(workpiece) toward the anode collide with gas molecules of the nitriding atmosphere and
generate an environment of positive and negative ions, electrons, and neutral and energetic
atoms (e.g., plasma) within a few millimeters from the cathode. Subsequently, the positive ions
accelerate toward the cathode over a comparatively short distance and cause a number of
phenomena such as sputtering, diffusion to bulk, heating by radiation and collision, surface
diffusion, plasma reaction, etc. As a result of these phenomena, surface modification takes
place and the generated secondary electrons maintain the abnormal glow. This mechanism
eliminates expensive precleaning operations and enhances nitriding kinetics at temperatures
lower than those of the conventional nitriding techniques [47, 48].

1 Localized heating at narrow channels, holes, closely located workpieces, etc. where the generation of charge carriers is
faster than their annihilation and the glow discharges contact each other or overlap, leading to a rise in current density
and temperature.
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Figure 1. A schematic illustration of voltage vs. current density relationship for an electric glow discharge

Several mechanisms have been proposed to explain the mass transfer mechanism during
plasma nitriding including the adsorption of atomic nitrogen model, ion adsorption model,
nitrogen implantation model, Kolbel’s model, and the NH* bombardment model. According
to Kolbel’s model, plasma nitriding initiates with sputter cleaning of the surfaces, followed by
the reaction of sputtered atoms with nitrogen and subsequent deposition of nitride compounds
on the surface. The NH* radical model is based on the generation of N,,H,* molecular ions and
radicals in the presence of hydrogen in the nitriding gas mixture. It is proposed that the
adsorbed NH* radicals on the surface of workpiece dissociate and liberate nitrogen atoms that
diffuse into the structure [4, 12, 13, 18].

Plasma nitriding treatments for titanium alloys are typically carried out at 700-1100°C for 6—
80 hours. The atmosphere is composed of a nitrogen containing mixture, for example, N,, N,—
Ar, N,-H,, or N,-NH; mixtures, with pressures that vary in the range of 0.5-1.3 kPa [18-22].
In addition to the nitriding time and temperature, the pressure and composition of the nitriding
gas also have a significant effect on the microstructure of plasma-nitrided titanium alloys [15,
17]. For instance, the presence of hydrogen in the nitriding mixture enhances nitrogen
diffusivity by removing the inherent oxide layer on the surface of titanium alloy that interferes
with the nitriding process. In another mechanism suggested by Tamaki et al. [18], the presence
of hydrogen in the nitriding medium results in the formation of H", NH*, and NH* radicals
that have a catalytic effect on nitriding kinetics. Conversely, the presence of Ar in the nitriding
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mixture reduces the depth of nitrogen diffusion and causes random formation of Ti,N and TiN
through sputtering/re-deposition reactions or homogeneous reactions in the plasma [4, 18, 49,
50]. The following sections review the previous investigations on the microstructure and
properties of plasma-nitrided titanium alloys focusing especially on the authors” recent work
in the field.

3. Microstructure of plasma-nitrided titanium alloys

3.1. Classification of titanium alloys

Titanium has an allotropic phase transformation from its low-temperature hexagonal close-
packed (HCP) crystal structure (a-phase) to body-centered cubic (BCC) crystal structure (3-
phase) at 882°C, that is, B-transus temperature. Alloying elements have a strong influence on
this allotropic transformation; elements such as aluminum, boron, nitrogen, and oxygen
increase the (3-transus temperature and are referred to as a-stabilizers. Conversely, [3-stabiliz-
ing elements decrease the 3-transus temperature and stabilize the 3-phase at room temperature
through either eutectoid transformations (iron, hydrogen) or solid solutions (vanadium,
molybdenum, and niobium). Thus, depending on the type and content of their alloying
elements, titanium alloys can have a single-phase a-structure (a-Ti alloys), a phase with a
small (2-5 vol.%) B-phase content (near-a Ti alloys), single-phase [3-structure (3-Ti alloys), or
a combination of both phases (a + (3 alloys). The families of a- and near-a titanium alloys are
famous for their microstructural stability at high temperatures and corrosion resistance;
however, their microstructures cannot be modified by heat treatments. Commercially, pure
(CP) titanium, Ti-5A1-2.55n, Ti-3A1-2.55n, Ti-8Al-1Mo-1V, and Ti-6Al-25n-4Zr-2Mo are
some of the commercial alloys of this family. In contrast, a wide range of microstructures and
properties can be achieved in a + 3 and p-titanium alloys by heat treatments and thermome-
chanical routes. Ti-6Al-4V, Ti-3Al-2.5V, Ti-6 Al-25n-4Zr-6Mo, Ti—-6 Al-6V-25n, and Ti—4Al-
4Mo—-45n-0.55i are some of the popular a +  titanium alloys. The class of  (and near-3)
titanium alloys contains a high concentration of 3-stabilizing elements to retain a fully (3-phase
microstructure at room temperature. These alloys offer good hardenability and formability
and resistance to corrosion and hydrogen embrittlement. Ti-13V-11Cr-3Al, Ti-10V-2Fe-3Al,
Ti-11.5Mo-6Zr-4.55n (3-1II), and Ti-3Al-8V-6Cr—4Zr-4Mo (3-C) are among commercially
used -Ti alloys [1-7].

The behavior of Ti-6Al-4V (a + (3 titanium alloy) and Ti-10V-2Fe-3Al (near-f3 titanium alloy)
alloys during plasma nitriding were investigated by the authors. The extra-low interstitial
(ELI) grade Ti-6Al-4V had a mill-annealed microstructure consisting of equiaxed a-grains
with retained -particles at a-grain boundaries and fine 3-particles inside the a-grains (Figure
2a). The Ti-10V-2Fe-3Al microstructure consisted of elongated primary a-plates in various
orientations and aspect ratios inside 3-grains with the occasional presence of a-phase at 3-
grain boundaries (Figure 2b). The chemical composition, average grain size, and 3-phase
content of the as-received alloys are presented in Table 1.
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Figure 2. Scanning electron microscopy (SEM) images showing the typical microstructure of the as-received titanium
alloys used in plasma nitriding investigations. (a) Ti-6Al-4V had a mill-annealed microstructure consisting of equi-
axed a-grains, retained [-particles at a-grain boundaries, and fine recrystallized (-particles inside the a-grains. a-
grains were delineated by the different orientation of fine recrystallized {-particles inside the a-grains (etched in
Kroll’s solution) [51]. (b) Ti-10V-2Fe-3Al microstructure consisted of elongated primary a-plates in various orienta-
tions and aspect ratios inside (3-grains (marked by arrows) with the occasional presence of a-layers at [3-grain bounda-
ries (etched in glycerol + hydrofluoric acid (1:1) solution) [52].

. . Hardness Grainsize J content™
Chemical Composition (Wt. %)

(HV) (um) (Vol. %)
Fe \'% Al (e (o N H Ti
Ti-6Al-4V (ELI) 0.17 410 598 0.007 0.13 0.012 0.009 balance 381.5+22.8 3.8 24
Ti-10V-2Fe-3A1 1.73 10.65 2.99 - - - - balance 359.3+15.4 424 63.5

"H, O, and N contents were determined by inert gas fusion and the C content by combustion

” The B phase content was determined following a procedure adopted from Tiley et al. [53] by overlaying a regular grid
of points on the SEM images and dividing the number of points within the 3 phase by the total number of points.

Table 1. Properties of the as-received Ti-6Al-4V and Ti-10V-2Fe-3Al alloys used in the plasma nitriding experiments.
Chemical compositions were measured using inductively coupled plasma optical emission spectrometry (ICP-OES).

3.2. Effect of plasma nitriding on microstructure of titanium alloys

Plasma nitriding of titanium alloys results in the formation of a compound layer on the surface
that mainly consists of TiN, d phase, with FCC crystal structure (Fm3m space group) and Ti,N,
¢ phase, with tetragonal crystal structure (P4,-mnm space group). TiN is stable over a wide
range of nitrogen contents, TiN, (0.43 < x <1.08), and has a typical hardness of 2500 HV. Ti,N
is stable over a small composition of ~33.3 at.% N and has a maximum hardness of 1500 HV
[49, 50, 54-56]. In plasma nitriding investigations of Raveh et al. [14], the compound layer was
composed of a TiN layer on top of a mixture of randomly oriented polycrystalline TiN and
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highly oriented Ti,N. They also reported clusters of fine (50-100 A°) precipitates consisting of
Al V, Cr, and Fe elements underneath the compound layer. The compound layer has a typical
thickness of 1-4 um and may contain traces of Ti,N,_, TiNj,, and TiO, in addition to TiN and
Ti,N [6, 14, 15, 52, 57].

Underneath the compound layer, a region of nitrogen-stabilized a-titanium, that is, a-case and
a nitrogen diffusion zone form by interstitial solid solution of nitrogen atoms in the titanium
structure. The formation of a-case, with typical hardness of 800-1000 HV, is not favorable due
to its negative effect on the ductility and fatigue strength of titanium alloys. When o + 3 and
p-titanium alloys are nitrided at high temperatures (typically higher than 800°C), a-case forms
a continuous «a-Ti layer underneath the compound layer as shown in Figure 3; however, at
lower temperatures (< 800°C), coarse and columnar a-stabilized grains were reported under-
neath the compound layer [10, 49, 50, 54, 55, 58]. Similarly, a-case may be formed during
plasma nitriding of a-titanium alloys; however, it is more difficult to distinguish unless
hydride precipitation in the substrate creates contrast against the a-case [10].

Figure 3. Optical micrographs of Ti-6Al-4V alloy after plasma nitriding in nitrogen for 3 hours at 1000°C showing the
formation of an a-case underneath the compound layer at (a) low magnification and (b) high magnification [10].

Nitrogen atoms harden the diffusion zone with a profile that has its maximum at the near
surface and gradually decreases toward the bulk. The depth of nitrogen diffusion is dependent
on the process parameters as well as the phase composition of titanium alloys due to different
solubility limits and diffusion rates of nitrogen in a- and p-titanium [5, 7, 59]. Nitrogen diffuses
three times faster in 3-Ti compared with a-Ti but has limited solubility in the B-phase [60, 61].
A study conducted by Il'in et al. [59] revealed that the addition of a-stabilizing elements such
as Al slowed down the diffusion of nitrogen in a-titanium alloys. Conversely, 3-titanium alloys
had a shallow diffusion zone due to inadequate solubility of nitrogen in the 3-phase. A higher
depth of diffusion zone was achieved in a + 3 Ti alloys that possess a combination of high
nitrogen solubility and diffusivity.

The effect of plasma nitriding process parameters on the microstructure and properties of
titanium alloys was studied by several researchers [6, 16, 57, 62]. According to da Silva et al.
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[16], the composition of plasma-nitrided Ti-6Al-4V surfaces was a very complex function of
the nitriding parameters, for example, time, temperature, gas mixture composition, and
pressure, among which temperature had the most significant influence. The x-ray diffraction
(XRD) studies on plasma-nitrided surfaces revealed that nitriding gas pressure had a minor
influence on the nitrided microstructure; however, increasing the partial pressure of nitrogen
in the mixture resulted in preferential orientation of Ti,N and promoted the formation of TiN.
They interpreted that the shift observed in [3-Ti XRD reflections corresponded to lattice
distortions in this phase and likely residual strains induced by nitriding. In addition to TiN
and Ti,N titanium nitrides, they also reported XRD reflections of V,O, orthorhombic TiO,, and
nitrogen-deficient (-Ti,N;, nitride in the compound layers formed at certain nitriding
conditions. Yildiz et al. [62] found that time and temperature of nitriding were directly
correlated with the surface hardness and roughness, thickness of the compound layer, TiN
content in the compound layer, and depth of the diffusion zone. They also reported that Al
atoms from the Ti-6Al-4V substrate tend to segregate underneath the compound layer and
form an Al-enriched layer, which impedes the inward diffusion of nitrogen during plasma
nitriding. The presence of an Al-enriched layer underneath the compound layer was also
confirmed by other researchers [6, 57].

The authors’ investigations on optimizing the plasma nitriding process parameters were aimed
at preventing the formation of a-case and microstructural changes in titanium substrates
which are detrimental to some mechanical properties for example fatigue [52, 63]. Plasma
nitriding treatments were performed in an industrial unit* consisting of a DC power supply
and control console, nitriding chamber and base assembly, hydraulic lifting system for lifting
the chamber from the base, temperature measurement system, evacuation system, gas supply,
inlet/outlet, and pressure gauges. A schematic illustration of the nitriding set-up is given in
Figure 4. No auxiliary heat source was utilized, and the heat was generated by the glow
discharge.

Titanium coupons were placed at the geometric center of a cathodic cage in order to avoid
common problems associated with DC plasma nitriding such as arcing damage, hollow-
cathode, and edging effect. Prior to each run, the chamber was cleaned through a couple of
filling/evacuation steps using Ar-H, (1:1) mixture. Subsequently, the coupons were sputter-
cleaned at the process temperature in an Ar-H, (1:1) atmosphere for a few hours after a stable
glow discharge was maintained. The nitriding gas mixture was purged into the chamber and
the nitriding cycle was completed. Consequently, the coupons were cooled down to ~150°C
inside the furnace under vacuum. Plasma nitriding was carried out at different temperatures
(500-800°C), durations (4-87 hours), and pressures (67-533 Pa) in N,/Ar and/or N,/H, mixtures
with nitrogen contents ranging between 1.5% and 75%. After each plasma nitriding treatment,
microstructural and chemical analyses were performed and the samples were subjected to
analytical microscopy examinations.

Phase constituents of the nitrided surfaces were identified using a Rigaku DMAX-1200 x-ray
diffractometer and a Rigaku MiniFlex x-ray diffractometer equipped with Cu K, tubes. The

2 Exactatherm Ltd., 2381 Anson Dr., Mississauga, ON, Canada
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Figure 4. (a) A schematic illustration of the plasma nitriding set-up, no external heating source was used and (b) titani-
um coupons were placed at the geometric center of a cathodic cage (the cage was also made of Ti alloy to minimize
contamination) [51].

developed residual stress level on the surface after plasma nitriding was measured with the
sin x-ray diffraction method using a laboratory non-destructive residual stress measurement
LXRD system?. Surface morphology and cross-sectional microstructure of the nitrided alloys
were examined under an FEI Quanta 200 Field Emission Gun (FEG) scanning electron
microscope (SEM) equipped with an x-ray energy dispersive spectroscopy (EDS) detector. For
cross-sectional study of microstructures, the nitrided surfaces were plated using an electroless
nickel coating treatment prior to metallographic preparation to protect the near-surface
microstructure against mechanical damage. The cross sections were then cut using alow-speed
diamond saw and mounted in epoxy. The metallographic procedure began with serial wet
grinding with silicon carbide abrasive papers in successive steps, followed by polishing with
diamond. Ti-10V-2Fe-3Al surfaces had an additional fine polishing step using 0.06 pm
colloidal silica suspension. The polished samples were cleaned in an ultrasonic bath of ethanol
prior to microscopic examinations.

A scanning/transmission electron microscope (5/TEM) equipped with an energy dispersive x-
ray spectrometer (Titan 80-3000) was used to investigate the microstructure of nitrided
titanium alloys in the surface vicinity. Moreover, x-ray microanalysis coupled with electron
diffraction patterns and electron energy-loss spectroscopy (EELS) was used to obtain structural
information and chemical composition of the nitrided microstructures. TEM thin-foil speci-

3 Proto Manufacturing Ltd., 2175 Solar Crescent, OldCastle, ON, Canada
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mens were prepared using focused ion beam (FIB) milling lift-out technique [64] (dual-beam
Zeiss NVision 40*) with thicknesses of around 50 nm suitable for high-resolution TEM
(HRTEM) imaging and EELS. Ion milling was performed using a gallium ion source at 30 kV
and a thin (1-2 um) layer of platinum was deposited on the milling location to protect the
surface features from the milling damage.

The microstructure of plasma-nitrided Ti-6Al-4V consisted of a 1.9-um compound layer on
the surface followed by a 44.4-um-deep nitrogen diffusion zone (Figure 5). The compound
layer consisted of Ti,N, TiN, and TiN; nitrides (Figures 6 and 7). Plasma-nitrided Ti-10V-
2Fe-3Al had a 0.5-um compound layer consisting of TiN (Fm3m), Ti,N (P4,-mnm), V,N
(P31m), with the possibility of FesN (I4-mmm) (Figures 8 and 9). Vanadium nitride, rarely
reported in the literature, was observed along titanium nitride grain boundaries possibly due
to faster diffusion of vanadium along grain boundaries (acting as short-circuit paths) at the
nitriding temperature [18, 36-37].

AN

Compound layer

Compound | .
layer

[3 particle

Diffusion
zone

10um Sunmt

Figure 5. Typical cross-sectional SEM images of plasma-nitrided Ti-6Al-4V microstructure at 600°C consisting of a
thin compound layer (1.9 + 0.5 um) and a deep (44.4 + 5.6 um) diffusion zone. Diffusion zone was delineated by the
dissolution of fine recrystallized (3-particles inside the a-grains (because nitrogen is an a-stabilizing element) and con-
firmed with the microhardness-depth profile measurements. (b) Higher magnification image of the enclosed area
marked as “b” in Figure 5a confirming the absence of a-case underneath the compound layer. (c) Higher magnification
image of the enclosed area marked as “c” in Figure 5a confirming that no phase transformations were observed in the
titanium substrate [26].

4 The Canadian Centre for Electron Microscopy (CCEM), Brockhouse Institute for Materials Research, B161 A. N. Bourns
Building, 1280 Main Street West, Hamilton, ON, Canada
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Figure 6. X-ray diffraction (XRD) analysis showing the presence of TiN, Ti,N, and TiN,; in the compound layer [63].
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Figure 7. Bright-field TEM images and the corresponding selected area electron diffraction patterns of the plasma-ni-
trided Ti-6Al-4V microstructure showing the formation of TiN (space group: Fm3m) and Ti,N (space group: P4,-
mnm) nitrides in the compound layer [63].
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[011]

Figure 8. A bright-field TEM image of the plasma-nitrided Ti-10V-2Fe-3Al microstructure and the corresponding con-
vergent beam electron diffraction (CBED) patterns confirming the formation of Ti,N (space group: P4,-mnm) and V,N
(space group: P31m) in the compound layer. V,N nitrides were located at the grain boundaries [52].
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Figure 9. X-ray diffraction (XRD) pattern of the surface of plasma-nitrided Ti-10V-2Fe-3Al indicating the presence of
titanium nitrides (TiN, Ti,N), vanadium nitride (V,N), and the possibility of iron nitride (FegN) [52].
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The depth of nitrogen diffusion was confirmed by microhardness versus depth profiles due
to the solid-solution strengthening effect of interstitial nitrogen atoms in titanium structure.
Microhardness profiles were obtained by microindentations at a maximum load of 245 mN
(25 grf) using a diamond Vickers tip on tapered cross sections (CSM Instruments Micro-Combi
Tester) and the microhardness values were determined based on load-penetration depth
curves [65]. A deep nitrogen diffusion zone (35 + 5 um) in Ti-10V-2Fe-3Al after an 8-hour
treatment (Figure 10) was attributed to the high 3-phase content of the alloy with high nitrogen
diffusivity [18, 22, 30, 47]. The prolonged sputtering of the surfaces prior to the nitriding
process in this research also has accelerated the nitrogen diffusion by formation of several
dislocations inside the a-grains. It has also been reported that the Ar+H, sputtering increased
the nitriding kinetics in ferrous alloys by providing easy diffusion paths for nitrogen intersti-
tials and eliminating inherent surface oxides [48, 49].
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Figure 10. The microhardness-depth profile of the plasma-nitrided Ti-10V-2Fe-3Al. The diffusion zone extended to a
depth of ~35+ 5 um underneath the compound layer [52].

4. Tribological properties of plasma-nitrided titanium alloys

Titanium alloys are renowned for their poor tribological characteristics, their strong adhesion
tendency, high wear rates, susceptibility to seizure and galling, and high and unstable
coefficient of friction [66-71]. Severe material transfer occurs during sliding of titanium alloys
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against themselves and other alloys®, ceramics, or even polymers [72-75]. This behavior is
attributed to their low resistance to plastic shearing, low work hardening, the brittle nature
and low sliding resistance of their inherent surface oxides, and possibly microstructural
embrittlement by oxygen dissolution [67, 76-78].

Although it is well established that plasma nitriding improves the wear resistance of titanium
alloys, the tribological behavior of plasma-nitrided titanium surfaces is a function of the
hardness of surface layers, surface roughness, the presence of brittle nitriding microstructural
features, and the depth of nitrogen diffusion zone. Thus, the wear resistance of plasma-nitrided
titanium surfaces is dependent on the process parameters, microstructure, and chemical
composition of the titanium substrate and sliding conditions.

One of the earliest investigations on wear behavior of plasma-nitrided titanium alloys was
performed by Bell et al. [10]. They reported that the high wear rate and high coefficient of
friction of Ti-6Al-4V (COF = 0.3) were effectively improved by plasma nitriding (800°C, 12
hours, N, atmosphere). They attributed the low coefficient of friction (COF = 0.05), low wear
rate, and anti-scuffing characteristics of the plasma-nitrided surfaces to the hardness of the
compound layer.

Taktak and Akbulut [79] performed plasma nitriding at temperatures ranging from 700°C to
900°C for different durations and reported that the treatment performed at the highest
temperature for the longest duration exhibited the best wear resistance and friction behavior.
This was correlated with the compound layer thickness and hardness; however, the compound
layer failure at high applied loads resulted in a transition to high wear rates, close to those of
the untreated alloy. Higher plasma nitriding temperatures of 900°C, 1000°C, and 1100°C were
studied by Shashkov [80] in different titanium alloys for different durations in N, atmosphere.
They reported some wear resistance for plasma-nitrided titanium alloys at 900°C and reduc-
tion of wear resistance for nitrided alloys at higher temperatures and durations. They clarified
that plasma nitriding of titanium alloys at elevated temperatures was accompanied by
embrittlement due to the formation of brittle nitride layers and microstructural changes in the
bulk such as grain coarsening.

The tribological behavior of Ti-6Al-4V alloy plasma-nitrided at temperatures ranging between
450°C and 520°C were studied by Yilbas et al. [81] against ruby counterpart in lubricated
conditions. They reported that the scuffing and high friction coefficients, observed in the
untreated alloy after a few sliding cycles, were avoided in the plasma-nitrided surfaces before
the breakthrough of nitrided layers. This breakthrough was delayed when plasma nitriding
was performed at 520°C due to a higher depth and hardness of the diffusion zone.

The wear mechanisms of plasma-nitrided Ti-6Al-4V alloy were studied by Molinari et al. [55].
The plasma nitriding treatments were carried out at different temperatures of 700°C, 800°C,
and 900°C in a N,—H, (4:1) gas mixture for 24 hours and tested against disks that had seen the
same treatments. They found that the wear resistance was dependent on the microstructure
and surface roughness of the nitrided surfaces and wear test conditions. At the lowest sliding

5 Except Ag-10Cu alloy and Babbitt metal (grade 2) that showed no galling against Ti-4Al-4Mn alloy
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speed (0.3 m/s), nitriding inhibited oxidation-dominated wear in Ti-6Al-4V and decreased
wear by providing resistance against adhesion and microfragmentation. However, compound
layer failure that occurred at low-to-moderate loads for low-temperature (700°C) nitriding and
at high loads for elevated temperature (800°C and 900°C) nitriding led to third-body abrasion
and high wear rates. Plasma nitriding reduced wear at high sliding velocities (0.6 m/s and 0.8
m/s) by restricting the extensive plastic deformation and delamination wear of the titanium
substrate. The elevated temperature plasma treatments exhibited better wear performance at
high loads due to their higher thickness of the compound layer and depth of diffusion zone,
but lower wear resistance at low loads possibly due to the increased residual stress level in the
nitride layers and higher surface roughness.

The same authors also studied the wear mechanisms of Ti-6Al-4V alloy plasma nitrided at
800°C under lubricated rolling-sliding conditions [66]. Their findings indicated that the
efficiency of lubricants was reduced by plasma nitriding, resulting in higher friction, possibly
due to the better wettability and higher ionic character of the inherent titanium oxides
compared with the titanium nitrides of the compound layer. However, the wear rates de-
creased by plasma nitriding and had an inverse relationship with the nitriding duration. The
insufficient wear improvement after a short-duration process (8 hours) was related to the
inadequate depth of nitriding and lack of support for the compound layer. On the other hand,
an elongated nitriding treatment (24 hours) promoted a deeper diffusion zone that retained
the compound layer on the surface under sliding conditions.

The positive role of a deep diffusion zone in tribological behavior of plasma-nitrided titanium
alloys was also established by Nolan et al. [82], upon comparing plasma-nitrided and physical
vapor deposition (PVD)-coated surfaces. Significantly lower mass loss was observed for
plasma-nitrided Ti-6Al-4V with a 2-um compound layer on top of an approximately 40-um
diffusion zone compared with the PVD-coated surface with a 2-um TiN layer. Examination of
worn surfaces and cross sections indicated that the compound layer endured the applied loads
without significant subsurface plastic deformation. They proposed that the strengthening
effect of the solid solution nitrogen atoms within the diffusion zone provided mechanical
support for the compound layer and improved the wear resistance. Moreover, a gradual
hardness profile decreased the chances of interfacial debonding due to a gradual change of
elastic modulus and hardness from the surface toward the bulk.

The effect of nitriding microstructural features on the wear performance of plasma-nitrided
titanium alloys was further elucidated by Cassar et al. [83]. They plasma-nitrided Ti-6Al-4V
alloy using a triode set-up at low (200 V) and high (1000 V) voltages and evaluated the wear
behavior against WC—Co and sapphire. The low-voltage treatment formed a thin compound
layer on a deeply strengthened diffusion zone and despite the lower hardness of the compound
layer, it provided better wear resistance compared with the high-voltage treatment especially
at high loads. The thin compound layer could conform to the substrate deformation without
experiencing spallations as the maximum shear stress was constrained within the diffusion
zone. Bloyce et al. [30] explained that when the maximum applied stress during sliding exceeds
the substrate yield strength, it experiences plastic deformation as evidenced by elongated

81



82

Plasma Science and Technology - Progress in Physical States and Chemical Reactions

grains within the subsurface and material pile-up. However, the TiN/Ti,N surface layer cannot
conform to the plastic deformation due to its low fracture toughness.

Recent studies by the authors investigate the failure micromechanisms of plasma-nitrided Ti—
6Al-4V under dry sliding conditions using microscratch tests [63]. The tests were carried out
using a diamond Rockwell tip with a 200-um radius (CSM Instruments Micro-Combi tester)
according to the ASTM C1624 standard [84]. Lateral displacement speed of 1 mm/min and
loading rate of 10N/min were selected for the experiments. In addition to normal and tangential
force (resolution of 0.3 mN), penetration depth (resolution of 0.3 nm) and acoustic emission
signals were recorded during each test. Two types of tests were carried out: (i) progressively
increasing load tests and (ii) constant load tests (loads selected according to the critical loads
determined in (i)). During the progressive tests, the applied load linearly increased from 0.03
to 20 N as the tip moved at a constant displacement speed on the surface. The critical loads
corresponding to the onset of coating failure events were identified using acoustic emission
signals and subsequent SEM observations. In-depth site-specific cross-sectional analysis of
scratch paths was carried out using a LEO (Zeiss) 1540 XB dual-beam FIB/SEM fitted with an
EDS detector®. A thin layer of osmium (~3 nm) was deposited on the surfaces prior to the
milling process to increase conductivity, prevent charging, and enhance the secondary electron
yield for imaging. After locating the region of interest, a 2-um-thick layer of platinum was
deposited on the selected area to prevent surface features from damage during the milling
process. The ion milling began by cutting a trench normal to the deposited platinum layer,
using Ga ions from a Ga-based liquid metal ion-source (LMIS), at an accelerating voltage of
30kV. All the FIB trenches were made parallel to the scratch direction of the scratch paths. The
ion-milled trenches were imaged using a 1 kV electron beam located at a 54° angle.

The results indicated that failures initiated by the formation of microvoids within the com-
pound layer likely atgrain boundaries. Increasing the applied load led to the formation of
microcracks that propagated intergranularly within the compound layer and finally into the
diffusion zone. The low resistance of nitrided surfaces to crack initiation and growth was
correlated with the brittle nature and low damage tolerance of the compound layer [10].
However, it was observed that the deeply strengthened diffusion zone improved the adhesion
of compound layer to the underlying substrate and prevented the spallation/delamination
events under sliding contact. Moreover, subsurface crack propagation was retarded by ductile
[-particles in the diffusion zone (Figure 11). The high resistance of 3-phase to crack propaga-
tion in plasma-nitrided titanium alloys was confirmed by testing a plasma-nitrided near-[3 Ti—
10V-2Fe-3Al alloy under the same conditions (Figure 12). It was proposed that the optimum
microstructure consisted of a thin compound layer supported by a deep diffusion zone
consisting of B-particles. Keeping that in mind, a low-temperature plasma nitriding treatment
was developed for Ti-10V-2Fe-3Al alloy [52]. Evaluation of the tribological properties of the
plasma-nitrided Ti-10V-2Fe-3Al surfaces using microscratch tests revealed that the coefficient
of friction values were reduced by more than 72% and the nitrided surfaces exhibited an
excellent load-bearing capacity. The compound layer did not experience any failures, for

6 Western Nanofabrication Facility, University of Western Ontario, London, ON, Canada
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example, buckling or spallation, and maintained a good interfacial bonding to its substrate up
to the high applied load of 17 N where partial chipping of the coating was observed at the
scratch rims. Despite a low thickness, the compound layer suppressed the adhesion tendency
and transfer of titanium due to high hardness and chemical inertness of TiN and Ti,N [32, 33],
and high toughness and adhesion resistance of V,N [34, 35]. The deep diffusion zone (35 + 5
pum) underneath the compound layer also contributed to high load-bearing capacity of the
nitrided alloy by providing a good mechanical support for the compound layer [20, 3942,
45-46]. The diffusion zone inhibited premature failures at the surface by mitigating the
significant difference in the deformation behaviors of the compound layer and Ti-10V-2Fe-
3Al substrate and acting like a “functionally-graded interface” [43, 44].
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Figure 11. A typical SEM image of the FIB-milled cross section of the scratch track on the surface of plasma-nitrided
Ti-6Al-4V at the highest load of 20 N showing that the microcracks initiating from the surface were stopped at 3-parti-
cles in the diffusion zone [63].
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Figure 12. (a) A typical SEM image of the FIB-milled cross section of the scratch track on the surface of plasma-nitrided
Ti-10V-2Fe-3Al and (b) the corresponding EDS mpas for aluminum and vanadium confirming that the 3-particles in-
hibited further crack propagation in the subsurface region [63] (CL: compound layer, DZ: Diffusion zone).
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Surface roughness of plasma-nitrided titanium alloys is another influential factor on their
sliding behavior. Salehi et al. [85] investigated the effect of surface topography on the wear
behavior of PVD TiN-coated and plasma-nitrided Ti-6Al-4V surfaces. They found that the
compound layer thickness and surface roughness both increased with plasma nitriding-
treatment temperature and proposed that sputtering is responsible for the changes in surface
roughness. They reported that under self-mating conditions, oxidational wear dominated with
significant mass loss for surfaces of higher roughness and thicker compound layers. Sliding
wear tests against alumina counterface revealed that plasma nitriding at high temperatures
(850°C and 950°C) yielded low wear rates at high loads due to thick compound layers but high
wear rates at low loads due to high surface roughness. Plasma-nitrided surfaces at low
temperatures (700°C and 750°C) improved the wear resistance below a critical load, above
which the compound layer spalled off and the coefficient of friction increased abruptly. Similar
observations were made by Yildiz et al. [62].

5. Mechanical properties of plasma-nitrided titanium alloys

Nitriding improves the fatigue strength of steels due to the precipitation of submicroscopic
alloying element nitrides and compressive residual strains in the diffusion zone. Conversely,
nitriding of titanium alloys does not promote precipitation strengthening mechanisms [86]
and also leads to inevitable adverse effects on the toughness and fatigue properties [10, 24, 87—
89]. In this section, the correlation between plasma nitriding and mechanical properties of
titanium alloys is presented, and since the microstructural features of gas-nitrided Ti alloys
affect fatigue properties in the same manner, gas nitriding investigations have been occasion-
ally referred to in this section.

Due to the slow kinetics of nitrogen diffusion in titanium alloys, relatively high temperatures
(>700°C) are used to produce sufficient depth of nitriding. Typical plasma nitriding treatments,
performed in the temperature range of 700-1100°C for several hours, cause bulk microstruc-
tural changes such as significant grain growth and overaging that adversely affect the fatigue
behavior [10, 22, 23]. Moreover, it has been reported by several researchers that the formation
of brittle features in the surface vicinity and bulk microstructural changes are the main
contributing factors in premature failure initiation and deterioration of mechanical properties
of titanium alloys after nitriding [10, 49, 50, 54, 55, 58, 90, 91].

According to Morita et al. [90] and Tokaji et al. [92], the formation of the compound layer and
grain growth were equally responsible for the fatigue deterioration of gas-nitrided titanium
alloys. Morita et al. [90] proposed that the high stiffness gradient between the compound layer
and Ti substrate (Eqompound layer = 426 GPa, Er; =100 GPa) led to stress concentration at the surface.
The resulting stress concentration cancelled the effect of compressive residual stresses and led
to the premature fracture initiation at the surface due to the low fracture toughness of the
compound layer. They also reported that the fatigue strength had a Hall-Petch relationship
with the grain size of nitrided titanium and the negative effect of grain growth was more
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pronounced for elongated treatments at high temperatures. Consequently, promising results
were obtained by inhibiting grain growth through a low-temperature nitriding process.

Tokaji et al. [92] separated the effect of nitriding on the substrate microstructure by subjecting
the titanium alloys to the same heating cycle under vacuum. The results indicated a slight
increase in the fatigue limit compared with the annealed Titanium alloys after a 4-hour
nitriding treatment, but 15 hours of nitriding significantly reduced the fatigue strength. They
believed that the compound layer and diffusion zone were both responsible for impaired
fatigue properties and observed improvements in fatigue life by complete removal of the
compound layer and partial removal of the diffusion zone (Figure 13). Similar results were
found by Nishida and Hattori [24] and Rodriguez et al. [93] after plasma nitriding of Ti-6Al-
4V. They reported that the fatigue strength of plasma-nitrided Ti alloys was lower than the
untreated alloy but was similar to — or even slightly better than — that of the vacuum-annealed
alloy with the same heating history. The fatigue endurance limit was found to be inversely
related to the plasma nitriding temperature and increased by about 30 MPa when the brittle
compound layer was removed after plasma nitriding. Rodriguez et al. [93] reported that the
bulk microstructural changes from mill-annealed to Widmanstatten structure were caused by
a reduction in low-cycle fatigue resistance. They proposed that imposed strains during cyclic
loading at low loads were not sufficient for compound layer failure, and thus the residual
compressive strains retarded the fatigue crack nucleation. However, the compound layer failed
at high cyclic strains due to a high surface roughness and the different stiffness between Ti-
6Al-4V and titanium nitrides.

900
(b) Ti-6Al1-4V alloy & STA
~ i Rotating o Ad
& 800 L bending e N4
= L ®=-1)
o
S 700 »
-qo; i 5 44 m
2 600 K m 304m
A -
] \1 o
% 5001 3
o | o Al5
77 m NIS
400 L—- A Surface removal for N15
1 lllllll| 1 llllllll 1 IIIJ_I_LJJ 11 Illllll
103 104 10° 100 107

Number of cycles to failure Ny

Figure 13. The S-N curve obtained by rotation bending fatigue tests on Ti-6Al-4V alloy. STA: solution treated at 950°C
for 1 hour and aged at 540°C for 4 hours; A4 and N4: annealed and nitrided at 850°C for 4 hours; A15, N15: annealed
and nitrided at 850°C for 15 hours [92].
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Several researchers including Bell et al. [10, 25] and Guiraldenq et al. [94] correlated the
impaired fatigue properties of titanium alloys after plasma nitriding to the thickness of the a-
case. The a-case is a brittle layer (typical hardness 800-1000 HV) formed beneath the com-
pound layer at high nitriding temperatures (= 800°C), and its formation has proven to be
detrimental for ductility and fatigue strength [10, 49, 50, 54, 55, 58].

Raveh et al. [50] believed that in addition to the surface hardness, fatigue crack initiation was
also a function of residual strains in the nitrided layers, crystallographic orientation of different
phases, and segregation of alloying elements near the surface region. The fatigue crack
initiation resistance decreased with TiN content of the compound layer and the surface
hardness due to its brittle nature. Moreover, incorporation of Ar in the nitriding plasma also
decreased the crack initiation resistance, possibly as a result of inducing microstrains in the
nitrided layers.

Conversely, according to Sobiecki and Rudnicki [95], plasma nitriding (at 800°C for 3 and 12
hours) increased the fatigue strength of Ti-1Al-1Mn alloy from 350 to 390 MPa. A plasma
nitriding treatment at 500°C for 6 hours in nitrogen-hydrogen (3:1) gas mixture in the work
of Rajasekaran and Raman [96] also resulted in improvements in uniaxial plain fatigue and
fretting fatigue behavior of Ti-6Al-4V alloy. Lower surface roughness, generation of com-
pressive residual stresses on the surface, and higher surface hardness were considered the
main factors responsible for the fatigue improvements. The surface hardness after plasma
nitriding (390 HV ,) was slightly higher than the untreated material (330 HV ,), and the surface
roughness was reduced by plasma nitriding (R, decreased from 0.80 to 0.55 um) due to
smoothing of the pretreatment grinding marks by sputtering. Furthermore, compressive
residual stresses developed on the surface (in the order of 40 MPa) due to nitrogen diffusion
in the titanium lattice. Fretting test results also indicated lower friction forces and shallower
fretting scars for nitrided samples at all stress levels. Contradictory results were reported by
Ali and Raman [88] who carried out plasma nitriding on Ti-6Al-4V alloy at 520°C for 4 and
18 hours and found that both plain and fretting fatigue lives were reduced by plasma nitriding.
The samples that were nitrided in a nitrogen-hydrogen (3:1) atmosphere showed inferior
results compared with those nitrided in a pure nitrogen atmosphere likely due to the higher
hardness of surface layers in the former nitriding conditions.

In a recent investigation by the authors, a plasma nitriding treatment was designed for Ti-
10V-2Fe-3Al 3-titanium alloy to address its susceptibility to adhesion without any detrimental
effects on bulk microstructure. Uniaxial tensile tests were conducted at room temperature on
small-sized specimens (6 mm in diameter and 24 mm in length at the gauge section) conform-
ing to the specifications outlined in the ASTM E8M standard [97]. The tensile tests were
performed at a cross-head speed of 0.5 mm/min (MTS Criterion-43) and strain values were
measured using a clip-on axial extensometer to an accuracy better than + 0.5% of the applied
strain. Subsequently, the engineering stress—strain curves were constructed and the offset yield
strength, ultimate tensile strength (UTS), and ductility (tensile elongation) were determined.
It was found that the modified nitriding process led to improvements in the tensile (from 881.0
to 922.5 MPa) and yield (from 821.5 to 873.0 MPa) strengths of the alloy with a minor decrease
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in the elongation (from 18.9% to 15.9%). The reduction of tensile elongation was possibly due
to the mutual influence of precipitation of a-phase during age hardening and the solid-solution
strengthening effect of nitrogen interstitials. Similar observations were made by Akahori et al.
[98] after gas nitriding experiments on Ti-Nb-Ta—Zr (-titanium) alloy. More importantly, as
confirmed by TEM observations and tensile test results, the formation of brittle w precipitates
(forming in the range of 250-450°C [2, 4, 10, 12]) and a-case was avoided by optimizing the
nitriding parameters.

Rotation bending fatigue tests (fully reversed cyclic loading, R = -1) were utilized in another
investigation to evaluate the performance of plasma-nitrided Ti-6Al-4V alloy under cyclic
loading conditions [26]. The tests were conducted using an R. R. Moore fatigue tester (Instron)
at a frequency of 3000 rpm. The first samples were tested at ~20% of the tensile strength where
failures were expected to occur at a relatively short number of cycles. The testing stress was
decreased for the rest of the samples until at least three samples did not fail at 107 cycles (run-
out). The highest stress at the run-out was taken as the fatigue endurance limit. The fatigue
samples had an hour-glass configuration with a tapered length of 50 mm and a diameter of
5.6 mm in the thinnest section. The stress-life (S-N) curves were constructed and used to
evaluate the resistance to fatigue crack initiation. The fracture surfaces were then analyzed
under the SEM (Quanta 200 FEG-SEM) at an accelerating voltage of 10 kV to investigate the
failure micromechanisms.

The fatigue tests were also performed on untreated Ti-6Al-4V alloy under the same conditions
for the purpose of comparison. The gauge section of the untreated samples was mechanically
polished using 1-um diamond suspension in the last step to an average surface roughness
(R,) and root-mean-squared roughness (RMS) of 0.14 and 0.18 pum, respectively. The surface
roughness measurements were obtained using an optical profilometer (Wyko, Veeco NT1100).

A low-temperature plasma nitriding (600°C) was exploited to achieve a microstructure
consisting of a thin compound layer (<2 um) supported by a deep diffusion zone (>40 um)
without any significant changes in the substrate (only a ~40% increase in the average grain
size). It was found that the low-temperature plasma nitriding resulted in improvements in
fatigue strength of plasma-nitrided Ti-6Al-4V compared with conventional nitriding treat-
ments (Figure 14). Moreover, the plasma-nitrided Ti-6Al-4V alloy at 600°C illustrated a ductile
type of failure under uniaxial tensile loads. Periodic transverse cracks observed on the plasma-
nitrided surfaces perpendicular to the loading direction without any signs of spallation
confirmed a well-bonded interface between the compound layer and the substrate. Similar
observations were reported by Chen et al. [99] for TiN coatings on stainless steel substrates
under tensile loads. Conversely, plasma nitriding at an elevated temperature of 900°C led to
substantial deterioration of strength, toughness, and fatigue life. This was attributed to
premature failure of thick and brittle nitrided surface layers — a 5.6-um-thick compound layer
and a 19.3-um «a-case — acting as stress risers and promoting a brittle type of failure in the alloy
as well as substantial grain growth (370% increase in the average grain size compared with
the untreated alloy) and phase transformation in the bulk microstructure from equiaxed to
coarse lamellar grains (~5 times higher average grain size value) as shown in Figure 15.
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Figure 14. Comparison of the fatigue data obtained for plasma-nitrided Ti—-6Al-4V with the conventional gas and plas-
ma nitriding treatments in the literature [26].

According to fractographic investigations of the fatigue failures in low-temperature plasma-
nitrided Ti-6Al-4V alloy, the fatigue failure initiated at the surface in the low cycle region (N
<10° cycles) and propagated in a ductile manner leading to the final rupture. No failures were
observed in the high cycle region (N > 10° cycles) and the nitrided alloy endured cyclic loading
until the tests were stopped at 107 cycles. The thin compound layer restricted the extent of
premature crack initiation from the surface, whereas the deep diffusion zone with a well-
bonded interface decreased the likelihood of fatigue initiation at (or below) the compound
layer interface. Although the compound layer exhibited signs of plastic deformation under
cyclic loading conditions, fragmentation of the compound layer and brittle failure features
observed at the fatigue crack initiation sites suggested that brittle fracture of the compound
layer was the precursor to the fatigue failure (Figure 16). The observation of striation-like
features within the diffusion zone in the vicinity of the crack origin indicated the possibility
that the crack formation was triggered by intrusions and extrusions and plastic deformation
of the underlying diffusion zone. The fatigue cracks consequently propagated in the same
manner as the untreated alloy. The beneficial effect of compressive residual stresses in the
compound layer (-530 MPa) was overshadowed by the stress concentration in this layer due
to the modulus mismatch with the substrate. Surface roughness was also an influential
parameter on the fatigue strength of the nitrided alloy as by polishing the nitrided surfaces, a
higher number of cycles were dedicated to the formation of fatigue cracks compared with the
as-treated condition resulting in an improved fatigue life (Figure 17). Similar results were
reported by Cassar et al. [91] and Novovic et al. [100] for the fatigue behavior of surfaces with
average roughness values of 0.1 um and higher.
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Figure 15. Typical cross-sectional SEM micrographs of the microstructure of plasma-nitrided Ti-6Al-4V treated at
900°C [26].
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Figure 16. (a) A typical SEM image of the general view of the fatigue fracture surface of plasma-nitrided Ti-6Al-4V
and (b) striation-like features and microcracks in the surface vicinity [26].
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Figure 17. Stress-life (5-N) curves showing the effect of plasma nitriding on fatigue behavior of Ti-6Al-4V. It was
found that decreasing the surface roughness with polishing resulted in an increase in the fatigue strength [26].

6. Recent development in plasma nitriding titanium alloys

As explained in Section 5, the main reasons for the initiation of premature failures in nitrided
titanium alloys are the brittle nature of the compound layer and the a-case, the incompatibility
in deformation behavior of the compound layer and the substrate and lack of sufficient
adhesion at their interface. As such, the compound layers cannot conform to the extensive
plastic deformation of titanium substrates and eventually experience adhesive (from the
interface) or cohesive (within the compound layer) failures. Thus, the mechanical response
mismatch between the nitride layers and substrates should be minimized in order to enhance
the load-bearing capacity of the nitrided surfaces. The effective practical measures are based
on eliminating discrete nitride layer—substrate boundaries by the design and fabrication of
multilayer coatings and coatings with gradient diffusion boundaries [29, 31, 36, 82, 83, 101]. A
summary of recent investigations are presented in this section.

6.1. Duplex treatments

Duplex treatments were introduced to the field of surface engineering of titanium alloys to
exploit the benefits of wear-resistant coatings and the deep hardening effect of diffusion
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treatments [30-34, 102]. Significant improvements in wear resistance and long-term durability
of titanium surfaces have been achieved by deposition of diamond-like carbon (DLC) coatings
after diffusion hardening by plasma nitriding [103] or thermal oxidation [104, 105].

The beneficial role of plasma nitriding pretreatment in accommodating subsurface deforma-
tion and preventing premature failures in DLC-coated Ti-6A1-4V was confirmed in the work
of Meletis et al. [103]. In their experiments, radio-frequency plasma nitriding treatment was
utilized for substrate surface hardening, followed by deposition of DLC coatings with a silicon
interlayer. In addition to substantial reduction of wear and coefficient of friction, it was found
that the nitriding pretreatment retarded catastrophic failure of DLC coatings during sliding at
high contact loads.

In another investigation by Dong [36], the combined effect of electron beam melting and
plasma nitriding treatments resulted in significant improvements in wear resistance and load-
bearing capacity of Ti-8.55i titanium alloy. Electron beam melting generated a deep strength-
ened zone (800 HV to a depth of 600 pm) in the alloy before plasma nitriding that provided
support for the nitride layer under sliding contact. As a result, the surface nitride layer endured
the stresses applied during wear tests without spalling, leading to a three orders of magnitude
reduction of wear rate compared with the untreated titanium alloy.

Several researchers also introduced duplex treatments that are composed of plasma nitriding
and physical vapor deposition (PVD) or chemical vapor deposition (CVD) of nitride coatings.
Rie et al. [106, 107] used plasma-assisted CVD (PACVD) technique to produce a thick TiN layer
on top of plasma-nitrided substrates to enhance wear and corrosion resistance for biomedical
applications. Their findings indicated that the duplex-treated surfaces were free of wear
against ultrahigh-molecular-weight polyethylene under the tested conditions, and the
corrosion resistance and biocompatibility of the untreated titanium alloy were preserved. Wear
improvements were also confirmed by Ma et al. [108] through plasma nitriding and plasma-
enhanced chemical vapor deposition (PCVD) of TiN coatings of Ti-6Al-4V substrates. They
correlated the wear enhancement to higher surface hardness of PCVD coating and its strong
adhesion to plasma-nitrided substrate. Other coatings, such as CrN, CrAIN, and WC/C, were
also deposited on plasma-nitrided titanium alloys, in addition to TiN, by Cassar et al. [35, 91,
109]. Evaluation of the duplex-treated surfaces by impact tests, ball-on-disk wear tests, rotation
bending fatigue tests, and microscratch tests revealed improvements in wear resistance,
adhesion, and resistance to fatigue crack initiation. This was attributed to higher load support
and adhesion strength offered by hard-coated surfaces and deeply strengthened substrates. It
was noted that chromium aluminum nitride (CrAIN) coatings exhibited superior wear
performance due to their high hardness and low elastic modulus (higher H*/E? parameter).

6.2. Surface pretreatments

Alteration of the microstructure in the surface vicinity via thermochemical (e.g., laser-assisted
treatments, electron beam melting, etc.) and mechanical (e.g.,, mechanical attrition, shot
peening, etc.) pretreatment processes [27, 28] has been successfully used for increasing the
nitriding efficiency of titanium alloys. Microstructural changes thus introduced, such as
significant grain refinement and nonequilibrium defects, act as diffusion shortcuts and
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enhance the nitriding kinetics and efficiency during the posterior plasma nitriding treatment
even at low temperatures [110-115].

Shot peening, extensively used for fatigue improvement, is based on introducing compressive
stresses in the surface layers via impingement of high-velocity shots, under controlled
conditions. Various types of shots such as cast steel shots, cut wire shots, glass beads, and
zirconium shots are available, and the air blast can be delivered by either suction blast or
pressure blast depending on the budget, target substrates, and the required precision. In
addition to the development of a residual stress profile near the surface, shot peening results
in surface roughening, strain hardening, and formation of a subsurface plastic deformation
zone. Surface roughening favors early nucleation of fatigue cracks, whereas strain hardening
and compressive residual stresses increase the resistance to plastic deformation and fatigue
crack propagation by providing crack closure mechanism. Recently, improvements in the
sliding wear behavior and tensile properties have been reported by shot peening due to its
surface hardening effect [116].

Experimental studies showed that shot peening can introduce a severely deformed layer in
the surface vicinity characterized by significant refinement of grains and generation of
nonequilibrium defects [110-113]. The thickness of this severely deformed layer may vary in
the range of 10-80 um depending on the microstructure and properties of the substrate
material; metals of a lower yield strength experience a more intense plastic deformation that
extends deeper into the substrate [117]. A high-energy shot peening treatment by Han et al.
[27] resulted in the formation of a nanostructured layer on the surface of Ti-4Al-2V alloy. This
treatment also introduced microstructural changes such as twinning and grain refinement that
extended to ~230 um below the surface. They proposed that the grain refinement occurs
through various mechanisms such as “formation of dislocation walls and tangles,” “disloca-
tion movement and twinning,” and “mechanical twinning” depending on the crystal structure
and stacking fault energy (SFE) of metals. Mechanical twinning was recommended to have
major contributions in grain refinement of Ti—4Al-2V alloy due to its HCP structure and high
stacking fault energy (SFE > 300 mJ/m?). The high level of plastic deformation induced by shot
peening resulted in activation of many slip systems and a high density of dislocations within
the twin bands. Subsequently, dislocation walls were formed, which in turn generated
submicron-sized grains, small misoriented subgrains and finally equiaxed fine nanograins (35
+5nm). Further studies were performed by Thomas and Jackson [118] to understand the effect
of temperature and alloy composition on the subsurface microstructure of shot-peened
titanium alloys.

Alteration of surface microstructure by introducing high-diffusivity paths such as grain
boundaries, dislocations, and atomic-level microstructural defects by shot peening can be used
to accelerate the diffusion of interstitial atoms [112]. Thomas et al. [114, 115] reported that
generation of a high density of twin boundaries and dislocations in the near-surface region of
pure titanium and Ti—4Al-2V alloys after shot peening increased the oxygen uptake during
the following thermal exposure in air. Moreover, the high stored energy associated with the
higher density of these nonequilibrium defects increases chemical reactivity of surfaces and
enhances the kinetics of surface reactions [113]. Several researchers have confirmed that
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microstructural changes brought by severe plastic deformation (SPD) in ferrous alloys
enhanced the nitrogen diffusion rate during the posterior nitriding treatments and increased
the efficiency of nitriding at lower temperatures [110-113]. The effect of shot peening after
diffusion treatments has also been studied in the literature. In a recent study, Bansal et al. [119]
designed a series of duplex treatments for Ti-6Al-4V alloy composed of diffusion treatments
(nitriding and oxygen diffusion) followed by mechanical working (shot peening and planish-
ing). The results of dry reciprocating ball-on-disk wear tests against stainless steel 440C and
silicon nitride sliders indicated improvements in wear resistance by introducing a short period
of low friction and lower volumetric wear.

Severe
7 plastic

_deformation

Plastic
dgformation -
Fro L
_ Twinming

Figure 18. Typical cross-sectional SEM images showing the microstructure of Ti-6Al-4V after shot peening. A 5-um
deep severe plastic deformation (SPD) layer was formed on the surface characterized by elongation of intergranular {3-
particles parallel to the surface [28].

Severe plastic deformation surface layer introduced by shot peening pretreatment was found
to enhance the plasma nitriding efficiency of Ti-6Al-4V alloy [28]. The high level of plastic
strains induced by shot peening resulted in the formation of a 5-um deep SPD layer on the
surface characterized by twins, deformation bands, grain refinement, and a high density of
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Figure 19. Typical cross-sectional bright-field TEM images of the near-surface microstructure of plasma-nitrided Ti-
6Al-4V alloy with shot-peening pretreatment and the corresponding selected area electron diffraction (SAED) patterns
[28].

nonequilibrium crystal defects such as subgrain boundaries and dislocation pile-ups (Figure
18 and Figure 19). This is in agreement with the 20% increase in the surface hardness value
due to the work hardening of the SPD layer. The formation of the SPD layer resulted in
accelerated nitriding kinetics during the plasma nitriding treatment that followed due to two
main reasons: (i) grain boundaries, deformation bands, and twins provided easy diffusion
paths for nitrogen interstitial atoms and (ii) high density of nonequilibrium crystal defects
increased the stored energy of the surfaces and their chemical reactivity and offered additional
preferential nucleation sites for titanium nitrides [111, 120]. The accelerated nitriding kinetics
resulted in the formation of a 0.6-pm-thick nanocrystalline TiN layer in the compound layer
(Figure 19) and increased the depth of nitrogen diffusion by almost 50% normally observed in
high-temperature nitriding treatments (e.g., 900°C) [121]. As such, the plasma-nitrided
surfaces that received the pretreatment step exhibited higher load-bearing capacity and better
interfacial bonding compared with those without the pretreatment. The presence of nanoscale
TiN grains increased the hardness and toughness of the compound layer and the compound
layer endured high contact stresses for several sliding passes without chipping or spallation.
In comparison, plasma-nitrided surfaces without the pretreatment experienced severe
delamination and coating spallation after only two sliding passes in microscratch tests. The
deep diffusion zone in the pretreated surfaces, strengthened by nitrogen interstitials, also
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contributed to a well-bonded interface and diminished the incompatibility in plastic defor-
mation of the compound layer (E = 250-600 GPa [122, 123]) and substrate (E =110 GPa [124])
by providing a more homogenized stress distribution across the interface [30, 104, 125-127].
Thus, the shot-peening pretreatment improved the nitriding efficiency of low-temperature
plasma nitriding without introducing detrimental microstructural changes in the substrate
that would lead to sacrificing mechanical properties.

7. Summary

Plasma nitriding is a surface hardening treatment utilized to improve the tribological proper-
ties of titanium alloys by the formation of a compound layer mainly consisting of TiN and Ti,N
titanium nitrides on the surface. However, plasma nitriding has a negative side effect on the
mechanical properties of titanium alloys, especially fatigue strength, since the high tempera-
tures involved in the treatment (700-1100°C) promote formation of brittle surface layers and
detrimental microstructural changes in the bulk. Recent advancements in the field of plasma
nitriding of titanium alloys are focused on the development of low-temperature (600°C or less)
treatments as well as increasing the long-term durability of the nitrided surfaces through
deposition of hard surface coatings such as diamond-like carbon and PVD/CVD nitride
coatings. Furthermore, alteration of the surface microstructure by thermochemical and
mechanical pretreatment steps is also successfully applied for increasing the nitriding
efficiency during low-temperature plasma nitriding of titanium alloys.
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