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Abstract

A study was undertaken to investigate the potential of a novel surface modification process to
enhance Ti6Al4V wear resistance. The process consists of co-incident particle streams of
abrasive and dopant materials which impact a substrate to create a modified surface. Al,O3
was chosen as the abrasive and Teflon, SiC and B4C were investigated as dopants.

Al,O3-SiIC and Al,03-B4,C modified Ti6Al4V both exhibited increased surface
hardness compared to the unmodified metal alloy. However, pin-on-disc tribometer
measurements indicated that such hardening modifications exhibited no appreciable benefits
in terms of wear resistance. On the other hand, Al,O3-Teflon modified Ti6Al4V demonstrated
significantly reduced coefficients of friction and reduced wear rates under the same test
conditions. Investigations suggest that although the Al,O3 abrasive is not incorporated into the
coating, its presence is essential in order to achieve a wear resistant surface. Combinations of
hard material (SiC or B4C) modifications with a further layer of Teflon resulted in further
enhancement of wear resistance as increased surface hardness was allied with similar low
coefficients of friction.

In conclusion, a number of the surface modifications conducted have a beneficial
affect on the wear resistance of Ti6AI4V. The process is also likely applicable to other
metal/metal alloys such as CoCr, NiTi and stainless steels. Furthermore, the chemical-free
nature and ambient temperature conditions concerned afford this process the potential to act
as an attractive alternative to some of the more problematic high temperature approaches

currently in use.
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1. Introduction

Titanium (Ti) and its alloys have been widely exploited in medical device manufacturing [1-
9], automotive production [10], aerospace frame construction [1] and armoured material
fabrication [11,12]. The superior specific strength [1-5] and corrosion resistance
[1,2,4,5,10,13-17] of Ti-based alloys compared to many commonly available ferrous- and
non-ferrous-based metals make them very attractive for such applications. One obstacle to
even wider use of Ti-based alloys is the high energy cost associated with manufacture of high
specification medical and aerospace grade materials [18,19]. Recently, however, a processing
route for the commercial production of a lower grade of Ti (non-FDA approved material) has
been developed [19]. This lower grade material should facilitate a wider adoption of the use
of Ti, particularly in application areas outside of the medical device and aeronautical
industries.

A number of authors have modified the surfaces of Ti-based alloys in order to enhance
tribological properties via improving resistance to abrasive wear [4,20] and plastic shearing
[4,21]. Johnson et al., for example, have improved the wear resistance associated with
Ti6Al4V surfaces by using thermal oxidation to reduce the coefficient of friction to as low as
0.1 [10]. While this is a relatively low processing cost route for wear performance
enhancement, it suffers the limitations as other thermal processes such as nitriding,
carburisation and boriding, in that the high thermal stresses produced can lead to torsional
twisting of substrates [4,22]. Similar problems are encountered with respect to thermal plasma
coating techniques, as substrate surface structure damage can arise [23,24].

The recently developed CoBlast™ process, represented schematically in Figure 1, is a
novel ambient temperature surface modification technique which enables application of
coatings onto metal/metal alloy surfaces [25-27]. In this process, two compressed air streams,
one containing an abrasive and the second containing the material to be coated, are directed at

the same area on metal/metal alloy surface and the coating is deposited on the treated surface.



The use of this technique for the deposition of hydroxyapetite (HA) coatings has previously
been reported [25-27], at which point it was shown that HA adhesion is enhanced by substrate
roughening from abrasive particles. As the outermost oxide layer of the titanium substrate is
removed the active titanium surface comes in contact with the HA particles resulting in
formation of mechanochemical bonding [26, 27]. In this study the use of the CoBlast™
technique for the deposition of solid lubricant coatings, hard materials and combinations of
both lubricant and hard metal coatings onto titanium alloy substrates is investigated for the
first time. The solid lubricant coating investigated was Teflon, while the hard coating

precursor powders studied were silicon carbide (SiC) and boron carbide (B4C).



2. Materials and Methods

2.1 Ti6Al4V Surface Modifications

The titanium aluminium vanadium alloy substrate material investigated was Ti6Al4V. The
deposition studies were carried out on 15 x 15 x 3 mm coupons cut from sheet material. These
coupons were ground using P1200 grit SiC grinding paper to provide a uniform surface
roughness (Ra = 8.5 x 10 um). Prior to coating all coupons were immersed in isopropyl
alcohol, placed in an ultrasonic bath for 10 min and then dried in air. The CoBlast™ coating
technique was then used to modify the surface of coupons. A detailed description of the
process involved is provided elsewhere [26,27]. Alumina (Al;O3;, 100 um average particle
size, Comco Inc.) was the abrasive used for all modifications. The powders selected for the
coating study were Teflon (CnF2n+2, 12 um average particle size, Zonyl MP 1300, DuPont®),
‘green’ silicon carbide (SiC, 20 um average particle size, F400, Electro Abrasives Corp.) and
boron carbide (B4C, 18 um average particle size, F500, Electro Abrasives Corp.). The process
conditions chosen for surface modifications involved use of MB 1500-29 nozzles (1.2 mm
diameter circular nozzle, Comco Inc.) with 90 psi line pressure for all particle streams. The
abrasive nozzle was set at 79° to and 17 mm above substrate coupons, with the dopant nozzle
fixed at 75° to and 23 mm above the same plane (as depicted in Figure 1). A stage velocity of
12 mm.s™* was employed throughout. The ‘microblasting’ of selected coupons with Teflon
was also performed for the purpose of comparison with the CoBlast™ process. This involved
directing the air jet containing the coating precursor at the Ti alloy surface in the absence of

the alumina abrasive jet stream.

2.2 Sample Characterisation
A tabletop Hitachi TM-1000 SEM was used to examine surface morphologies of both
unmodified and modified coupons. The elemental compositions at coupon surfaces were

established via an Oxford Instruments SwiftED-TM EDS system. Coefficient of friction



quantification was performed on a TEER Coatings POD-2 pin-on-disc tribometer using an
indexable 3 mm WC ball. Surface roughness and wear track characteristics were examined
using a Wyko NT 1100 optical profilometer (50X objective, 1.0X field-of-view lens)
operating in phase shift interferometry (PSI) mode. Contact angle measurements were
obtained via the sessile drop technique using an OCA 20 video capture apparatus from
Dataphysics Instruments. 1.0 ul drops of deionised water, ethylene glycol and diiodomethane
were used for surface energy measurements via the OWRK (Owens, Wendt, Rabel and
Kaelble) method [28]. Hardness assessment was carried out by CSM Instruments (www.csm-
instruments.com) using a Nano Indentation Tester (NHT) in conjunction with the
Instrumented Indentation Technique (I1T) [29]. The NHT test equipment was particularly apt
for characterisation of the um-thick modified surfaces fabricated throughout this work as it
allowed for control of load and quantification of penetration depth and, thus, minimised
influence of bulk Ti6AI4V on measurements. Tests were performed in air at 296 °C and 40%
humidity using a Berkovich indenter at an approach speed of 2 pm.min™. Surfaces were
loaded linearly at a rate of 50 mN.min™ to a maximum of 25 mN. Unloading at a rate of 50
mN.min commenced 15 s after arrival at maximum load. All hardness and elastic modulus
results were obtained using the Oliver and Pharr method and via a supposed Poisson’s ratio of

0.3 for estimations of the latter [30].



3. Results and Discussion

3.1 Lubricant Coatings

A baseline pin-on-disc study was carried out on the Ti6Al4V alloy substrate using 1,000 and
9,000 pin cycles at loads of between 1 and 10 N and angular velocities of between 1 to 19 cm
s™. Friction coefficients in the 0.35 — 0.65 range and track depths of 11 — 172 um were
recorded, indicating that Ti6Al4V offers poor wear resistance in the native state.

Ti6Al4V coupons were initially modified via Teflon microblasting (i.e. without
concurrent abrasive flow). The resulting surfaces were examined via SEM and, as
demonstrated in Figure 2(b), the Teflon layer was deposited as a non homogeneous coating on
the alloy surface. EDS established the presence of fluorine (74 At.%) and contact angle (CA)
measurements confirmed the expected hydrophobic nature of these Teflon surfaces with an
average water droplet CA of 112° [31]. This compared with a CA of just 47° for the
unmodified Ti6AlI4V. Wear evaluation of Teflon microblasted samples was performed using a
pin-on-disc test load of 1 N at an angular velocity of 5.2 cm s, and resulted in a friction
coefficient estimation of approximately 0.6. This value is high compared to the 0.35 — 0.65
range determined for unmodified Ti6Al4V, indicating that Teflon microblasting did not yield
any significant reduction in friction as would be expected for this solid lubricant material.
Inspection of the wear tracks formed on Teflon microblasted surfaces showed complete
removal of the Teflon coating, which would indicate poor adhesion to the Ti6AI4V. It was
concluded from this study that microblasting alone did not yield Teflon layers with sufficient
adhesion to be use as a solid lubricant coating on the metal alloy.

A second set of trials combined flows of Al,O3 abrasive with Teflon powder using the
CoBlast™ process. The SEM micrograph provided in Figure 2(c) shows the surface
morphology of an Al,O3-Teflon CoBlast™ modified Ti6Al4V coupon. The white material
was confirmed as Teflon as a consequence of both high fluorine content (79 At.% detected via

EDS) and high average water droplet CA (128°). This CA is significantly higher than the



value of 112° recorded for Teflon microblasted Ti6AI4V and may suggest that additional
surface roughening combined with the natural hydrophobic properties of Teflon to produce a
surface with an increased degree of water repellency. Profilometry confirmed this effect by
demonstrating that Teflon microblasting led to a slight reduction in surface roughness (Ra =
1.7 x 10 pm) relative to the unmodified metal alloy (Ra = 8.5 x 10 pm), whereas Al,Os-
Teflon modification via CoBlast resulted in a significant increase in roughness (Ra = 2.1 um).
No evidence of Al,O3 abrasive contamination of the deposited Teflon layer was detected
either microscopically or via EDS for CoBlast modified samples, which is in accordance with
previous reports on the deposition process [26, 27].
Wear testing of Al,Os-Teflon modified TiBAI4V using the same 1 N load and 5.2 cm s
angular velocity test conditions as were employed for Teflon microblasted surfaces
established a friction coefficient of approximately 0.1. This shows a considerable reduction
compared with the 0.35 — 0.65 range obtained for unmodified Ti6AI4V surfaces, and is in line
with the value reported by Johnson et al. for low friction oxidative treatments [10]. The
performance of Al,Os-Teflon modified surfaces were then investigated with pin-on-disc loads
and angular velocities of up to 20 N and 23.6 cm s™ respectively. The friction coefficient
remained at approximately 0.1 for all test conditions, even after periods of up to 6,000 pin
cycles. The wear rate of both unmodified and Al,Os-Teflon modified Ti6Al4V surfaces was
determined using the pin-on-disc equipment under conditions of 10 N load at 19 cm s™
angular velocity for 1800 s. The resulting wear tracks of 1393 and 448 um in width (172 and
17 um in depth) respectively demonstrated a significant reduction in wear rate with the latter
coating.

It is reported in the literature that blasting of metals with particulate materials can lead
to work hardening and thus this increase in hardness can give rise to enhanced surface wear
resistance [32,33]. Figures 4(a) and 4(b) show the wear tracks which formed on Al,O3

microblasted and Al,Os-Teflon modified Ti6AI4V respectively as a result of various pin-on-



disc tests. The two tracks on the Al,O3; microblasted surface and the two inner tracks on the
Al,O5-Teflon modified surface were generated using identical test conditions (1 N load at
0.67/1.0 cm s angular velocity for 1800 s). The contrast in the physical appearances of these
tracks demonstrates that the degree of wear experienced by the Al,O; microblasted surface
was significantly greater than for the Al,O3-Teflon modified surface. This suggests that,
although Al,O3 microblasting may have increased Ti6Al4V surface hardness in accordance
with reports in literature, this did not translate into a positive effect in terms of wear
resistance.

These results indicate that CoBlast™ processed Al,O3-Teflon coatings exhibit superior
wear resistance to samples processed with either Al,O3 or Teflon in isolation. The authors
postulate that this enhancement may be due to impregnation of Teflon within the metal alloy
surface with the energetic alumina bombardment producing a tribochemical bond formation
between the substrate and Teflon particles, as similar effects have been reported for deposition
of bioceramic dopants via CoBlast™ (26,27). This could lead to enhanced bonding of the
dopant to the metal alloy relative to a microblasted approach, and may explain the enhanced

wear resistance demonstrated by Al,Os-Teflon CoBlast™ modified Ti6AI4V.

3.2 Hard Coatings

Independent CoBlast™ deposition studies were carried out for both SiC and B4C powders in
order to investigate if these hard ceramics could enhance the wear resistance of Ti6AI4V.
SEM examination of Al,03-SiC and Al,03-B,C modified Ti6Al4V showed treated alloy
surfaces both exhibiting an almost identical appearance to that of the Al,O; microblasted
metal alloy (Figure 2(d)). This indicated that, in contrast to the Teflon powder, there was
limited adhesion of either SiC or B4C onto the alloy surface. EDS analysis demonstrated the
presence of elemental Si on the surface of the Ti alloy, but only in low concentrations (16.2

At.%), again suggesting poor adhesion of these harder ceramic powders. Pin-on-disc analysis



of both Al,O3-SiC and Al,03-B4,C modified surfaces led to the measurement of friction
coefficients comparable to those which were recorded for the unmodified metal alloy under
the same test conditions (1 N load at 1 cm s angular velocity for 1800 s), indicating that
neither of these modifications demonstrated appreciable enhancement in wear resistance
performance over Ti6Al4V in its native state.

While there appeared to be some degree of incorporation of SiC and B,C dopants into
Ti6Al4V, it would appear that bonding was insufficient to generate a positive impact on wear
properties. Thus, a heat-treatment step was carried out in the case of both these ceramic
dopants as a means of enhancing adhesion of the weakly attached powder grains. Al,O3-SiC
and Al,03-B4C CoBlast™ modified coupons were heat-treated under vacuum within an Ar
atmosphere at 673 °C for 6 hrs. The coupons were heated to 673 °C from room temperature
using a ramp rate of 2 °C min™ and cooled to room temperature post-treatment using the same
rate. The Vickers Hardness of heat-treated Al,03-SiC (546 HV) and Al,03-B4C (563 HV)
modified surfaces was found to have increased considerably in comparison to the unmodified
metal alloy (468 HV). However, despite this increased surface hardness, the widths (and thus
depths) of wear tracks resulting from pin-on-disc tests of heat-treated Al,O3-SiC and Al,Os-
B4C modified surfaces were similar to those which formed on unmodified Ti6Al4V, indicating

no noticeable increase in wear resistance (refer to Table (i)).

3.3 Hard and Lubricant Combination Coatings

Since heat-treated Al,03-SiC and Al,O3-B4C coatings were found to enhance Ti6Al4V surface
hardness, while Al,Os-Teflon coatings decreased friction coefficient and increased wear
resistance performance, it was proposed that a surface modification comprising a combination
of both hard and solid lubricant properties may further improve wear resistance. Such
coatings were prepared via addition of a microblasted Teflon layer over heat-treated Al,Os-

SiC and Al,03-B,C CoBlast™ modified surfaces.
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The successful deposition of Teflon on heat-treated Al,O3-SiC and Al,03-B4C
modified Ti6Al4V surfaces was confirmed by both EDS (89 and 73 At.% F contents
respectively) and CA analysis (average water droplet CA’s of 112 and 122° respectively). The
detection of Si atoms (2.4 At.%) during EDS in the case of Teflon coated heat-treated Al,Os3-
SiC surfaces suggested that deposition of the lubricant layer via microblasting did not lead to
removal of the SiC layer.

Teflon microblasted heat-treated Al,O3-SiC and Al;O3-B,C modified Ti6Al4V
surfaces were subjected to pin-on-disc wear testing under 10 N load at 19 cm s™ angular
velocity for 1800 s and both surfaces demonstrated friction coefficients of approximately 0.1,
corresponding to the same low friction levels as were associated with Al,O3-Teflon CoBlast
modified Ti6Al4V. The improvement in Ti6Al4V wear performance from modifications
comprising hardened surfaces with low surface energies was further verified from inspection
of the tracks formed as a result of these pin-on-disc tests. While unmodified metal alloy
surfaces showed an average track width of 1393 um and Al,O3-Teflon modified surfaces an
average of 448 um, their Teflon microblasted heat-treated Al,05-SiC and Al,03-B,C modified
counterparts demonstrated tracks with average widths of just 288 and 267 pm (depths of 7
and 6 um) respectively.

Thus, the hard and lubricant combination Ti6Al4V modifications undertaken using
CoBlast represented the highest degree of wear resistance enhancement encountered during
this study. In fact, both Teflon microblasted heat-treated Al,03-SiC and Al,03-B4,C modified
surfaces exhibited resistance to the sliding wear and frictional effects induced via pin-on-disc
analysis for up to 280 s when tested with loads of 30 N and angular velocities of 44 cm s, at
which time coating failure occurred in each case and friction coefficients increased back to

within the 0.35 — 0.65 range associated with the underlying bulk unmodified Ti6AI4V.
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4. Conclusions

It was found that use of the CoBlast™ process to impregnate Ti6Al4V with fluorocarbons
produced significantly enhanced wear resistance. The Al,O3 abrasive used in this process was
found not to be incorporated into surfaces, but was nonetheless essential to produce optimum
bonding between substrate and dopant. Attempts to increase Ti6AI4V wear resistance using
either of the hard ceramic dopants SiC or B,C was found to have no impact on wear
performance despite measurable increases in surface hardness. Al,Os-Teflon modified
surfaces on the other hand did demonstrate superior wear resistance when compared to the
unmodified metal alloy by reducing the friction coefficient from within the 0.35 — 0.65 range
to approximately 0.1. However, most impressively, Teflon microblasted over either heat-
treated Al,O3-SiC or heat-treated Al,05-B,C modified Ti6Al4V not only achieved this same
degree of friction coefficient reduction, but also dramatically decreased the width (and thus
depth) of the wear tracks formed as a consequence of pin-on-disc testing. In short, CoBlast™
is established as a successful technology for the enhancement of wear resistance properties of

Ti6AI4V.
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Table (i): Summary of pin-on-disc, surface energy and surface roughness measurements.

Pin-On-Disc Average
Surface
. Friction Wear Track Surface
-6Al- : Ener
Ti-6Al-4V Surface Coefficient Width, Depth (MN ?ny'l) Roughness
(jum) (Ra, pm)
- 353,112 85x10%
Smoothened unmodified 0.35—0.65 1393, 172" 48.7 0.8 x 1072
. a 1.7x10% +
Teflon microblasted 0.6 380, 12 13.5 0.9 x 10°
Al20z-Teflon CoBlast = 4 448,17° 6.5 21402
modified
Heat-treated Al,O3-SiC a +
CoBlast™ modified 0.6 265, 6 48.0 1.8+0.2
Heat-treated Al,Os-B,C g g5 358, 11° 41.6 2.0%0.2

CoBlast’ modified
Teflon microblasted
heat- treated Al03-SiC 0.1 288, 7° 13.4 1.6+0.3
CoBlast" modified
Teflon microblasted
heat-treated Al,05-B,C 0.1 267,6° 7.0 1.8+0.2
CoBlast" modified

a Test conditions: 1 N load at 1 cm s™ angular velocity for 1800 s.

b Test conditions: 10 N load at 19 cm s™ angular velocity for 1800 s.
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Table (ii): Summary of EDS and contact angle (CA) measurements.

Ti-6Al-4V Surface

Elemental Composition (At.%0)

Contact Angle
(CA) with Water

Ti Al vV F Si Droplets (°)

Smoothened unmodified 85.1 9.6 53 - - 47 +5
Al,O3; microblasted 946 11 3.7 - 0.6 70+7
Teflon microblasted 226 14 21 739 112 +2
AlOs Teflon CoBlast™ 178 14 10 787 11 1283
modified ' ' ' ' ' -
Heat-treated Al,O3-SiC ) +
CoBlast™ modified 75.1 4.6 4.1 16.2 1037
Teflon microblasted

heat-treated Al,O3-SiC 6.5 1.6 04 891 24 112 +2
CoBlast" modified

Teflon microblasted

heat-treated Al,O3-B,C 244 1.6 1.3 727 - 122 +5

CoBlast" modified
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Figure 1. Schematic representation of CoBlast™ process depicting abrasive and dopant

particle streams impacting surface to be modified.

Figure 2: SEM micrographs of surfaces of unmodified (a), Teflon microblasted (b), Al,O3-
Teflon CoBlast™ (c), Al,O3 microblasted (d), Teflon microblasted on heat-treated Al,O3-SiC
CoBlast™ (e) and Teflon microblasted on heat-treated Al,03-B4C CoBlast™ modified (f)

Ti6AI4V.

Figure 3: Pin-on-disc wear tracks which formed on unmodified (a) and Al,Os-Teflon
CoBlast™ modified (b) Ti6AI4V under test conditions of 10 N load at 19 cm s™ angular

velocity for 1800 s.

Figure 4: Pin-on-disc wear tracks which formed on Al,O3; microblasted (a) and Al,O3-Teflon
CoBlast™ modified (b) Ti6AI4V. Inner tracks on both surfaces resulted from tests under 1 N
load at 0.67 cm s™ angular velocity for 1800 s, while tracks next furthest out formed from

tests at 1 N load at 1.0 cm s™* angular velocity for 1800 s
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