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In  this  paper  micro-abrasion  wear  testing  is used  to  evaluate  the wear  resistance  of triode  plasma
diffusion-treated,  single-layered  TiN-,  CrAlN-,  and  WC/C-coated  and  duplex-diffusion  and  coated
Ti–6Al–4V  under  uniform  three-body  rolling  abrasion.  Nanoindentation,  Knoop  microhardness,  mechan-
ical  surface  profilometry,  optical  microscopy,  scanning  electron  microscopy  and  atomic  force  microscopy,
were used  to characterise  the surfaces  under  investigation.  Optimum  testing  conditions  for  rolling  abra-
sion were  established  by varying  the  test  parameters  and  resultant  severity  of  contact.  Very  low  normal
loads  and  high  volume  fractions  of particles  in  the  abrasive  slurry  are  necessary  to  obtain  predictable  and
reproducible  results.  Relatively  coarse  SiC  abrasive  particles,  having  a mean  diameter  of around  3  �m,
appear more  suitable  for  micro-abrasion  testing  of  the  samples  investigated,  compared  to finer  Al2O3

particles.  Problems  associated  with  the  measurement  of  the scar volume  and  subsequent  calculation  of
the  wear  rate  for hard  coatings  deposited  on  relatively  soft  metals  like  titanium  are  identified,  and  suit-
able testing  and  measurement  techniques  are  suggested.  Three-dimensional  wear  scar  maps  generated
by  mechanical  stylus  profilometry  were  used  to measure  the  wear  volumes.  Under  the test  conditions
used,  wear  coefficients  can  be determined  from  perforating  and  non-perforating  tests, although  perforat-

ing  tests  provide  more  consistent  results.  Triode  plasma  diffusion  treatments,  plasma-assisted  (PA)  PVD
TiN  and PAPVD  CrAlN  can reduce  the  specific  wear  rate  of  Ti–6Al–4V,  while  PACVD-based  WC/C  coatings
do  not  provide  suitable  protection  against  abrasive  wear.  The  combination  of triode  plasma  oxynitriding
diffusion  treatments  and  PVD  coatings  to create  duplex  treatments  can  also  lead  to  further  reductions
in  the  coating  wear  coefficient  when  compared  to  non-duplex  coatings  deposited  on non-pretreated
substrates.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Titanium and its alloys exhibit many excellent mechanical and
hysical properties, making them ideal for a variety of applica-
ions; however, poor tribological performance has historically been

 significant constraint to their wider use in engineering applica-
ions (such as for bearing surface and moving parts). The recent
se of surface engineering techniques, particularly ceramic hard
oatings and surface thermochemical conversion treatments, has
llowed the expansion of the range of possible fields of application
o those which include relative motion between components in
Please cite this article in press as: G. Cassar, et al., Micro-abrasion wear te
Wear  (2011), doi:10.1016/j.wear.2011.10.002

ontact.
Recently, triode plasma diffusion treatments, in ‘duplex’ com-

ination with hard PVD coatings, have been demonstrated as

∗ Corresponding author. Tel.: +356 2340 2140; fax: +356 2134 3577.
E-mail address: glenn.cassar@um.edu.mt (G. Cassar).

043-1648/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.wear.2011.10.002
suitable techniques capable of substantially improving the wear
resistance of Ti–6Al–4V under reciprocating sliding wear test-
ing – a predominantly two-body (2B) abrasive test [1].  However,
micro-abrasion testing is very different to ‘pin-on-flat’ type wear
tests, in that it involves little plastic deformation of the sub-
strate below the contact region. Therefore, the technique offers
an insight to the performance of surface treated test pieces under
very different operating conditions. Furthermore, in most practi-
cal applications three-body (3B) wear is often prevalent due to
unavoidable presence of contaminant particles, while two-body
wear can be avoided by ensuring smooth bearing surfaces, by
effective lubrication and by appropriate running-in of the mating
components. Thus, ensuring effective abrasive wear resistance is
essential in making Ti alloys suitable for a wider range of appli-
sting of triode plasma diffusion and duplex treated Ti–6Al–4V alloy,

cations; therefore knowledge about the abrasive wear resistance
of surface hardened titanium can play a decisive role. Particularly
in the case of coated components, the presence of hard debris
may  be an unfortunate consequence of the surface engineering

dx.doi.org/10.1016/j.wear.2011.10.002
dx.doi.org/10.1016/j.wear.2011.10.002
http://www.sciencedirect.com/science/journal/00431648
http://www.elsevier.com/locate/wear
mailto:glenn.cassar@um.edu.mt
dx.doi.org/10.1016/j.wear.2011.10.002
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treatment type are illustrated in Table 1. LHV-TPON processes car-
ried out for 4 h included a first hour of oxidation at a low cathode
voltage of −200 V, followed by nitriding at −200 V for 2 h, and a
final hour of nitriding at a higher cathode bias of −1000 V.

Table 1
Sample designation system.

Bias potential Triode-plasma diffusion
process
ARTICLEEA-100133; No. of Pages 11
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reatment. Localized premature coating failure, and/or poor adhe-
ion can initiate rapid failure of the component if the remaining
urface is susceptible to 3B wear.

The ball-cratering based micro-scale abrasion wear test has
volved as an established method to determine the abrasive wear
roperties of coatings and bulk materials – although little work has
et been dedicated to the resistance to abrasion wear of titanium
lloys, particularly when such materials are modified using surface
ngineering techniques. In the ‘fixed-ball’ configuration of the test,

 ball is rotated while being pressed against the sample in the pres-
nce of an abrasive slurry – typically a fine SiC powder dispersed
n water. This produces a circular impression in the sample that is
ater measured to determine the specific wear rate of the coating
nd substrate material (in perforating tests).

Depending on the test conditions selected and the ball and sam-
le material, the dominant wear modes observed in micro-abrasion
ests are two-body and three-body abrasion. Three-body abrasion
esults when the particles roll in the contact region while two-
ody abrasion occurs when the particles slide in the contact region.
raters where particle rolling motion predominates are charac-
erised by a uniform multiply – indented and heavily deformed
opography as a result of micro-chipping and indentation damage
y multiple abrasives [2].  Conversely, in two-body abrasion, the
articles are rigidly attached to the ball surface by some degree of
mbedment, and this condition will produce multiple fine, parallel
rooves in the counterface, clearly aligned in the direction of ball
otation [3].

The prevalent wear mode has a significant effect on the wear
ate and can also affect the reproducibility of the test results [4].
dachi and Hutchings [5] have shown that specific wear rates in

he rolling abrasion regime (3B) are relatively insensitive to test
onditions, such as load and abrasive volume fraction, whereas
he wear rates for grooving abrasion (2B) are much more strongly
ependent on the operating conditions. Also, conditions typically

eading to 2B abrasion can cause an atypical flow of slurry around
he contact area. This leads to non-spherical wear scars, charac-
erised by a ridge of specimen material in the centre of the scar,
arallel to the sliding direction [6].  The resultant wear rate is there-
ore unpredictable. Furthermore, the relationship between load and
ear volume per unit sliding distance is often non-linear for 2B

onditions. In contrast, this wear volume is in general found to be
irectly proportional to the normal load for 3B abrasion [3].  Thus,
est conditions favouring rolling abrasive wear were considered
mportant for obtaining meaningful results from this work.

Adachi and Hutchings [7] demonstrated that the transition from
ne wear mode to the other can be expressed by a critical value
f a dimensionless quantity known as severity of contact, Sc. The
everity of contact, can be written as:

c = W

AVf H′ (1)

here W is the normal load, Vf is the volume fraction of abrasive in
olution, A is the interaction area (approximated to the wear scar
rea) and H′ is the effective hardness. In turn, A and H′ are defined
y Eqs. (2) and (3) respectively:

 = �a′2 = �(a2 + 2 RD)  (2)

here a′ is the interaction radius, a is the Hertzian contact radius,
 is the radius of the ball and D is the diameter of the abrasive
articles and

1 1 1
Please cite this article in press as: G. Cassar, et al., Micro-abrasion wear te
Wear  (2011), doi:10.1016/j.wear.2011.10.002

H′ =
Hs

+
Hb

(3)

here Hs and Hb are the sample surface and ball hardness
espectively.
 PRESS
x (2011) xxx– xxx

Adachi and Hutchings [7] also proposed a wear-mode map
which depicts the two wear regimes as function of Sc and the hard-
ness ratio, Hs/Hb. The transition between the two wear modes has
been found to be controlled by the ratio of the sample to ball hard-
ness such that 3B rolling abrasion is expected to occur when:

Sc = W

AVf H′ ≤ ˛
(

Hs

Hb

)ˇ

(4)

where  ̨ and  ̌ are empirical constants (  ̨ ≈ 0.0076,  ̌ ≈ −0.49).
Clearly, this definition of Sc implies that a lower value promotes

the occurrence of rolling abrasion over grooving abrasion.
Once the tests have been performed the sample and coating spe-

cific wear rates have to be calculated. Several different methods
for the determination of specific wear rates have been proposed
by different authors. A critical review and comparison in terms of
accuracy can be found in [8].  These methods are all derived from
Archard’s equation for sliding wear:

WS  = V

�
(5)

where V is the total wear scar volume, S is the sliding distance and �
is the specific wear rate or wear coefficient (conventionally quoted
in units of mm3/Nm).

Rutherford and Hutchings [9,10] extended Eq. (5) to include the
combined wear of both coating and substrate, each with indepen-
dent specific wear coefficients; �c for the coating, and �s for the
substrate associated with the coating and substrate wear scar vol-
umes, Vc and Vs respectively. Thus for coated substrates, a combined
wear equation can be written as:

WS  = Vc

�c
+ Vs

�s
(6)

Eq. (6) can also be rewritten in terms of the total wear scar
volume (V  = Vc + Vs), such that �c and �s are obtained from the
gradient and intercept of a linear fit:

WS

V
=

(
1
�c

− 1
�s

)
Vc

V
+ 1

�s
(7)

2. Experimental details

The nominal chemical composition of the Ti–6Al–4V alloy used
was 6.01 wt.% Al, 4.08 wt.% V, balance Ti. The test coupons had a core
hardness of 375 ± 10 HK0.025 and were polished to a mirror finish,
with a measured mean surface roughness (Ra) of 0.03 ± 0.01 �m.

The base material was  diffusion-treated by triode plasma
nitriding or combined oxidising/nitriding in a modified Tecvac
IP70L commercial coating system, using a low-pressure d.c. tri-
ode configuration [11,12] and additional radiative heating. Triode
enhanced-plasma diffusion treatments were carried out at a sub-
strate temperature of 700 ◦C in a mixture of 0.7 partial pressure of
nitrogen or oxygen and 0.3 partial pressure of argon, at a total gas
pressure of 0.4 Pa. The abbreviated designations of each diffusion
sting of triode plasma diffusion and duplex treated Ti–6Al–4V alloy,

Low voltage (−200 V) (LV)
Nitriding (TPN)

High voltage (−1000 V) (HV)
Low voltage followed by high

voltage treatment (LHV)
Oxidation followed by
nitriding (TPON)

dx.doi.org/10.1016/j.wear.2011.10.002
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Fig. 1. Size distribution of SiC and Al2O3 particles used as abrasive.

Table 2
Test conditions used for micro-abrasion tests.

Normal force (N) 0.1
Ball rotational speed (rpm) ∼76.4
Tangential sliding velocity (m/s) 0.1
Abrasive material SiC – Grade P1200 (Logitech Ltd., UK)
Slurry concentration (g/ml) 0.8
Volume fraction 0.24
Mean particle size (�m) 3.1 (s = 2.7)
Abrasive carrier Distilled water
Ball diameter (mm) 25
ARTICLEEA-100133; No. of Pages 11
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The specimens, untreated or diffusion-treated, were coated
ither with TiN deposited using an electron-beam plasma-assisted
hysical vapour deposition (EB PAPVD) system (Tecvac IP70 coater)
r CrAlN deposited using a twin-EB PAPVD machine (Tecvac IP35
oater). Thermionic plasma enhancement was provided by an addi-
ional electron-emitting cathode in the form of a hot tungsten
lament, biased at −200 V, positioned near the base of the cham-
er, adjacent to the vapour source(s). Samples were firstly diode
putter cleaned in Ar at 2.0 ± 0.1 Pa chamber pressure and 1000 V
ubstrate negative bias, then a thin interlayer with a thickness
etween 0.1 and 0.2 �m was deposited (Ti in the case of TiN, and
r + CrN for CrAlN) under a pressure of 0.3 Pa and triode conditions.
inally, the ceramic coating layer was deposited for approximately
00 min, to give a total thickness of 2.8 ± 0.2 �m in the case of TiN,
nd 2.0 ± 0.2 �m for CrAlN. During coating the maximum substrate
emperature ranged between 400 and 450 ◦C.

WC/C coatings were produced using a Tecvac d.c. unbalanced
agnetron sputtering PVD machine. A ∼300 nm Cr interlayer
as first deposited and then a WC  phase was  grown using
agnetron sputtering, whereas the C phase was introduced simul-

aneously by plasma-assisted CVD from an acetylene (C2H2) and
r plasma. During coating deposition the substrate temperature
anged between 200 and 250 ◦C. The total thickness of WC/C coat-
ngs was 2.5 ± 0.1 �m.

.1. Surface characterisation

Knoop microindentation hardness measurements were per-
ormed on polished substrate cross-sections using a Mitutoyo HM

icrohardness tester, set at a load of 25 gf (1 gf = 9.81 mN)  and a
0 s dwell time. The test method used followed the relevant stan-
ard for Knoop hardness testing of metallic materials – BS EN ISO
545-1:2005 [13]. Surface nanoindentation measurements were
erformed using a Hysitron Inc. TriboscopeTM equipped with a
erkovich triangular-pyramidal diamond indenter. Fifteen inden-
ations were made for each sample at maximum loads of around
0 mN  and 5 mN  for coatings and diffusion-treated samples, respec-
ively.

Optical microscopy was carried out using a Polyvar Met  research
icroscope fitted with Axio Cam (Zeiss) digital camera. A JEOL JSM

400 scanning electron microscope (SEM) operated at 15–20 kV
as used for electron microscopy.

A Veeco Dektak 150 stylus profilometer was used to measure
he sample surface roughness and wear scar volumes. The 12.5 �m
adius stylus tip was loaded with a force of 30 mg  and the scan
uration was set such that the traversing resolution was  better
han 0.05 �m.  The vertical resolution was less than 0.01 �m.  Three-
imensional (3D) maps were also obtained using multiple scans
hich were then integrated using Vision® 3D analysis software.

he number of parallel scans was set such that a minimum lateral
esolution of 25 �m was  obtained.

More detailed topography was obtained using a Digital Instru-
ents Multimode Nanoscope IV atomic force microscope (AFM)
ith an e-scanner and rectangular silicon nitride (Olympus Co.)

antilevers which had been previously gold coated. The instrument
as operated in contact mode, at a frequency of 1 Hz and an applied

oad of approximately 5 nN.

.2. Micro-abrasion wear testing

Micro-abrasion testing was performed using a Plint TE-66
icro-scale abrasion tester. Preconditioned bearing steel balls
Please cite this article in press as: G. Cassar, et al., Micro-abrasion wear te
Wear  (2011), doi:10.1016/j.wear.2011.10.002

ere used [14], since smooth ‘as-received’ counterface balls have
een proved to cause poor abrasive entrainment and in turn non-
epresentative tests [15,16]. A series of progressively longer tests
as performed according to the methodology described in [14].
Ball material Bearing steel (SAE52100)
Ball hardness (GPa) 8.5
No. of ball revolutions (revs) 10, 35, 50, 100, 300, 500, 800

Between each test the ball was axially rotated slightly, such that no
two tests used precisely the same circumferential band.

In order to formulate these testing parameters, a number of
preliminary tests were performed. The chosen set of experimental
conditions maintained a low value of contact severity (Sc, Eq. (1))
during the tests, so as to consistently generate a predominantly 3B
abrasion mechanism and thus meaningful comparisons between
the resulting wear rates could be made. Preliminary testing mainly
included the use of different loads, particle volume fractions, and
two types of abrasive particle (SiC and Al2O3). Although SiC is over-
whelmingly the more commonly used medium for such tests, the
finer mean particle size of the Al2O3 (99.95% pure from Alfa Aesar,
USA) powder (0.61 �m compared to 3.1 �m of SiC) was a better
match to the thickness of the specific layers of interest in this
work. The size distribution of both SiC and Al2O3 particles was
assessed using laser granulometry (Beckman Coulter LS 130), for
which results are presented in Fig. 1. Following the preliminary tri-
als (discussed further in the following section) the experimental
conditions were established (Table 2).

Finally, the volume of the wear craters produced needed to
be evaluated; however, the variety of treatments tested in this
work posed different concerns regarding the accuracy of the
selected measurement and data analysis technique. For instance,
for untreated and diffusion-treated specimens the relatively large
SiC particles produced scars which typically lacked boundary defi-
nition. Furthermore, different samples exhibited scar shapes which
deviated from the idealised hemispherical cap geometry. For these
reasons the use of data analysis methods analogous to those
developed by Rutherford and Hutchings [9,10] were considered
unsuitable, since these assume a wear scar profile which replicates
sting of triode plasma diffusion and duplex treated Ti–6Al–4V alloy,

that of the ball and would (in our case) introduce appreciable errors
to the measured wear volume.

The use of 3D surface maps and Vision® 3D analysis software
allowed very accurate profilometry measurement of the wear scar

dx.doi.org/10.1016/j.wear.2011.10.002
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Fig. 2. Optical and AFM topographic images sh

olumes, i.e. the total crater wear volume (V) and the individual
oating (Vc) and substrate (Vs) volume components. This quantifi-
ation method also allowed the use of very small (and relatively
rregular in shape), non-perforating craters which would otherwise
e expected to introduce unacceptably large errors. The precise
alue for each coating layer thickness needed to accurately measure
c and Vs was obtained using very accurate ball-cratering with fine
iamond abrasive (mean diameter 0.25 �m)  [8] and also confirmed
y SEM observation of coating fracture cross-sections.

The virtual model of the scar and its surrounding area was  first
igitally levelled and then the flat area well outside the crater
olume was assigned as a reference datum. A second reference
lane was set at a depth corresponding to the coating thickness.
ubsequent volume measurements were taken by calculating the
olume enclosed between the reference planes and the crater sur-
ace. In agreement with previous work [16], the volumes measured
hrough profilometry, compared to those calculated through opti-
al measurements, were consistently smaller.

Having accurately determined the values of V, Vs and Vc, the spe-
ific wear rates of both coating and substrate were then extracted
Please cite this article in press as: G. Cassar, et al., Micro-abrasion wear te
Wear  (2011), doi:10.1016/j.wear.2011.10.002

rom a linear fit to the data using Eq. (7) and the resultant intercept
nd gradient of this line. The principal errors in this technique arise
rom the resolution of the 3D mapping and this was minimised
y setting very fine scan intervals and maintaining the number of
g representative worn surfaces on Ti–6Al–4V.

passes at a constant ratio to the size of the scar being mapped. The
other possible source of error, when using this technique, is during
the coating thickness measurement; however, this dimension can
be obtained to very high accuracy levels using the above mentioned
procedures.

3. Results and discussion

3.1. Optimisation of test conditions for Ti–6Al–4V

Abrasion scars produced on untreated Ti–6Al–4V exhibit either
(i) unidirectional parallel grooves as shown in Fig. 2a–d, or (ii) a
multiple indented surface topography with no noticeable direc-
tionality as shown in Fig. 2e and f. Both optical and AFM images
show that the micro-cutting action of the abrasive leaves relatively
deep trenches when the contact severity is sufficiently high to per-
mit  dragging of the particles into the contact. The size of these
trenches is clearly comparable to the mean size of the abrasive
used. The finer texture of the wear scars produced using Al2O3
sting of triode plasma diffusion and duplex treated Ti–6Al–4V alloy,

(as opposed to SiC) relates to the reduced mean diameter of the
alumina particles (0.61 �m,  compared to 3.1 �m,  respectively).
Thus, wear scars could be identified as caused by one of the two
wear mechanisms (2B or 3B abrasion), while a few showed central

dx.doi.org/10.1016/j.wear.2011.10.002
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these cases, the increase in hardness of the surface material may
shift the testing region closer to the transition line and thus some
grooving may be observed.
ig. 3. Wear mechanism map  for ball crater micro-scale abrasion of Ti–6Al–4V by
iC slurry.

egions with grooving features and fine multiple indentations at
he outer periphery. These are referred to as ‘mixed’ (wear mode).

Fig. 3 shows the distribution of wear modes observed in sev-
ral experiments for untreated Ti–6Al–4V abraded using SiC-based
lurry. In accordance with the existing literature [17,18],  abrasion
ests at low loads below 0.3 N, which promote a 3B wear mech-
nism, were performed. The wear mechanism map, presented in
erms of applied load and slurry concentration, shows that the
ear mode changed from 3B to 2B abrasion with an increase in
ormal load, W,  and a decrease in volume fraction, Vf, of abra-
ive. Similar tests performed using finer Al2O3 showed that it
as much more difficult to achieve a consistent 3B wear mecha-
ism. This concern would eventually be exaggerated when testing
arder, diffusion-treated and/or coated substrates which, due to
heir higher hardness, would almost certainly result in two-body
r mixed wear. This was  attributed to three factors:

Al2O3 is around 20% more dense than SiC [19], and therefore the
corresponding volume of Al2O3 for the same weight of powder is
lower than SiC. In turn, this leads to less solid entrapment within
the contact area thereby increasing the net load per particle.

 The mean size of the Al2O3 particles used in this work was
0.61 �m i.e. ∼80% smaller than SiC particles. Once again, this
largely increases the local contact pressure exerted on each par-
ticle, promoting the transition to two-body wear.

 A maximum of 0.6 g/ml (Vf = ∼0.2) of Al2O3 could be kept in sus-
pension in water without the use of deflocculants. The increased
tendency to agglomeration can be explained by the higher
specific surface area associated with the submicron diameter
particles.

Furthermore, 2D traces generated by profilometry scans of scars
reated using Al2O3 indicate that the shape of these varied signifi-
antly from the expected hemi-spherical geometry. This is likely to
e as a result of a non-uniform flow of abrasive slurry around the
all contact area. The scan profile and observations during testing
uggest that the slurry accumulates at the top region of the ball.
his results in an elongation of the scar in the direction parallel to
he ball rotation. These results clearly favoured the use of SiC as
pposed to Al2O3.

The test parameters plotted in Fig. 3 have been superimposed
Please cite this article in press as: G. Cassar, et al., Micro-abrasion wear te
Wear  (2011), doi:10.1016/j.wear.2011.10.002

nto the abrasion mode map  developed by Adachi and Hutchings
7], Fig. 4. In order to determine the test severity of contact, Sc,
he interaction area was  calculated using Eq. (4) and the value of
he interaction area was  defined by the measured diameter of the
Fig. 4. Wear mode diagram (after [7]) as a function of Sc and the substrate to ball
hardness ratio, with the superimposed test conditions used for this study.

actual scars (produced after 10 revolutions) rather than computed
using Eq. (2).  The contact area values predicted from Eq. (2) were
found to reduce the ‘real’ value of Sc as these calculated values
of the contact surface area were clearly overestimated. The dif-
ference was  attributed to two  main factors; (i) the shape of the
SiC particles strongly deviates from spherical (Fig. 5) and therefore
the longer particles will tend to bear a higher proportion of the
applied load, resulting in high load per particle and (ii) the neg-
atively skewed particle size distribution shows the presence of a
significant number of smaller particles; Fig. 1 shows that around
25% of the particles are smaller than 1 �m in diameter before test-
ing. As a result, the measured diameters were more representative
of the real contact geometry, notwithstanding the fact that these
were measured following 10 revolutions (rather than 1).

A transition in the wear mode observed was expected to occur
as the load and slurry volume fraction was varied and indeed, Fig. 4
shows that the results attained fit well within those predicted
by the Adachi and Hutchings model. Fig. 4 also illustrates the
difficulty encountered in trying to achieve a 3B wear mode using
alumina as the abrasive medium. The much finer alumina particles
increase the severity of contact resulting in 2B grooving. Finally,
the figure also gives an indication of the possible changes in wear
mode when testing coated and diffusion-treated Ti–6Al–4V. In
sting of triode plasma diffusion and duplex treated Ti–6Al–4V alloy,

Fig. 5. SEM micrograph of P1200 grade SiC particles used as abrasive for micro-
abrasion tests. The SiC particles are angular with an evident plate-like morphology.

dx.doi.org/10.1016/j.wear.2011.10.002
https://www.researchgate.net/publication/223072573_Tribological_behaviour_of_multi-layered_PVD_nitride_coatings?el=1_x_8&enrichId=rgreq-6c9adacfcf1b9a795971e58e15b81f75-XXX&enrichSource=Y292ZXJQYWdlOzI1Njg0Njc0MDtBUzoxMDI1NTY2MDkwMjQwMDFAMTQwMTQ2MjgwOTI3Mw==


ARTICLE IN PRESSG Model

WEA-100133; No. of Pages 11

6 G. Cassar et al. / Wear xxx (2011) xxx– xxx

15.012.510.07.55.02.50.0
0.0

1.0x10-3

2.0x10-3

3.0x10-3

4.0x10-3

5.0x10-3

6.0x10-3

7.0x10-3

W
ea

r V
ol

um
e 

(m
m

3 )

 Normal Load, W x Sliding Distance,  S  (Nm)

 Three-Body
 Two-Body

Fig. 6. Variation of wear volume, V, with the product of normal load, W,  and sliding
d
(
l

e
u
b
w
b
m
d
o
t
e
p
I
d
t
m

m
a
r
i
t
m

T
e
d
a
[
r
l
t
o
t
r
s
i
o
i

3

d

 LV-TPN
 HV-TPN
 LHV-TPON

         Untreated

80706050403020100
200

400

600

800

1000

1200
1800

2000

M
ic

ro
in

de
nt

at
io

n 
H

ar
dn

es
s 

(H
K

0.
02

5)

Depth from Surface ( μm)
istance, S, for two-body abrasion (Vf = 0.06 and W = 0.2 N) and three-body abrasion
Vf = 0.24 and W = 0.1 N) on untreated Ti–6Al–4V using SiC slurry. Superimposed are
inear fits (dotted) for the same data. Insert shows 3B data only.

The last criterion to consider for selecting the testing param-
ters, particularly for a homogeneous material (in this case the
ntreated Ti alloy), is the wear volume, V, generated which should
e proportional to the load, W,  and sliding distance, S, used. In other
ords, Archard’s equation (Eq. (5)) for sliding wear should in theory

e satisfied. Fig. 6 shows data generated when testing the substrate
aterial using different loads and sliding distances. The 3B rolling

ata suggests that V is indeed directly proportional to the product
f S and W,  with a coefficient of determination (COD) > 0.9995. On
he other hand, the data for 2B grooving abrasion shows a nonlin-
ar correlation. The measured scar volume is reduced as increased
ressure in the wear contact discourages particle entrainment [20].

n agreement with other published literature [5],  these results
emonstrate that the data generated by a 3B wear mechanism is
herefore more suitable to provide a wear coefficient value, �, for

icro-abrasive testing of Ti–6Al–4V.
Based on the results explained earlier, all successive experi-

ents were performed using SiC slurry, at a normal load of 0.1 N
nd at a volume fraction of 0.24. In addition, a relatively slow ball
otation speed was maintained – since more severe hydrodynamic
nteractions between the slurry and the sample surface also tend
o promote grooving [2].  The rotational speed was set to approxi-

ately 76 rpm, equivalent to a tangential linear velocity of 0.1 m/s.
As a benchmark for the abrasion resistance of the untreated

i–6Al–4V alloy, the value of �s was determined from the gradi-
nt of a linear fit to the 3B data plotted in Fig. 6. The fitted line was
eliberately ‘forced’ through the origin since this improves the reli-
bility of the data by reducing the influence of outlying data points
8]. Although the high COD value obtained indicates that the linear
egression equation is very accurate, a minor deviation from the
inear fit of the data points closest to the origin can be observed in
he insert shown in Fig. 6. This is likely to be caused by the existence
f different wear mechanisms in the initial part of the test, when
he sample surface is still almost completely flat. This may  also be
elated to (i) a shallow work hardened layer at the surface of the
amples caused by the metallographic preparation route and (ii)
ncreased particle slip on the initially highly polished surface. Both
f these factors lead to a reduction in the wear coefficient and this
s reflected in a lower apparent gradient at the origin of the curve.
Please cite this article in press as: G. Cassar, et al., Micro-abrasion wear te
Wear  (2011), doi:10.1016/j.wear.2011.10.002

.2. Triode plasma diffusion-treated samples

The hardness-depth profiles of Ti–6Al–4V subjected to three
ifferent triode plasma diffusion treatments are shown in Fig. 7.
Fig. 7. Hardness–depth profiles of diffusion-treated Ti–6Al–4V samples. All treat-
ments were carried out at 700 ◦C for a total of 4 h. The high voltage stage in both
HV-TPN and LHV-TPON, and the oxidation stage in the latter lasted for 1 h.

All three treatments, shown in the figure, result in an increase
in the hardness of the alloy down to several tens of microns
into the bulk. However, some differences can be observed. The
nitrogen diffusion-strengthened zone in LV-TPN-treated samples
is significantly larger than in HV-TPN while, conversely, the sur-
face hardness measured in latter is around 70% higher than in
the former. This results from the fact that HV-treatments gener-
ate a thicker nitride compound layer (1.45 ± 0.1 �m compared to
0.25 ± 0.1 �m for LV-TPN after 4 h), which acts as a barrier to fur-
ther nitrogen diffusion [21,22]. The effect of these treatments on
the tribological properties of Ti–6Al–4V has been discussed in detail
in [1].  The tribological performance of LV-TPN-treated Ti–6Al–4V
was shown to be greatly superior to that obtained by HV-TPN under
equivalent conditions of time and/or temperature. For this reason
lower voltage treatments, capable of providing a deep hardened
case (and in turn better load support to the subsequently deposited
coating), were favoured for micro-abrasion testing.

In addition, the introduction of oxygen during the first hour
of the treatment was used to further increase the hardened case
depth. The rate of oxygen diffusion in �-Ti is known to be much
higher than that of nitrogen at a given temperature [21,23] and
can also (unlike in the case of nitriding processes) be maintained at
its maximum potential – irrespective of the formation of an oxide
layer during the oxidation process. In the case of LHV-TPON this
was also combined with a final hour of nitriding at a cathode bias of
−1000 V, which was  intended to promote the formation of TiN/Ti2N
at the surface, thereby further increasing the surface hardness and
the adhesion strength of the PVD coating (by improving chemical
affinity). The resulting hardness-depth profile of the improved LHV-
TPON is clearly superior to that of the benchmark LV-TPN-treated
sample (Fig. 7).

Determining the effect of different diffusion treatments on the
abrasion resistance of these alloys posed several difficulties. Firstly,
unlike coatings there is no clear boundary between the hardened
layer and the substrate material; instead, the material chemistry
and mechanical properties vary gradually from the surface com-
pound layer to the bulk. Secondly, different treatments result in
different compound layer characteristics and different thicknesses
and in turn these layers are mechanically supported by varying case
sting of triode plasma diffusion and duplex treated Ti–6Al–4V alloy,

depths. This implies that the specific wear rate of diffusion-treated
material should be considered as a complex variable which changes
with depth. As a result, analytical methods used for coated samples
could not be directly employed in this work. However, since in most

dx.doi.org/10.1016/j.wear.2011.10.002
https://www.researchgate.net/publication/248306449_Dubious_details_of_nitrogen_diffusion_in_nitrided_titanium?el=1_x_8&enrichId=rgreq-6c9adacfcf1b9a795971e58e15b81f75-XXX&enrichSource=Y292ZXJQYWdlOzI1Njg0Njc0MDtBUzoxMDI1NTY2MDkwMjQwMDFAMTQwMTQ2MjgwOTI3Mw==
https://www.researchgate.net/publication/248306449_Dubious_details_of_nitrogen_diffusion_in_nitrided_titanium?el=1_x_8&enrichId=rgreq-6c9adacfcf1b9a795971e58e15b81f75-XXX&enrichSource=Y292ZXJQYWdlOzI1Njg0Njc0MDtBUzoxMDI1NTY2MDkwMjQwMDFAMTQwMTQ2MjgwOTI3Mw==
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Table  3
Wear coefficients of Ti–6Al–4V surfaces subjected to various diffusion treatments.

Sample Wear coefficient
(×10−4 mm3/Nm)

��,  % (compared to
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T
W

Untreated 9.65 –
LV-TPN (4 h) 8.98 −6.9
LHV-TPON (4 h) 8.67 −10.1

ases the depth of penetration of the rotating ball into the substrate
emains within the region strengthened by the plasma treatment

 the penetration at 800 revolutions is of the order of 12 �m – it
as decided that to rank the efficacy of these treatments it was

ufficient to consider the material sampled by the test as uniform.
The wear coefficients were obtained from fitting lines to plots of

 vs. WS  for several samples. The gradients of the linear regression
ines are tabulated in Table 3 together with the percentage change
n micro-abrasion wear coefficient. Both treated samples showed
ome degree of improvement corresponding to negative percentile
hanges. However, an initially higher wear rate, compared to the
ntreated material, was  measured for 10, 35 and 50 revolution
ests. The initial poor performance of the triode plasma treated
lloy can be related to the increased surface roughness following
reatment. For instance, the Ra values measured for LV-TPN and
HV-TPON samples were 0.05 and 0.08 �m respectively, compared
o 0.03 �m for the polished untreated alloy. The higher Ra values

ay  increase the instantaneous wear coefficient at the beginning
f the test by reducing the real contact area, thereby increasing the
ocal contact stresses. The roughness of these samples eventually
ecreases and the gradient of the V vs. WS  plot is consequently
educed – indicating a lower wear coefficient.

.3. Single-layered coated samples

Since the value of �s was pre-determined, the Hedenqvist
ethod [8,24] could have been used to directly obtain a value of �c

rom a plot of (WS  − Vs/�s) against Vc (Eq. (6)). However, the Ruther-
ord method [10], which uses the inverse values of the intercept and
lope of a single plot of WS/V vs. Vc/V (Fig. 8) to determine �s and �c,
as chosen. The Rutherford method is preferred since the values of

s obtained are considered to be more representative of the actual
aterial below the coating which, although virtually identical to

he untreated material, may  still show different wear resistance
hen in the presence of a hard PVD deposit. Furthermore, the vol-
me  measurements obtained for the shorter tests – during which
he coating was not perforated – were used to plot graphs similar
o Fig. 6 from which �c values were calculated.

The wear coefficients obtained from fitting lines to the data
btained by 3D profilometry are shown in Table 4. The wear
oefficient for the TiN coating shows a significantly higher resis-
ance to micro-abrasion compared to the uncoated substrate. This
alue of �c is also in very good agreement with that obtained
y non-perforating tests. It should be highlighted that the wear
car topography did not change between shorter (non-perforating)
nd longer (perforating) tests, suggesting the same abrasive wear
Please cite this article in press as: G. Cassar, et al., Micro-abrasion wear te
Wear  (2011), doi:10.1016/j.wear.2011.10.002

ode in both cases. Furthermore, the 3D mapping and subsequent
olume measurements of small scars, such as those needed for
on-perforating tests, are clearly sufficiently accurate to produce
omparable results. The 3D volume obtained removes concerns

able 4
ear coefficients of Ti–6Al–4V substrate and single-layered coatings.

Sample �s (×10−4 mm3/Nm) �

Single-layered TiN 11.39 

Single-layered CrAlN 11.52 

Single-layered WC/C 9.59 4
Fig. 8. Linear plot of WS/V against Vc/V for single layered TiN deposited on Ti–6Al–4V
used to apply Rutherford analysis method.

related to the accuracy of the hemi-spherical shape of the scar,
which more often than not deviates considerably, particularly in
the early stages of the test. Thus, if only �c is needed, confining the
scar to the coating thickness by using short micro-abrasion runs
is clearly advantageous, since the test (and the subsequent scan-
ning profilometry) is relatively rapid – and the results obtained are
sufficiently accurate.

Interestingly, the wear rate of the substrate also changes,
depending on the conditions under which it was measured. An
increase in �s following the deposition of a TiN ceramic coating has
also been observed by Batista et al. [25,26] for single-layer coated
and duplex-treated AISI H13 steel. This can be related to the genera-
tion of hard coating debris, which acts as a source of additional wear
particles, thus increasing abrason of the substrate. However, it may
also be related to differences in scar development with increasing
number of revolutions, depending on whether or not the substrate
has been coated. For instance, the presence of a TiN coating inhibits
formation of an annulus of piled-up material around the crater,
which is always present in the untreated material (and may  affect
the flow of SiC particles inside the scar).

The wear coefficient was  also measured for CrAlN and was found
to be significantly smaller than that of TiN (Table 4). Although the
micro-abrasion resistance of the two coatings appears to be related
to their hardness it does not follow a simple 1/Hc trend as predicted
by Archard [27]. A film designed to resist micro-abrasive wear must
indeed have high hardness to resist scratching and ploughing but
must also have a low elastic modulus to resist plastic deforma-
tion during contact against a counterface [28]. A material with a
lower Young’s modulus can also elastically deform to distribute
the contact load over a larger area, thereby reducing the maxi-
mum  contact pressure. Tsui et al. [29] showed that the resistance
to plastic deformation is dependent on the ratio H3/E2. Thus, the
contact loads required to induce plastic deformation in materi-

3 2
sting of triode plasma diffusion and duplex treated Ti–6Al–4V alloy,

als with high hardness and low elastic modulus (i.e. a high H /E
ratio) are higher. In this case, the H3/E2 parameter is 0.28 for CrAlN
and 0.08 for TiN. Consequently the higher resistance to yielding
of the CrAlN film appears to be a major contributory factor to its

c (×10−4 mm3/Nm) �c (non-perforating) (×10−4 mm3/Nm)

6.01 6.91
1.06 2.07
5.88 61.21

dx.doi.org/10.1016/j.wear.2011.10.002
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emarkable performance. This is also in agreement with recent
ork on abrasion resistance by Zok and Miserez [30], who demon-

trated that the material with the highest value of H3/E2 can better
esist the initiation of cracking damage. The sharp contact gen-
rated by the abrading particles and the resultant coefficient of
riction of ∼0.25 [4,10] under the test conditions used in the present
ork dictate that cracking, as opposed to yielding, initiates failure

f these ceramic coatings [30].
The superior resistance of CrAlN to abrasive wear is more evi-

ent when observing the abrasion scars formed after increasingly
onger tests. The wear scar produced on TiN-coated Ti–6Al–4V is
lmost identical to that observed on the untreated alloy; albeit
here is no discernable material pile-up around the edges of the
car. On the other hand, CrAlN seems to fail under micro-abrasion
esting in a different manner. Fig. 9 shows that the formation of a
ear scar is considerably delayed and no appreciable signs of wear

an be seen for up to 50 ball revolutions in the case of CrAlN. Stylus
rofilometry shows that the overall wear depth is in fact less than
.1 �m for up to 75 ball revolutions. However, once the 100 revs
ark is reached a different mechanism becomes evident – local

reas of through-thickness failure appear – well before the rest of
Please cite this article in press as: G. Cassar, et al., Micro-abrasion wear te
Wear  (2011), doi:10.1016/j.wear.2011.10.002

he coating has been worn through. These regions rapidly increase
n number and size with increasing ball revolutions, exposing the
nderlying material. Also evident are aligned grooves parallel to the
irection of ball rotation – a characteristic of 2B sliding abrasion.
d CrAlN-coated Ti–6Al–4V. (a and b) 3D maps of the early stages of CrAlN failure.

The hard CrAlN surface changes the dominant wear mode by mov-
ing the operating region of this test to higher Hs/Hb values across
the transition line (Fig. 4). The SiC particles can then plough into
the material – fracturing the coating and initiating grain pull-out.
Unlike in the case of the untreated metal, 2B abrasion appears to
have much more deleterious consequences and leads to a measur-
able increase in wear rate. These failed coating regions eventually
gradually grow and coalescence until the ball perforates completely
though the coating. At this stage, the wear scar starts to follow more
closely the imposed hemispherical shape of the ball and, as the test
severity diminishes, the principal wear mode becomes 3B.

A change in wear mechanism is also a plausible explanation of
the systematic deviation observed between the wear rates mea-
sured for perforating and non-perforating tests for both TiN and
CrAlN [16]. Although the test parameters remained unchanged, the
coating material experienced a different wear mechanism, start-
ing from 2B (when the coating still covered the entire wear scar),
changing into mixed mode (when the substrate was exposed)
and finally changing into 3B system (when the scar was  suf-
ficiently large). The final transition typically occurred between
150 and 300 ball revolutions. This is a likely cause of the differ-
sting of triode plasma diffusion and duplex treated Ti–6Al–4V alloy,

ences between specific wear rates measured using perforating and
non-perforating tests. A transition in the dominant wear mode –
or simply a moderate change in contact pressure – may reduce
the wear rate as a function of sliding distance. By definition,

dx.doi.org/10.1016/j.wear.2011.10.002
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ig. 10. 2D profiles of micro-abrasion wear scars for CrAlN (150 revs), TiN (150 revs

on-perforating tests are always shorter than perforating ones
nd therefore a higher average coating wear coefficient for non-
erforating tests is likely to be observed. Therefore the results
btained through perforating tests can be considered as more truly
epresentative of the coating performance as these are predom-
nantly determined by 3B wear data. For the same reason, the
orrelation coefficient of plots obtained from perforating data was
ften higher – typically ranging between 0.92 and 0.98. This is a
lear indication of less statistical variance of 3B data, which is a
esult of the relative insensitivity of rolling abrasion to varying test
onditions [5].

Such differences between perforating and non-perforating tests
ave already been observed [31]; however, these have previously
een attributed to the scar volume estimation method (and the
rror involved). The measurement method adopted in the present
ork guarantees that these differences are not an artefact of the

olume estimation process but are indeed a ‘real’ effect in the wear
cars. In fact, the 3D model allows the determination of the crater
olume without needing to specify the crater boundary. Instead, the
olume is demarked by the original sample surface as a reference
lane. Any edge rounding and/or material pile-up that occurs does
ot distort the measured value.

Looking at the �s value obtained by testing single-layered CrAlN,
t seems (as in the case of TiN-coated Ti alloys) that CrAlN affects
he resistance of the substrate to abrasive wear. In fact, a slight
ncrease in �s is noticeable – presumably due to the higher hardness
f CrAlN. However, the significantly harder coating (and resulting
ebris) did not lead to much higher substrate wear rates. This can be
xplained by the counteracting effect created by the wear resistant
oating. The edges of the wear scar do not wear rapidly enough
o replicate the ball surface and therefore force the ball to remain
lightly removed from the sample surface (Fig. 10).  This is likely to
educe the pressure on the central, softer untreated portion of the
car, thereby producing a lower wear coefficient.

WC/C exhibited behaviour almost completely the opposite to
hat of CrAlN. The �c value measured for WC/C was  much higher
han that of the untreated Ti alloy. Table 4 gives the coating and
ubstrate wear coefficient values, including those measured from
on-perforating tests – which in this case had to be particularly
rief (<10 revs). The exceptionally high wear coefficient is indica-
ive of how rapidly the ball wears through the coating. In fact, the
s value is unaffected by the presence of the coating and its value

s almost identical to that of the uncoated substrate.
Please cite this article in press as: G. Cassar, et al., Micro-abrasion wear te
Wear  (2011), doi:10.1016/j.wear.2011.10.002

Tribological testing has often demonstrated that WC/C coatings
an provide outstanding wear resistance [32,33]; typically, WC/C
hows a relatively good resistance to sliding wear, superior to that
f TiN-coated samples. The poor performance shown here emerges
 WC/C (50 revs) deposited on Ti–6Al–4V. Dotted lines represent the ball surface.

from differences in test configuration compared to, say, dry slid-
ing in pin-on-disc or reciprocating ball-on-flat testing. Firstly, the
ability of WC/C to reduce the wear rate is largely governed by its
ability to form a lubricious transfer layer – which is unlikely to occur
under particulate abrason test conditions. Secondly, most testing
performed on WC/C-coated material is principally 2B while, in this
case, material loss is caused by the penetration of abrasive parti-
cles (third body) causing micro cutting and chipping. Thus for a
film to resist abrasive wear its hardness and its toughness are most
important. The WC/C film tested here did not exhibit high hard-
ness values probably due to the high hydrogen content, exceeding
15–20%, and therefore a good resistance to abrasive wear was not
expected. Nanoindentation results show that the hardness of WC/C
was only 14.3 ± 1.3 GPa compared to 26.3 ± 4 GPa and 33.5 ± 3 GPa
for TiN and CrAlN respectively. The two ceramic nitride coatings are
harder than the abrasive SiC particles (the latter with a hardness of
24.5 GPa [19]) and are therefore able to better resist penetration.
Furthermore, the increase in wear coefficient to values higher than
that of the substrate can be explained by a relatively poor coating
adhesion (compared to that of TiN and CrAlN), leading to coating
delamination and also by the presence of softer regions with pre-
dominantly sp2-hybridised bonding character in the coating (with
a local hardness of only ∼2.5 GPa). Fig. 10 shows how the coating
outside the region of direct contact with the ball-carrier fluid has
also failed. This extent of coating loss around the crater edge shows
that WC/C is easily removed from the substrate by just the turbulent
flow of SiC particles around the contact area.

3.4. Duplex-treated samples

Both diffusion-treated and coated samples have been shown to
provide some degree of protection against abrasive wear. Table 5
gives the micro-abrasion wear coefficients of selected samples that
had been diffusion-treated and subsequently coated.

Comparing the wear coefficients of LHV-TPON-treated sam-
ples shown in Table 5 and single layered TiN and CrAlN shown in
Table 4 demonstrates that the �c of both coatings can be reduced
when the coating is deposited on a previously diffusion-treated
surface. This indicates that the wear coefficient value of a coat-
ing measured using micro-abrasion testing is indeed affected by
the properties of the underlying substrate, as suggested by Batista
et al. [34]. Although the micro-abrasion test was  devised specif-
ically to provide coating wear coefficients that are independent
sting of triode plasma diffusion and duplex treated Ti–6Al–4V alloy,

from the underlying material, this work shows that there seems
to be significant evidence to support the claim that the coating
wear coefficient may  be affected by the nature of the underly-
ing substrate. The reason for the dependency is, for the duplex

dx.doi.org/10.1016/j.wear.2011.10.002
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Table  5
Wear coefficients of Ti–6Al–4V substrate and duplex coatings.

Sample �s (×10−4 mm3/Nm) �c (×10−4 mm3/Nm) �c (non-perforating) (×10−4 mm3/Nm)

HV-TPN (4 h) + TiN 16.19 7.21 7.91
LHV-TPON (4 h) + TiN 11.30 5.15 6.22
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LHV-TPON (12 h) + TiN 10.90 

LHV-TPON (4 h) + CrAlN 12.02 

iffusion/coating treatments reported here, likely to be related to
he presence of a hard compound layer created during the ther-

ochemical treatment stage. The effect of the diffusion treatment
s mostly noticeable in the �c value; there is less change in �s

ompared to previous values obtained from single-layered coat-
ngs (Table 4). The beneficial effect of the substrate pretreatment
n the coating micro-abrasion resistance is again confirmed by the
xtended LHV-TPON process. This treatment was carried out for a
otal of 12 h in order to obtain a deeper hardened case and there-
ore better load support for the TiN coating. Once again, the wear
oefficient for the TiN coating was lower than when deposited on
n untreated substrate, but was also lower following a shorter 4 h
ubstrate pretreatment process. Clearly, enhanced compound layer
ormation, together with a deeper diffusion case, results in a greater
eduction in the coating wear coefficient.

When diffusion-treated samples are tested without the pres-
nce of a coating, the improved wear resistance can be directly
ttributed to the surface treatment; however, when these sam-
les are tested with a duplex treatment the improvement achieved

s observable primarily in the �c value as the compound layer
ormed appears to act as if incorporated into the PVD coating.
he much larger underlying diffusion zone is also considerably
ofter in comparison and so does not lead to a tangible reduc-
ion in �s. Furthermore, a very significant improvement in adhesion
trength has been measured for PVD coatings with prior nitrogen
iffusion treatment of the substrate. Micro-scratch adhesion tests
how an increase in the load necessary to induce adhesive failure
rom 11 N to 44 N for single-layered TiN and LHV-TPON + TiN sam-
les respectively [35]. This is also likely to inhibit coating failure
uring micro-abrasion testing. In fact, the failure mechanism previ-
usly described for CrAlN, involving through-thickness local failure
egions, was not observed in duplex samples and the scar growth
ppeared to progress uniformly until the coating is completely pen-
trated.

The above suggests that diffusion treatments yielding high
urface hardness values (HV-TPN type) should provide greater
mprovements in tribological performance compared to treat-

ents which favour increased case depth (TPON type). However,
V treatments also increase the surface roughness considerably

Ra = 0.11 �m following a 4 h treatment) and therefore lead to
igher local contact pressures. In addition, the hard nitride com-
ound layer created is likely to be more brittle and susceptible to
atigue failure, which in turn is more relevant when the underlying

aterial is prone to significant elastic deformation under repetitive
oading. This has a negative effect on the coating wear coefficient –
s can be seen more clearly from the increased �c of the duplex
iN-coated HV-TPN sample (Table 5). Similarly, work by Schiff-
ann et al. [16] has shown a higher average wear coefficient for

iN deposited on a ground Ti alloy substrate, compared to that
f polished alloy. A similar increase in specific wear rate can be
bserved for the substrate, where hard nitride debris accelerates
he wear rate of the exposed portion of the substrate. As a result,
xtended treatments, which create a more gradual mechanical gra-
Please cite this article in press as: G. Cassar, et al., Micro-abrasion wear te
Wear  (2011), doi:10.1016/j.wear.2011.10.002

ient, should be favoured to avoid such consequences. In this study,
he LV diffusion treatments were completed by only a short (i.e.,

 hr) HV nitriding stage, to increase the surface hardness – while at
he same time optimising the overall treatment depth obtained.
4.11 5.01
0.44 1.43

4. Conclusions

Micro-abrasion wear testing was  used to evaluate the wear
resistance of triode plasma diffusion-treated, single-layer TiN-,
CrAlN- and WC/C-coated and duplex-treated Ti–6Al–4V. Perfo-
rating and non-perforating tests were performed on different
treatment combinations using optimised test parameters which
had been determined. Furthermore, 3D wear scar mapping gener-
ated by mechanical profilometry was  used to measure accurately
the scar volumes. The following conclusions can be drawn:

• The optimum micro-abrasion test conditions for repeatable 3B
abrasion of Ti–6Al–4V were found to be low loads (∼0.1 N), high
abradant volume fractions (∼0.24 solid content), and a sliding
velocity of 0.1 m/s, combined with relatively coarse SiC powder
as the abrasive medium. The resultant severity of contact in 3B
rolling abrasion was shown to provide a stable wear coefficient.

• In order to avoid large errors in the crater volume measurements,
particularly in cases where the wear coefficient of substrate and
coating differ considerably, 3D models generated through pro-
filometry (mechanical or otherwise) are preferable.

• Perforating tests have been shown to be less susceptible to
changes in contact area and abrasion mode. Thus, in order to
achieve consistent and comparable wear coefficients, relatively
longer tests (>10 m/150 ball revolutions) should be performed.

• Triode plasma diffusion treatments alone are capable of reducing
the specific wear rate of Ti alloys – although the increase in sur-
face roughening typical of these treatments should be minimised
wherever possible.

• Testing of PVD coatings alone has shown that the deposition
of a suitably hard and tough PVD layer can provide excellent
short-term protection against third body particulate abrasion.
Single-layered TiN reduced the wear coefficient by around 60%
while single-layered CrAlN reduced it by more than 800%. Con-
versely, lubricious WC/C did not provide significant protection to
the underlying substrate material.

• Substantial changes in the substrate wear coefficient were noted,
depending on the coating deposited. This was correlated with the
presence of hard coating debris, together with resultant changes
in wear scar geometry and progression, compared to untreated
Ti-alloy.

• Almost all duplex diffusion/coating treatments showed fur-
ther significant reductions in their �c values – which can be
attributed primarily to the presence of a hard compound layer
(and improved load-bearing capacity as a result). This reduction
in �c however excludes duplex samples, where the coating had
been deposited following a nitriding cycle at high bias voltage
only (HV-TPN). This was related to excessive roughening and
embrittlement of the surface under these treatment conditions.

• Although diffusion-treated samples apparently exhibit higher
abrasive wear resistance when tested without a coating, this
does not translate into a lower substrate wear coefficient when
tested in the duplex condition. It appears that the improvement is
sting of triode plasma diffusion and duplex treated Ti–6Al–4V alloy,

related to the fact that the compound layer generated is ‘seen’ by
the test as being integral with the PVD ceramic coating and thus
its contribution to wear resistance is not reflected in the treated
substrate wear coefficient measurements.

dx.doi.org/10.1016/j.wear.2011.10.002
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