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1. Abstract

Despite the popularity of a number of techniques of thermochemical diffusion for titanium, in
many cases the surface engineering processes used may not be economically viable options for
industry. This work focuses on the application of Powder Immersion Reaction Assisted Coating
(PIRAC), arelatively inexpensive nitriding treatment that is capable of providing a remarkable
improvement in the surface characteristics of titanium alloys. The aim of this work was to
determine whether PIRAC could be successfully applied-®Al-4V and the high-performance

neare titanium alloy Timetal 834. In order to study the response of these materials to PIRAC
nitriding, techniques such as X-ray diffraction, micro-indentation hardness, surface profilometry,
optical and electron microscopy, nano-scratch adhesion testing and ball-on-plate reciprocating-
sliding wear testing were employed. These techniques highlighted the markedly different
response between the two alloys to the PIRAC treatment; namely, that Ti-6Al-4V forms a thick
compound layer, while at the same processing temperature and time Timetal834 does not form
any appreciable 7N phase instead forming a nitrogen-diffusion case with a thin TiN compound
layer at the surface. This inherent difference in nitridgbnfluences the metallurgical response

of each alloy. Despite this, the surfaces of both alloys were still hardened considechbitgir
tribological performance in dry sliding conditions improved compared to the untreated alloys.



2. Background and introduction

Titanium alloys are used in various industrial sectors due their advantageous propertiesasuch as
high strengthto-weight ratio, excellent corrosion resistance and maximum service temperature
of up to 600°C [1]. This generally explains their popularity in sectors such as the aerospace,
chemical, medical and sports industries. However, titanium alloys suffer from poor tribological
performance, which oftelimits their use to static structural applications. Without the use of a
protective surface engineering technique, the wear rate of titanium alloys when used in sliding
contact is excessively high.Additionally, the naturally occurring surface oxide film also

prevents effective lubrication for wear and friction reduction.

Amongst the various thermochemical treatments used to improve the tribological performance of
Ti-alloys, gas nitriding and plasma nitriding processes are the most commd].[2]
Nonetheless, PIRAC nitriding has been shown to provide results comparable to plasma nitriding
techniques established in industry [8], [9]. Plasma nitriding typically forms thick, well-adherent
compound layers with a thickness of up to 10 an®00 °C which drastically improves the
material wear resistance [3][10]. Howeveomplex part geometries, edges and sharp corners
provide a limitation to the applicability of the process due to the formation Gédgr-effect’
consisting of an area of inferior compound quality around sharp features [11][12]. On the other
hand, gas nitriding processes require expensive low vacuum pumping systems in order to prevent
atmospheric oxygen contamination throughout the process [2][13]. This in turn leads to a much
higher capital investment required for the process compared to PIRAC nitriding where such
systems are not required [8].

PIRAC nitriding is a relatively new method, having been developed in 1999 and its full
investigation under dry-sliding conditions has not yet been undertaken. The PIRAC nitriding
process is similar to pack cementation wherein a powder base is used to form a compound layer
at the surface, however no volatile additives are used [4]. In the process the high affinity of
certain reactive metals such as titanium to nitrogen, carbon, boron and silicon is harnessed for
the growth ofa non-oxide based ceramic compound surface layer [4]. During the process, the
components to be treated are immersed in an unstable nitride powder enclosed by stainless steel
foil containers containing 26 wt.% Cr. The Cr in the container walls will react with the

atmospheric oxygen through the process to maintain very low oxygen pressures throughout.
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Heat is applied to the containers which will result in the decomposition of the unstable nitride
powdersto form highly reactive monoatomic nitrogen. Reactive diffusion of the active
monoatomic nitrogen in the containers results in the diffusion of the nitrogen into the near-
surface region of the component forming a titanium nitride compound layer [9]. The PIRAC
process and the diffusion mechanics occurring during the process are described in more detail in
[8], [14]. A somewhat similar method for treating Ti-6Al-4V apgdl by Liu et al. as described in

[15] albeit in this case the formation of TiN or Ti2Kride compounds is intentionally supressed.

Furthermore, very little work exists on alloys other than the commonly Tisedl-4V. One of

the relatively recently developed high-performance naéttnium alloys is Ti-5.8Al-4Sn-3.5Zr-
0.7Nb-0.5M0-0.35Si, also known as Timetal 834, or IMI 834. This alloy has been specifically
developed for high temperature applications since it exhibits higher creep resistance and tensile
strengths at elevated temperatures; above®@)@hen compared to other titanium alloys.[6]

This works aims to investigate whether the same PIRAC nitriding process can be applied to both
alloys with positive results and how the processing temperature affects the ailldfyse
properties. Ths, both Ti-6Al-4V and Timetal 834 (hereafter referred to as Ti64 and Ti834
respectively), were PIRAC nitrided and the resulting surface effects were studied.

3. Materialsand methods

3.1.Substrate materials and PIRAC process

Cylindrical mill-annealed Ti64 and alpha-beta heat-tre@i834 coupons of 25 mm diameter and
5 mm and 3 mm thickness respectively were preparée. average surface roughnesg,dRthe
coupons prior to treatment was 0.01 + 0.5 The chemical composition for both as-received

substrates as observed using Energy Dispersive X-Ray Spectroscopy (EDX) is shown in Table 1.

Both alloys were PIRAC nitrided at 76Q, 800°C and 900°C for a duration of 2 hours using

the treatment methodology as described in [9], [14]. The coupons were immersed in an unstable
CrzN nitride powder which decomposed upon heating, creating a low to moderate pressure of
highly reactive mono-atomic nitrogen. The treatments took place in sealed stainless-steel foil

containers containing 26 wt. % Cr. The oxygen pressure inside the container did not eXceed 10

Pa Untreated Ti-6Al-4V and Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5M0-0.35Si samples were used as

benchmarks to the nitrided samples.



3.2. Characterisation

Glancing Incidence Asymmetric Bragg (GIAB) measurements were performed using a Rigaku
Ultima IV diffractometer (Culf radiation). The measurements were made using an angle of
incidence of 3 a step size of 0.6and a scan speed of Bp@r minute inthe theta range of 3@o

80°. The X-ray tube acceleration voltage wa45 kV while the current used was 40 mA. This
setup allowed for 95% of the beam intensity received at the detector to have edifioat the

top 1.75 pm of the material surface.

A Merlin Gemini Scanning Electron Microscope (SEM) aean accelerating voltage of 5 kV

and a probe current of 125 pA was used to observe the sample surfaces and cross-sections. The
SEM was equipped with an Apollo X Ametek EDX detector used to analyse chemical
composition in selected areas of interest. For the scope of this research a working dist&nce

mm with an acceleration voltage of upt®0 kV and an electron beam current of 3 nA were

used. High resolution maps of the cross-sections for samples treated®@tf®0@ h were taken

using a rectangular grid of 50 pum by 50 um with a step size of 150 nm for Ti64 and a rectangular
grid of 100 um by a 100 um with a step size of 250 nm for Ti834. The different grid sizes were

required due to the different grain sizes of the alloys.

Electron backscatter diffraction (EBSD) was performed using a Merlin Gemini scanning electron
microscope equipped with an EBSD/EDX Ametek detector. The working distance was set to 15
mm while the working voltage and the probe current were set to 20 kV and 2 nA respectively.
TSL OIM software was used to collect electron backscattered patterns for each scan. The Ti64
alloy was scanned using a rectangular grid with a grid size of 50 pm by 50 pm and a step size of

150 nm while Ti834 coupons were scanned gisiprid size of a 100 um by a 100 pm and a step

size of 250 nm. Hexagonal scanning grids were used in all cases. The TSL OIM analysis
software was used to automatically acquire and index the electron backscatter diffraction patterns
obtained and subsequently map grain size maps of each coupon. Average grain size diameters

were calculated using the method proposed by Engquvist et. al.[16].

A Veeco Dektak® 150 stylus profilometer was used to study the surface topography. The mean
roughness (B was calculated from 3 scans with a length of 1 mm taken at random positions and
orientations.The diamond stylus had a tip radius of 12.5 um and a load of 3 mg was applied

together with a scan speed of 12 pm s™.



Knoop micro-indentation hardness measurements were performed using a MitutoydiR1VK-
micro hardness tester. Surface hardness values were takéyad of 50 gf (1 gf = 9.81 mN) and

using a 20 second dwell time. Cross-sectional hardness profiles were taken for Ti64 and Ti834
samples treated at 900 oC using a load of 25 gfavt0 second dwell time over a depth of 100 pum.

3.3.Scratch-adhesion testing

Nanoscratch tests were performed using a Micromaterials Nanotest system equipped with a
Synton-MDP 660 diamond conical indenter, withtg radius of 5 um. Five multi-pass scratch

tests were performesking a scanning velocity of 1 um s* overa distance of 650 pm. During

the test an initial load of 0.8 mN was applied for firet 200 um. Upon reaching 200 pum, the

load was ramped up to a maximum of 450 mN at a rate of ~1"'mNSEM imaging and EDX

line scans were used to determine the location where (and thus the indenter load at which) the

substrate materiavas exposed.

3.4.Reciprocating-sliding wear testing

Dry-sliding wear tests were conducted using a low frequency reciprocating-sliding ball-on-plate
tester. A normal load of 0.4 + 0.01 kg (3.92 N) was applied to a stationary WC-Co (5-7 wt.%)
ball with a diameter of 10 mm, having a hardness of 20.7 + 2.2 GPa measurednsopy
micro-indentation. The applied load was selected so that the resultant maximum contact Hertzian
stress (~710 MPa) in the Ti substrate would be just below its yield strength. The reciprocating
frequency was set to 2 Hz with an amplitude of 7 mm and a total sliding distance of Bi&em.
ambient temperature was between°@4and 30°C with a relative humidity lower than 40%.

Wear scar areas were measured using a Veeco Dektak 150 contact profiler

4. Results and Discussion

4.1.Surface characterisation

After PIRAC nitriding, the substrate microstructure of both Ti alloys, shown in Figure 1,
becomes visible and the surfaces gain a golden hue, which varies slightly depending on the
processing temperature used. The treated coupons show no noticeable edge effects. In the case
of the Ti64 alloytypical nitride ‘islands’ cover the sample surface of the parent alloy while in

the case of the Ti834 alloy the substrate microstructure remains clearly visible in all PIRAC



nitrided samplesGenerally, for both alloys nitriding is accompanied by a distinct roughening of
the surface with increasing process temperaturesaching 0.14m R, for Ti64 and 0.0&im R,
for Ti834 at 900°C. Compared to Ti64, the average increase in surface roughness of the Ti834

coupons is significantly lower, even at ST the highest processing temperature used.

The X-ray diffraction patterns for untreated and PIRAC nitrided Ti64 and Ti834 are shown in
Figures 2 and 3 respectively. The diffractogram of the two phase Ti-6Al-4V (akayFigure 2)
consists of several reflections corresponding todtié phase (ICDD #005-0682). However,

two weak reflections corresponding to phyphase can also be observed (ICDD #01-089-4913).
Similarly, the Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5M0-0.35Si diffractogram (see Figlireodsists of
reflections corresponding to thephase and a wegkphase (110) reflection at 38 difidicating

a small amount of residugtphase. An angular shift to slightly higher angles (0t250.2) is
present in both diffractograms obtained for untreated Ti64 and Ti834. This can be attributed to
the dissolution of Al (and Sn) within theTi lattice causing a shift to higher 20 angles resulting

from solid solutions and residual stresses [17], [18].

The diffraction patterns obtained following PIRAC nitrogen-diffusion treatment of Ti64 at 700
°C (shown in Figure 2), exhibit an angular shift to lower angles (approximatelyfoldwing
nitriding, indicating diffusion of interstitial nitrogen into theTi lattice. EDX measurements on
cross-sections of the near-surface area showed that the thickness of the nitride dagelywa
approximately 0.31m, as shown in Figure 3. N&Ti peak can be detected following PIRAC-
nitriding, as the N presence in the surface of the metal acts as a strong alpha-stibgiséso
evident that the GIAB technique as used in this work was not able to detect thin compound layer
phases formed at 70C, while at 80°C and 90F°C, nitride reflections become more apparent
and intense and the nitrogen wt.% throughout the cross-sections 4 @dd 900F°C increases
accordingly. At 800°C, reflections corresponding teTioN (ICDD #04-004-3072) appear and

the reflections related ta-Ti decrease in intensity. A weak TiN(200) (ICDD #04-013-0041)
reflection also appears at 42°57owever the short process duration limits nitrogen diffusion
necessary to form significant amounts of the TiN phase. Additionally, a peak &twa&k7
observed, corresponding to the §d\ohase (ICDD #041-1352). This phase emerges by the re-
organisation of nitrogen in the solid solution present in the underlying titanium substrate. As a

result a non-stoichiometric nitrogen phase is formed, having a similar hexagonal crystal structure



as that of the titanium parent material [5]. Increasing the temperature f(£3@6ults in an
increase in intensity of the TiN and.Ni reflections coupled with a drastic decrease indhe
Ti(101) and (100) peak intensities, clearly indicating an increase in the nitride compound layer
thickness. At this temperature after 2 h, the nitrogen rich Ti case together with the titanium
nitride surface layers were found to be approximately 1.5 um thick as measured using EDX
maps of the near-surface area. The formation of TiN agid &t the surfacéimits the diffusion

of N deeper in to the near-surface region. Furthermore, using EDX, an Al enriched zone could
be observed under the surface as shown in Figure 3, likely acting as a rate detdactorrfgr

the growth of the compound layer. These two factors result in a relatively steeper, when

compared to Ti834, transition from surface to hakdness properties as shown in Figures 3 and 5.

The Ti834 alloy responded differently to the PIRAC nitriding process compared to the Ti64
alloy. All reflections exhibit a shift by 0.4 to 0.B%o lower diffraction angles, as can be
observed in Figure 4. This pronounced left shift of the original Ti peaks was observed at all
processing parameters and can be attributed to the interstitial diffusion of N into Ti resulting in a
solid solution of nitrogen in titanium (designated here as Ti(N)). The relatively large shift in X-
ray reflections to lower angles and the absence of any formatidnNfwas also reported for
nitrided near-alpha alloy Ti-6Al-2Sn-4Zr-2Mo [5] while Lal et al. [19] report an exclusive
formation of TiN only in nitrogen implanted Ti834. A weak reflection of TiN(200) erwat)

800 °C increasing in intensity at 90C and accompanied by weak reflections corresponding to
TiN(111) and TiN(311)- suggesting the formation of a very thin TiN layer. The XRD
technique used here revealed no detectabld phase. However, &N compound layer of
approximately 0.2 um thickness was detected following processing af®@@ing EDX
mapping and a diffusion strengthened zone 30 pm deep together with an Al enriched zone under
the compound layer were also measured (see Figure 5). The gradual transition in hardness
represents a corresponding gradual transition in mechanical properties from hard nitride layer to
the tough metallic substrate which has been shown to be very beneficial to the tribological

performance of modified titanium surface [20].

One of the factors accounting for the difference in nitridability of the two alloys ceaidied to
their different microstructures and grain sizes [21]. The Ti834 bimodal microstructure is less

conducive to the diffusion of interstitial elements when compared to its equiaxed Ti64



counterpart. This is due the bimodal structure’s smaller grain boundary to grain volume ratio
which signifies a reduced number of rapid diffusion paths [22]. The large number of rapid
diffusion pathways in equiaxed alloys results in a higher diffusion rate of interstitial elements
[22], hence, inherently more nitride formation. The large grain size of the Ti834 alloy (approx.
11.48 pum), when compared to the Ti64 alloy (approx. 2.26 um), further reduces the number of
grain boundaries and thus the number of diffusion pathways available for nitrogen diffusion is
further decreased. The substrate microstructure thus limits the efficacy of PIRAC treatment of
the Ti834 alloy resulting in a lower amount of N diffusion and therefore less formation of TiN
[6]. Conversely, at higher temperatures, the barrier effect of TiN at the surface limits diffftision

N into the bulk for Ti64, while for Ti834, the absence of large amounts of TiN at the surface

allows a deeper diffusion-strengthened nitrogen-rich case to form.

The Knoop hardness data obtained for the surfaces before and after PIRAC nitriding is shown in
Figure 6. The untreated alloys have a hardness of 22321 kg mnif and 348.42 19.88 kg

mm? for Ti64 and Ti834 respectively. The slightly higher hardness of the untreated Ti834 alloy
(compared to untreated Ti64) can be attributed to the alloying elements in the material;
specifically Sn which is known to increase the bulk hardness of titanium by acting as a solid

solution strengthear [23].

Following PIRAC nitriding, the surface hardness of both alloys increased with temperature. The
Ti64 alloy exhibited a marked increase in surface hardness, while Ti834 exhibited a more modest
increase after PIRAC nitriding due to the differences in the amount of nitrogen diffusion between
the two alloys. In this case the indentation depth for all surfaces tested was between 0.7 and 1.15
pm and therefore the Knoop surface hardness results are mainly intended to represent the degree
of load-support presented by the surface and near-surface area to resist penetration by the
indenter, thus resulting in higher overall hardness measurements. Intereatiigyand 806C

the surface hardness measurementsTiéd and Ti834 were comparable as different nitride
compound layer thicknesses and N-diffusion zones roughly equated to the same degree of
resistance to indenter penetration. However, for coupons nitrided 84€9@te relatively thick
TiN/Ti,N layer formed for Ti64 material resulted in a significant increase in measured surface
hardness reaching 1446.46170.32 kg mn?, as opposed to the hardness of 92 5%.13 kg

mmi? obtained for Ti834 treated at 98D.



4.2. Bulk grain size analysis

The grain size of a material is known to affect mechanical properties such as the material‘s
hardness, yield stress and fracture stress [24]. Figure 7 shows the grain size distribution maps for
Ti64 and Ti834 respectively. Grains are colour coded according to the the grain diameter. Only
the alpha grains were included in this analysis since (i) these constitute the vast majority of
material volume and (ii) most of the beta grains in both alloys were comparable in size to the

scanning step size used and this would introduce uncertainty.

Prior to treatment, the Ti64 microstructure consisted of a relatively fine equiaxed microstructure
with an average diameter of 2.26 um. The PIRAC treatment was expected to result in a small

degree of grain growth partly due to the high temperatures applied. In fact, a level of grain
growth was observed for all the coupons tested but the extent of grain growth varied with the
different processing parameters. All PIRAC treatments carried out &C780d those treated at
800°C did not result in a large shift in the average grain size. This is evident from the similarity
in the average grain diameters to that of the untreated alloy with the grain diameter increasing by
107% and 115% for the coupons treated at ZGnd 800°C for 2 h. With the increasing
temperature, the extent of grain growth is more noticeable with treatments %@ 8&llting in

an increase in grain diameter of ~150% over the untreated substrate.

Initially, the untreated Ti834 consisted of a bimodal microstructure with an average grain
diameter of 11.48 um and no grains having diameters above 40 pm. PIRAC treatments carried

out at 700°C and 80CPC resulted in a slight increase in the average grain diameters, similar in
magnitude to the increases observed for the Ti64 alloy (i.e. an increase of ~108% for this
temperature range). However, unlike the case of the Ti64 alloy, the increase in average grain
diameter at 900C for the Ti834 alloy was much more pronounceavith the mean grain
diameter increasing from 11.48 pum to 28.03 um. The increase in the volumetric average grain
diameter for the coupon treated at 9D was of 244% over the untreated alloy. Thus, it is
evident that the high temperature used in this case affected the grain size of the Ti834 alloy to a
much larger extent than the Ti64 coupon treated at the same parameters.

In the untreated Ti834 alloy, the lamellae are made out of various grains separated by low and
high angle grain boundaries. After PIRAC nitriding at 7G0and 800°C, the lamellae can still

be seen to consist of amounts of smaller grains i.e. the lamellae are separated within themselves
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by high angle grain boundaries. Treatments at @Ohowever, led to the coarsening of the
lamellar grains, with the lamellae being made of one grain rather than a collection of alpha laths
as can be seen in Figure 7. The absorption of the myriad amount of small grains and high angle
grain boundaries results in the drastic increase in grain size observed. The large extent of
microstructural coarsening is experienced mainly 800s very close to the heat treatment
temperature used during material production leading to microstructural changes. This change in
microstructure can have serious effects on the bulk mechanical performance of the alloy.
Additionally, a further decrease in grain boundary volume (by the coarsening of the lamellar
grains) effectively reduces the fast diffusion pathways for N even further. Therefore, during
PIRAC nitriding at 900°C two competing effects are at playa reduction of bulk N diffusion

rate due to a decrease in grain boundary area and owing to the higher processing temperature
also an increase in the driving force to diffusion.

4.3. Tribological behaviour

The critical failure loads and indenter penetration loads for both Ti64 and Ti834 obtained in
nano-scratch adhesion testing are shown in Table 2. The critical loads obtained for Ti64 exceed
300 mN; the lack of failure markers at lower loads, indicates that the nitrogen-modified surface
is strongly adherent to the substrate. The high hardness of the surface compound layer
contributes to the high critical loads reached before surface compound layer removal. The
critical loads follow the trends observed in hardness testing as the PIRAC treatment§Git 900
exhibit a higher critical load than the surfaces treated a@Gthd 800°C. The critical loads
measured for the Ti834 coupons are all below those measured for Ti64 samples. The lower
amount of nitrogen diffused into the surface, and thus the resultant lower hardness, together with
the thinner compound layer formed, compared to Ti64, negatively influence the critical load
required to strip the compound layer from the surface. Surprisingly, in this case, processing at
900 °C daes not result in a significant increase in critical load prior to failure. At ®M0the

very thin TiN surface compound formed is not as tough as thd+TiN compound layer
formed on the Ti64 coupons and therefore is not able to accommodate the plastic deformation
caused during the scratch test [25]. In this case the brittle, thin TiN surface layer is unable to
conform to the plastic deformation in the substrate, which results in its fracture and removal.

However, the decrease in maximum depth reached (compared to coupons treated at lower
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processing temperatures) suggests that the sudad#e to provide an increased level of load
support to the indenter, due to the higher level of N diffusion into the substrate achieved at these
processing parameters, as previously discussed. The relatively large margins of error in the
observed critical loads obtained for both Ti64 and Ti834 may be attributed to the localised
variations in coating thickness, roughness and hardnelss treated coupons [26]. Particularly in

the case of Ti834, the effect of preferential dity of some grain orientations cannot be dismissed
The variation in mechanical properties between the primary and secondary alpha graiss can a
be a factor behind the large variation in critical loads observed for Ti834 [27][28].

Figures 8 and 9 show representative images for the different scratch track morphologies
observed for both Ti64 and Ti834 after PIRAC nitriding. Ductile failures were observed for all
tests carried out, where the area of the exposed substrate surface was small and typically
confined within the scratch track. All scratches were characterised by tensile and teansvers
cracks in the scratch tracks. A small amount of chipping could be seen near the end of the scratch
tracks. For the rougher surfaces produced in this work, particularly Ti64 treated %E,980

region of asperity smoothing can be observed at the beginning of the scratch as the indenter was
only in contact with the asperities as opposed to the surface (see Figure 9 (a)). For Ti834, the
failure modes for surfaces subjected to treatments carried out 8€E30@ very similar to those

at lower temperatures; however, the fine cracks visible at lower loads (~90mN) are not present
and the cracking only starts at higher loads due to the increased support provided to the indenter
by the deeper N strengthened zone. The failure modes observed are typical for TiN coatings

produced by diffusion processes [25].

Dry reciprocating-sliding wear tests were used to investigate the tribological characteristics of
untreated Ti64, Ti834 and PIRAC nitrided surfaces. The resulting wear scar volumes for
untreated Ti64 and Ti834 were measured at 15.41 + 0.7 mbf and 7.49 + 0.49 x TOmm®
respectively. The variations in the coefficient of friction (CoF) with sliding distance for both
untreated Ti64 and Ti834 and their representative wear scar profiles are shown in Figure 10. The
Ti64 surface exhibits a CoF between 0.35 to 0.4 for the first 50 m of the test, which slowly
increases to 0.4 0.45 by the end of the test. The CoF observed for the Ti834 alloy was lower
than its Ti64 counterpart with a static value of around 0.25 which insrdasag the test until it

stabilises at around 0.350.38. The slow increase in dynamic CoF observed for both alloys can
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be attributed to the transfer of Ti from the wear track to the WC-Co ball counter-face (the CoF of
titanium in contact with titanium is around 0.42 to 0.47 [29][30fnd also to the influence of

wear debris which acts as third-body wear particles in the contact area [31].

The wear scars observed for both alloys appear to be similar as shown in Figure 10 (d) and (e)
A large amount of plastic deformation occurred in the contact zone with the substrate material
being pushed out of the scar and collecting at the edges (Figure 10 (d)). Thof typar
behaviour can be attributed to severe plastic deformation of the untreated substrate coupled with
severe adhesive wear due to the high reactivity of titanium when the protective and inert natural
surface oxide has been removed by mechanical action [29], [32]. Scratches, abrasive grooves
and some cracks normal to the sliding direction can also be observed within the scar (Figure 10
(d) and (e)). During the test cycle adhesive bonds are formed between the titanium surface and
the transfer Ti layer on the WC-Co ball as the reciprocal movement proceeds. As these bonds
break, they generate wear particles [32]. These particles strain harden and oxidise, which
increases their hardness and in turn results in ploughfogning the scratches observed in the
wear scar (Figure 10 (d) and (e)). EDX measurements of the transfer layer observed in Figure 11
(a) and (d) confirm that the surface is in contact with a Ti transfer layer during the test, as they

indicate that the material smeared on the ball surface was Ti with varying amounts of oxygen.

The shallower wear track of Ti834 (compared to Ti64) occuesrasilt of the former’s higher
hardness and different alloying elements, specifically, its larger content of alpha stabilisers which
alter the wear mechanisms occurring. These expand the titanium lattice and bring about a
decrease in the resolved shear stress required for slip, resulting in a lower CoF [33], [34]. Sn is
especially important; moderate Sn additions result in large lattice expansions. In fact, the
addition of as little as 2.5 W& in literature have been observed to provide a marked reduction

in CoF — indicating a decrease in the shear stress required for slip to occur [34¢e
oscillations in CoF were observed during the wear tests attributable to the presence of wear
debris, resulting in third-body wear mechanisms and adhesion between the metallic titanium
surface and transfer layer on the ball surface, causing stick-slip behaviour between tee surfa
asperities. The circulation of wear particles further results in oscillations in CoF, as the friction
coefficient increases when the particles accumulate and decreases when the particles are

removed from the sliding contact [35]. Debris can accelerate wear by changing the two-body
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sliding system into a three-body abrasion regime, which is more aggressive due to the much
higher local pressures within the contact [35]. The high hardness and brittleness of the surfaces
after PIRAC nitriding increase the possibility for the introduction of hard abrasive particles in the
system. SEM micrographs (Figure 11 (c) and (f)) of debris collected from both Ti64 and Ti834
show mostly spherical particles having diameters of ~1 to 5 um. Such debris is initially in the
form of flakes or chips (produced by delamination) and rolled over to form spherical particles by
the oscillatory motion of the test [35]. Further evidence of this is the presence of striations along
the sliding direction across these platelets created by the sliding action of the ball [20]. The
small number ofsuch ‘plate-like’ wear particles can be related to the continuous change in
sliding direction during the test, resulting in the early break-up of these plate-like particles in turn
making the test mechanism more aggressive [36]. EDX analysis of wear debris collected after
the test shows that this is primarily compromised of titanium (46 to 48 at.%) and oxygen (36 to
44 at.%), with some small amounts of the alloying elements. The high oxygen content in the
debris can be attributed to the high contact temperatures and the debris’ high surface to volume

ratio as observed in [31], [37].

Wear volumes measured for Ti64 decrease drastically following PIRAC nitriding. A total wear
volume of 15.41 + 0.74 x 10mm® was measured for the untreated Ti64 while, following
PIRAC treatment at 706C, the wear volume was 5.07 + 4.54 x“1@m>; a reduction of
approximately 67 %. In this case, the total material removal for repeated wear tests varied
significantly, with some tests resulting in the removal of the hardened surface and catastrophic
substrate damage, while for other test repdhts,protective nitride layer survived. Similar
variationsin the reciprocating sliding wear performance have been observed previously by
Cassar et al. [20] for plasma nitrided Ti64 surfaces. Mainly, this can be attributed to localised
variations in the compound layer properties such as thickness and hardness, combined with the
overall thin hardened surface zone obtained for Ti64 at’€00Such a large variation in wear
volumes obtained via ball-on-flat reciprocating-sliding testing is inherent to this test method
[38]. Although the ball counter-face may have occasionally perforated the nitride compound
layer, the resultant wear volume of the tracks where the compound layer was pierced was still
persistently lower (8.44 + 2.77 x 10nm®) than that of the untreated substrate (15.41 + 0.74 x
102 mn?), indicating that the PIRAC process provigeével of protection.
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Increasing the PIRAC processing temperature beyondC7fa® Ti64 results in negligible wear
volumes in the test conditions selected for this work. All Ti64 samples treated at 800 ¥nd 900
survived the reciprocating tests carried out which in turn, resulted in very small measured wear
volumes. The smallest wear volumes were observed for coupons nitrided € 8ath a
measured scar volume of 1.37 + 0.19 %¥*10m°, and thus lower than for coupons nitrided at
900°C (3.14 + 0.42 x 16mm®). This is particularly interesting since the latter showed superior
performance in scratch adhesion testing and possessed higher surface hardness. However,
PIRAC diffusion treatments at 9GC lead to rougher surfaces which ultimately caaibégher

initial wear rate- and a tendency for material pick-up, as more asperities are quickly worn off.
These act as third-body wear particles and cannot easily be removed from the wear track. The
formation of TiN at the surface could have also contributed to the slight increases in wear
volume observed here, as TiN has been found to be more brittle thapNtsoLinterpart [25]

and is more abundant following PIRAC treatments at®@0

A similar mechanism was observed for Ti834fter PIRAC nitriding, the wear volumes
decreased significantly compared to the untreated Ti834 surfaces. However, since the hardened
layer formed for this alloy is very thin, and composed predominantdyTofN) as opposed to a

Tio,N and/or TiN nitride compound layer, the wear tests showed significant variability in
performance. This variability was not only limited to samples PIRAC treated &C70(x also

for samples treated at 860 and 900C. A number of tests resulted in the complete removal of

the hardened zone while in other (nominally identical) test runs the hardened zone was still
virtually intact at the end of the test. From an initial wear volume of 7.49 + 0.49" mtf
observed for the untreated substrate, after PIRAC nitriding a0 decrease in nominal wear
volume was measured (with an average wear volume of 0.51 + 0.08 mrh¥); however, for

around 50% of the tests the protective hardened N-rich layer was removed, resulting in substrate
exposure, indicating that for these specimens the hardened zone was close to failure at the sliding
distance selected for this work. Increasing the treatment temperature fi€ 80@l 900°C,
improved the tribological performance of the surface, however for this alloy a number of runs
resulted in catastrophic failure before the test ended and therefore the overall performance under
these testing conditions can be considered inferior when compared to PIRAC-treatedhig64.
lowest nominal wear volume was obtained for coupons treated at bote 8007 + 0.522 x 10

*mm?®) and 900°C (2.22 + 1.52 x 1O mn). In the case of the Ti834 surface treated at°@0

its superior tribological behaviour can be attributed to the deep and gradual N-diffusion profile
discussed earlier, complemented with a haatbeit thin, layer of TiN.
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The inconsistency of the results obtained for PIRAC nitrided Ti834 as compared to Ti64 in
reciprocating-sliding wear testing further underline the importance of the FNNEGmpound

layer formation for tribological applications. A similar treatment aimed towards the formation of
solely a hardened case without any TiN angNTeompound formation has been investigated by

Liu et al. [15] with the aim of improving the fatigue properties of titanium alloys, however, for
the scope of tribological improvement of the surface the formation of solely a hardened case
would not provide sufficient protection to the underlying substrate. In fact, PIRAC nitriding
durations of 4 hours at temperatures of 80dor titanium alloys have shown that the bulk high
cycle fatigue strength after treatment is mostly retained even with the formation of a thin TiN

and TpN compound layer at the surface of the substrate [39].

Coefficient of friction and wear mechanisms after PIRAC nitriding

Initially, all the surfaces exhibited a running in period with a very rapid increase in friction
coefficient during the first 10 m of the test (as can be seen in Figures 12 andtfrd)uted to

the quick generation of entrapped wear particles and the wear of the surface asperities to form a
flat contact surface [40]. After the initial running-in period, the CoF stabilises. In thefcase
Ti64 the steady state CoF decreases from 0.41 for the untreated material to around 0.3 for
PIRAC treated specimens as shown in Figure 10. For tests where failure does occur, a much
higher CoF was observed combined with a large amount of oscillation in the CoF due to the

abrasive action of the generated oxide and nitride particles.

For Ti834 nitrided at 700C, after the running-in stage the CoF value initially stabilizes at
around 0.3, increasing after the removal of the hardened surface layer (indicated by the increase
in CoF fluctuations) to 0.4 0.5, shown in Figure 11. The increase in fluctuations during the test
may be attributed to the increased presence of wear debris generated after surfaeadaihee
stick-slip behaviour of the underlying metal, with metallic substrate material transferred on the
ball counterface. Before failure, the CoF values are slightly higher than those of tla¢edntre
substrate (as the surface is also rougher than the untreated surface) and after compound layer
failure, the CoF values are on par with those of the untreated surface. For Ti834 surfaces treated
at 800°C and 900°C an initial running-in stage was also observed, with the CoF reaching a

steady state value of 0.38, which was maintained throughout the test.
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For scars where compound layer failure has occurred, adhesive wear and some plastic
deformation can be observed for both Ti64 and Ti834; Figure 12 (a). Unlike untreated Ti64, the
material immediately below the compound layer is not pushed out of the wear track, suggesting a
lower degree of plastic deformation of the hardened surface layer. Scratches can also be
observed within the tracks, indicative of the abrasive action of wear debris (Fig{@eah2 (b)

and Figure 13 (c)). For tracks where the hardened surface was not entirely removed, ian oxyge
rich transfer layer can be observed in the scratch track (Figure 12 (c, d and e).nbfes lager

may have contributed to the relatively low CoF observed for these wear scars [41]. Platelets of
this transfer layer were also found on the surface otieCo ball counterface. The formation

of an oxide transfer layer can be attributed to the high reactivity of the nitregamated solid
solution zone with oxygen [41], [42]. The nitrogen-saturated solid solution zone promotes
reaction with oxygen, forming an amorphous oxynitride layer leading to a low CoF and reduced
adhesive wear by virtue of the low shear strength interface between the contacts [42], [43].
When this layer reaches a critical thickness, it peels off and the CoF increpisks fEhe
transfer layer obtaed for Ti834 samples treated at 780, shown in Figure 13 (f), was found to
contain ~45 at.% of oxygerShear-band induced cracking is present at the sides efcistarned

on Ti834 Figure 15 (d); the debris produced is comprised of fine globular partfigure 15 (e)).

Small amounts of W were also detected in the debris indicating that some ball wear occurred.

The Ti64 nitriding processes carried out at 8G0and 90(°C result in wear scar topographies
which are very different for PIRAC treatments at A0 The wear tracks of the former are
nearly featureless, with evidence of smoothened asperities (Figure 16 (a, ¢ and d)). EDX scans
confirmed that N levels within the scar are similar to the unworn surface. Similarly, analysis of
the ball counter face shows some transferred titanium oxide debris (Figure 16 (b)). The
behaviour for Ti834 was quite different at these temperatures; coupons treated at bigh 800
and 90(°C have a (Ti-O) oxide transfer layer smeared onto the surfasean be seen in Figur

17 (a, b and c). This transfer layer would have led to the low CoF and wear volumes observed
[41]-{43]. No W was detected in the debris, indicating that wear of the ball was minimal or
absent. For coupons treated at 800or 2 h, the emergence of cracks along the shear bands of
the grains is clearly visible (Figure 17 (d)) and tensile cracks occur in the scratch track (Figure
17 (c)). A very small amount of material was found adhered to the ball surface, compared to that
observed for other processing parametand the debris was fodmo be oxidised Ti (Fig. 1{)).
Regardless of the low amount of surface compound formation (compared to Ti64) the PIRAC
process is still able to provide some level of tribological improvement to the surfaces treated
under these parameters (albeit to a much lower extent than that observed on the Ti64 surfaces).
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Evidently, the ball counterface did penetrate the TiN compound layer of surfaces treated at 900
°C since the depth of penetration (~0.5 pm) was more than the thickness of the TiN compound
layer observed via EDX mapping. However, the TiN layer at the surface (and the limited
amount of nitrogen solid solution hardening occurring beneath the layer) was still able to provide
some level of support to the sliding ball by supporting its outer periphery as it penetrated into the
substrate since the wear volumes obtained for the tests 8€906re lower than those obtained

for the untreated surfaces.

5. Conclusions

The principal aim of this work was to assess and compare the ability of PIRAC nitriding to
improve the tribological performance of Ti64 and Ti834 alloys. Furthermore, the effects on the

surface characteristics of the two different alloys following PIRAC processing were studied.

Ti64 and Ti834 respond in markedly different ways to the PIRAC nitriding treatment. Following
PIRAC processing Ti64 formed a thick compound layer, especially evident at higher processing
temperatures, consisting of,lNi and TiN. Ti834 did not form any detectableNiphase, in®ad

forming a nitrogen diffusion zone at the surface, covered with a thin layer of TiN. Surface
hardness measurements show that an increase in surface hardness occurred after PIRAC
treatment. Maximum hardnessof 14 GPa and 8 GPa were measured for Ti64 and Ti834
respectively. Topographical measurements show that some limited surface roughening did occur
at 900 °C. However, the maximum surface roughness average is still comparable to other

established nitriding techniques.

The adhesion of the compound layer was measured using nano-scratch adhesion testing. Failure
features such as cracking and delamination were always restricted to the scratchheatic4

alloy underwent a very significant tribological improvement with considerably decreased we
volumes attributable to the thick compound layer formed following PIRAC nitriding. The

tribological improvement for Ti834 was also evident, albeit to a lesser extent.

Overall, one can cohade that the PIRAC nitriding treatment, while inherently suitable for Ti64
alloys, requires tailoring if it is to maximise the tribological performance of other alloys such as
Ti834. The behaviour of the two alloys when exposed to a high partial pressure of nitrogen at
high temperature is dissimilar and in turn this affects thelalility of the respective alloy.
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Table 1. Chemical composition in wt. % determined via EDX, balaFice

Element C O Al Vv Fe

0.07+ 0.15 + 6.4+ 3.9+ 0.09+

Tied
0.03 0.05 0.15 0.05 0.02
Element C O Al Sn Zr Mo Nb Si
0.07 = 0.15 + 0.61+ 0.85+
Ti834 6.0+0.2 41+0.1 3.7+x0.1 06+0.1
0.03 0.04 01 0.15

Table 2: Critical failure loads and maximum penetration depths fRARI nitrided Ti64 & Ti834.

Ti-Alloy Temperature Critical load of failure Maximum depth of
(°C) (MmN) penetration
(um)
700 300.8+ 18.2 3.6+0.2
Ti64 800 318.2+23.1 39+0.1
900 391.5+30.3 3.4+0.2
700 148.0 +42.2 41+04
Ti834 800 218.8 + 26.1 3.6+0.3

900 210.1 +43.7 25204




Processing Ti64 Ti834
Temperature
700 °C
20 um 20 um
R,:0.027 £ 0.004 um R,: 0.026 + 0.008 pm
800 °C
0 um 20 um
R,:0.053 +0.014 pm R,:0.019 + 0.005 um
900 °C
0 um
R,:0.139+ 0.003 um R,: 0.084 £ 0.008 um

Figure 1. Optical micrographs of Ti64 and Ti834 outer surfaces after PIRAC nitriding, together

with their respective Rvalues.
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Figure 2: X-ray diffractograms for untreated Ti64 and PIRAC nitrided Ti64.
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Processing temperature: 700 °C
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Figure7:
EBSD grain size distribution maps for Ti64 and Ti834 before and after PIRAC treatment.



Figure 8: Representative scratch track morphologies observed for Ti64 surfaces PIRAC nitrided
at 700°C for 2 h, with (a) showing fine cracks observed in the initial part of the scratch track
(below 250 mN), shown at higher magnification in (b), (c) representing the failure position, (d)
the end of the scratch and (e) the complete scratch with the positions of the failure features
marked. Cracking in (b and c) is marked by arrows.



Figure 9: Representative scratch track morphologies observed for Ti64 surfaces PIRAC nitrided
at 900°C for 2 h with (a) showing the region of asperity flattening observed at the beginning of
the scratch test, (b) the tensile cracks observed at bottom of the scratch track, (c) removal of the
compound layer and (d) the complete scratch with the positions of the failure features marked.
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Element (at. %) C (0] Al w v Zr Mo Sn Ti Co

Area scanned

1 8.0 36.9 4.0 18.3 0.9 - - - 26.8 2.4

2 2.9 523 3.9 10.3 - 0.9 0.2 0.7 27.9 0.9
Ti64 debris (c) 2.7 443 5.7 - 13 - - - 46.1 -
Ti834 debris (f) 8.4 36.5 5.0 0.2 - 0.1 - 0.9 47.9 -

Figure 11: (a and d) adhered Ti transfer layers observed on the ball surfaces, (b and e) magnified
regions, (c) Ti64 agglomerated particles, (f) Ti834 plate-like debris together with the respective
EDX data for the marked areas and debris.
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Figure 12: Representative CoF curves for untreated Ti64 and PIRAC nitrided surfaces.
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Figure 13: Representative CoF curves for untreated Ti834 and PIRAC nitrided surfaces.
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Figure 14: Micrograph of reciprocating-sliding wear tracks of Ti64 PIRAC treated af@ad6r
2 h, where (a) shows plastic deformation and grain pull out (marked by an arrow), (b) shows lack
of material push-out at the wear scar sides, (c) shows the coloration of the transfer layer, (d) the
transfer layer in wear scars and (e) the profile of the transfer layer observed when the hardened
surface layer was not removed.
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Element C N O Al Si W Zr Nb Sn Ti
Area scanned
1 2.9 1.3 60.9 44 0.4 - 0.7 - 0.6 28.8
(at. %)
Debris (¢) 21.0 34 41.9 3.5 0.3 0.4 0.6 0.2 0.6 28.1
(at. %)

Figure 15: (a) Lack of material push-out from scratch, (b) wear track profile, (c) abrasion in
wear track, (d) cracks along shear bands (e) wear debris, (f) transfer layer on WC-Co ball for
Ti834 PIRAC nitrided at 708C for 2 h.
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Figure 16: Wear and ball scars with (a) showing the wear scar on the disc, (b) showing a
representative ball scar for Ti64 treated at 8D@or 2 h and (c) showing the wear scar on the
disc and (d) wear scar profile with asperity smoothing for Ti64 treated 2C900
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Figure 17: (a) Adhesive transfer layer and smearing observed in wear tracks for coupons PIRAC
nitrided for 2 h at 906C shown at a higher magnification in (b), (c) adhesive transfer layer
observed for treatments at 8@ for 2 h, (d) cracking within grains, (e) tensile cracks and (f)
transfer layer observed on WC-Co ball for coupons PIRAC treated 4C800 2 h.



