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ARTICLE INFO ABSTRACT

Keywords: The more widespread adoption of additive manufacturing (AM) in the biomedical industry has enabled the
Wear testing production of patient-specific implants. When used in joint replacements (or as a bearing material), it is essential
Multidirectional

to understand the wear behaviour of additively manufactured implants when subjected to loading and motion
that simulate their intended use. The aim of this study was to investigate the influence of cross-shear and contact
stress on the wear behaviour of ultra-high molecular weight polyethene (UHMWPE) against boost-diffusion-
treated (BD-treated) AM Ti-6A1-4V under varying conditions. Multidirectional pin-on-plate wear testing was
conducted across cross-shear ratios from 0 to 0.3 and contact stresses ranging from 0.56 to 14 MPa. Surface
characterisation techniques were used before and after wear testing to gain insights into the wear mechanisms.
The wear of UHMWPE against BD-treated Ti-6Al-4V was compared to that of CoCr and untreated wrought Ti-6Al-
4V. Results revealed that against BD-treated Ti-6Al-4V, UHMWPE wear was initially high due to the high surface
roughness; however, continued wear testing led to polishing of the BD-treated Ti-6Al-4V, a reduction in the
dynamic friction coefficient, and a decrease in wear rate. The high initial surface finish of the BD-treated Ti-6Al-
4V resulted from the oxidation heat treatments. However, following wear testing surface degradation was absent,

Pin-on-Plate
Cross-Shear

Additive manufacturing
Ti-6Al1-4V

UHMWPE

highlighting the potential benefit of the surface treatment in AM patient-specific implants.

1. Introduction

Developments in the metal additive manufacturing (AM) field and
subsequent post-manufacturing methods have facilitated the integration
of AM into the production of medical implants [1]. Articulating joint
implants can now be manufactured to include design features once un-
attainable through conventional manufacturing techniques [1-3]. Im-
plants can be customised by tailoring the articulating and bone-implant
surfaces to match the patient's anatomy. Furthermore, the mechanical
properties of the implant can be modified by incorporating complex
lattice structures, while improved osteointegration can be achieved
through surface modifications that enhance bone on- and ingrowth [1,3,
4].

Ti-6Al-4V alloy is one of the most commonly used AM alloys for
biomedical applications due to its excellent biocompatibility, osteoin-
tegration, corrosion resistance, high strength-to-weight ratio, and su-
perior mechanical properties [1-3,5,6]. However, one of the challenges
when using Ti-6Al-4V within a bio-tribological environment, such as

* Corresponding authors.

articulating joint implants, is its low wear resistance [3,6,7]. Thermal
oxidation heat treatments have demonstrated promising results in
enhancing the wear properties of Ti-6Al-4V by creating a hard rutile
(TiO2) oxide layer on its articulating surface [8]. The rutile layer also
adds additional benefits, such as reduced bacterial infection [3],
improved osteointegration [3,9,10], biocompatibility [10,11], and
corrosion resistance [10,12,13]. However, the integrity of the adhesion
of the oxide layer formed during the thermal oxidation treatment re-
mains an issue due to the high Pilling-Bedworth ratio (the ratio of the
volume of a metal oxide to the volume of the corresponding metal from
which the oxide is created) of the rutile layer on Ti-6Al-4V [14]. Liter-
ature suggests that a gradual case hardening below the oxide layer
through a heat treatment process known as boost diffusion (BD) can
improve oxide layer adhesion [7,15-17]. The BD treatment facilitates
the diffusion of oxygen into the Ti-6Al-4V through both substitution and
interstitial sites, inhibiting dislocation movements and thereby
increasing strength. Oxygen, a well-known a-phase stabiliser, contrib-
utes to increased hardness [7,15,16].
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The BD treatment typically consists of three steps: the first step in-
volves an initial oxidation step whereby the material is placed in a
furnace with an oxygen environment to grow a thin rutile layer at the
gaseous/metal interface. This oxide layer acts as a reservoir during the
second step, where the samples are placed in a vacuum furnace to
facilitate oxygen diffusion into the Ti-6Al-4V substrate. In the third step,
a final adherent oxide layer is grown by placing the samples back into a
furnace with an oxygen environment [18,19].

BD treatments have been developed for wrought/cast Ti-6Al-4V [7,
15], with a recent study conducted by Cremer et al. [20] developing a BD
treatment for AM Ti-6Al-4V. Laser-based powder bed fusion (LPBF)
Ti-6A1-4V with refined BD treatment parameters was used to create an
adherent oxide layer. A case hardening depth of 215 pm was achieved
with hardnesses of more than double the bulk hardness at the oxide/-
substrate interface. The study recommended pre-clinical wear assess-
ment as the next step in characterising the influence of a BD treatment
on the wear properties of LPBF-produced Ti-6Al-4V.

Simple geometry, multidirectional pin-on-plate wear testing is a
form of pre-clinical wear assessment, typically used to assess the wear
properties of a new candidate material pair before whole joint wear
characterisation is conducted. The ASTM F732 [21] standard outlines
key aspects of pre-clinical wear testing, with multi-axial testing intro-
duced into a recent revision of the standard. The importance of
multi-axial wear testing to replicate in vivo joint motion was demon-
strated by Wang [22], Wang et al. [23] and Turell et al. [24].

Multiple pin-on-plate wear test studies have since been performed on
different material pairs, with different types of Ultra-High Molecular
Weight Polyethylene (UHMWPE) articulating against wrought CoCr al-
loys, which are the most commonly used bearing couple in total joint
replacements [21-24]. Kang et al. [25] found that the wear factor (Ky) of
UHMWPE against CoCr is dependent on both cross-shear (CS) and
contact stress. Limited studies have, however, been conducted on the
pre-clinical wear assessment of UHMWPE on AM metals over a wide
range of testing conditions. Different wear properties are expected for
AM metals as the AM process influences the microstructure of the metal
and, as such, the mechanical properties, such as hardness [26,27], which
are known to influence wear.

Considering a broader spectrum of test conditions is crucial to
determining which particular joint applications would yield acceptable
wear properties, especially given the variety of possible patient-specific
joint applications that can be pursued using AM methods. Some of the

Fig. 1. a) Multidirectional pin-on-plate wear testing rig with
pinion mechanism.

b)
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more prevalent patient-specific articulating joint implants being man-
ufactured include the temporomandibular joint (TMJ) [28], knee joint
[29], and ankle (talus) [30]. The wear characterisation of material pairs
comprising AM metals is thus of great significance, given the growing
use of AM in the biomedical industry along with innovations enabling
more advanced implant designs. The novelty of the current study lies in
establishing the wear response of UHMWPE against BD-treated AM
Ti-6A1-4V within a clinically relevant CS and contact stress experimental
design space.

This study aims to investigate the influence of CS and contact stress
on the wear of a cross-linked UHMWPE pin on BD-treated LPBF Ti-6Al-
4V plates. Using multi-axial pin-on-plate wear testing, a wide range of
contact pressure and cross-shear conditions were assessed, with kine-
matic conditions informed by the TMJ and ankle. Furthermore,
comparative wear experiments were conducted with cross-linked
UHMWPE on CoCr and wrought untreated Ti-6Al-4V. Surface charac-
terisation techniques were used before and after wear testing to gain
insights into wear mechanisms.

2. Methods and materials
2.1. Pin-on-plate test parameters

Testing was performed with polymeric pins articulating against
metallic plates as prescribed in ASTM F732. Fig. 1a shows the pin-on-
plate experimental rig used, with Fig. 1b illustrating the workings of a
single test station. Multidirectional motion was created through a rack-
and-pinion mechanism, which rotates the pin about a fixed point while
the plate reciprocates linearly over each wear cycle. A constant axial
load was applied to the pin by using a weighted cantilever mechanism.
Experiments were performed on a six-station pin-on-plate wear testing
rig from the Institute of Medical and Biological Engineering (Leeds
University, UK) [31-35].

A design-of-experiments approach was used to select the test con-
ditions over the experimental design space, defined by CS and the
contact stress. The CS bounds were determined by the capabilities of the
pin-on-plate test rigs, which could achieve CS ratios between 0 (uniaxial
motion) to 0.3. Contact stress (P) ranges were informed from the liter-
ature on the TMJ and ankle joints. Average TMJ contact stresses ranges
between 0.56 and 3.80 MPa, with peak stresses of up to 13 MPa
[36-38]. For the ankle joint, average contact stresses ranges between

Constant axial load
+/- Rotation
Pinion gear
Rack gear
Metallic ’
plate '
Bath
Polymeric

pin

+/- Linear
translation of plate

b) a demonstration on the working principle of a single wear station utilising a rack and
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1.20 and 5.10 MPa, with peak stresses up to 15 MPa [39-41]. The
chosen contact stress range was thus 0.56-14 MPa, accommodating
both joint contact stress ranges during pin-on-plate wear experiments.

A central composite design method was employed using the pyDOE2
module in Python (version 3.9.7) [42] to select the experimental runs
that will be tested. Nine different load conditions were calculated and
shown in Fig. 2 along with previous experimental runs found in the
literature. These nine experimental runs were performed with moder-
ately cross-linked GUR1020 UHMWPE (7.5 MRad) pins articulating
against BD-treated LPBF-produced Ti-6Al-4V plates (this material pair is
hereafter referred to as BD with the corresponding run number, as
indicated in Fig. 2). Additionally, the central design point (BD-5) was
repeated with moderately cross-linked UHMWPE pins articulating
against wrought CoCr plates (material pair is hereafter referred to as
CoCr) as well as wrought untreated Ti-6Al-4V plates (material pair is
hereafter referred to as Ti-6Al-4V).

Pin-on-plate machine parameters such as pin diameter, load, gear
diameter, and stroke length for each loading condition were determined
using the methods described by Cremer et al. [44]. The calculated
pin-on-plate machine parameters are summarised in Table 1 along with
the calculated central composite design points. A cycle frequency of
1 Hz was used during all tests, with the amplitude of motion being fully
reversed for each test cycle.

2.2. Test samples manufacturing

Each loading condition consisted of three metallic plates and four
polymer pins, allowing for one unloaded soak control pin per experi-
mental run. Test sample geometries are shown in Fig. 3. All pins were
manufactured from moderately cross-linked GUR1020 UHMWPE (7.5
MRad) supplied by Orthoplastics (Lancashire, UK). Pins were machined
to have contact surface diameters of 4 and 6 mm with an average surface
roughness (R,) of < 2 pm. Chamfers of 45 were included on the pins to
alleviate edge effects during wear testing.

The BD runs used the BD-treated LPBF Ti-6Al-4V plates. The plates
were manufactured at the Centre for Rapid Prototyping and

® Present study run
A Kang et al. (2008a)

& Kang et al. (2008b)
Abdelgaied et al. (2018)
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Fig. 2. BD experimental runs from the present study along with previous
experimental runs investigated by Kang et al. (2008a) [34], Kang et al. (2008b)
[25] and Abdelgaied et al. (2018) [43].

Tribology International 217 (2026) 111619

Manufacturing - CRPM (Bloemfontein, South Africa), an ISO 13485
certified manufacturer, using standard printing parameters with the Z-
build direction indicated in Fig. 3a. After printing, all plates underwent
stress relieving (650C for 3 h followed by furnace cooling) and anneal-
ing (940C for 2 h followed by furnace cooling) heat treatments at CRPM
using an SS12/24-13MDX T-M vacuum furnace (T-M Vacuum Products
Inc., New Jersey, USA) operating at a vacuum level of ~1.3 x 10~* Pa.
The top articulating surfaces were then machined down and polished at
the Centre for Materials Engineering (University of Cape Town, South
Africa) to R, ~ 0.030 pm using Struers polishing equipment (Struers,
Copenhagen, Denmark).

After polishing, all LPBF Ti-6Al-4V plates underwent the BD heat
treatment, as summarised in Table 2, previously developed by Cremer
etal [20]. Heat treatments were again performed at CRPM with the first
and third steps carried out in air using a Nabertherm LH 120/12 furnace
(Nabertherm GmbH, Lilienthal, Germany). The second diffusion step
was performed in a vacuum, using the same T-M vacuum furnace as
previously mentioned.

In addition, control tests comprising three wrought untreated Ti-6Al-
4V and three wrought CoCr plates were machined and polished to
Rq ~ 0.020 pm using Struers polishing equipment (Struers, Copenha-
gen, Denmark). These samples would aid in directly comparing the wear
properties of UHMWPE on BD, CoCr, and Ti-6Al-4V.

2.3. Wear studies

Before commencing with wear testing, all pins were soaked in water
for eight weeks to stabilise the moisture content. The lubricant used
during testing was 25 % bovine serum (protein concentration ~16 g/1)
with 0.03 % sodium azide solution (v/v) added to inhibit bacterial
growth. No external heating was applied to the lubricant baths during
testing, with the studies carried out at the running temperature of the rig
(~25 C), to reduce test artefacts such as protein deposition and degra-
dation [32,45]. All BD test runs ran for two weeks (~600 000 cycles),
with BD-5, BD-3, CoCr, and Ti-6Al-4V studies extended to four weeks
(~1 200 000 cycles).

Each station was thoroughly cleaned after one week of testing with
standard detergent, then Chemgene HLD4L, followed by ultrasonic
cleaning in 70 % water diluted isopropanol. After cleaning, the pins
were left for 48 h to stabilise in a temperature (20 + 1C) and humidity
(50 £ 5 %) controlled room, after which wear was gravimetrically
assessed.

A Mettler XP26 digital microbalance (Mettler Toledo, Leicester, UK)
was used to measure the pins' mass. Mass measurements were repeated
until five consecutive measurements fell within + 5 pg. Soak control
samples were used to correct mass measurement changes due to mois-
ture uptake during testing. The volumetric wear in mm® (AV) was then
calculated by dividing the change in pin mass with the density of GUR
1020 of 0.937 g/cm®. Additionally, wear was defined by calculating the
wear factor (Ky) and wear coefficient (K.) using [46]:

AV

;= s ,and @)
AV

Kc :E7 (2)

where F is the load (N), s the sliding distance (m) and A the nominal
contact area (mmz).

Wear results were analysed using Design-Expert version 23.1 (Stat-
Ease, Minnesota, United States) to formulate response surfaces for AV,
K and K. over the BD testing matrix. Averages were calculated for each
load case analysed. In addition, trend lines (linear and power fits) were
generated for wear results from extended testing of BD-3, BD-5, Ti-6Al-
4V and CoCr using Excel, version 2408 (Microsoft, Washington, United
States).

Statistical significance was determined by using single factor ANOVA
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Table 1
Pin-on-plate experimental study parameters.

Run Contact Stress [MPa] Ccs Pin Diameter [mm] Load [N] Gear diameter [mm] Stroke

[mm]

BD-1 7.28 0 6 206 - 18.6

BD-2 12.00 0.04 4 151 55 19.0

BD-3 2.53 0.04 6 71.5 55 18.6

BD-4 14.00 0.15 4 176 36 25.2

BD-5 7.28 0.15 6 206 55 38.5

BD-6 0.56 0.15 6 15.9 55 38.5

BD-7 12.00 0.26 4 152 36 34.8

BD-8 2.53 0.26 6 71.5 36 34.7

BD-9 7.28 0.30 6 206 36 38.0

CoCr 7.28 0.15 6 206 55 38.5

Ti-6Al-4V 7.28 0.15 6 206 55 38.5

Wear Track
a) b)
59 mm
@D mm
(with D =4 and 6)
......................... 'y
12 mm
80 mm Y.
f Z-build direction | |
@12 mm
Fig. 3. Test sample geometries for a) metallic plates and b) polymer pins. The intended wear track is illustrated on the plate articular surface.
a Tescan MIRA 3 (Tescan Group, Brno, Czechia). SEM analysis was

;ablfjff on heat treatment performed by making use of the secondary electron detector.

0ost diftusion heat treatment. Throughout the SEM analysis, a constant voltage of 20 kV was used.
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Step 3: Long 600 20 Air Furnace in this study. Material pairs studied included moderately crosslinked

Oxidation cool

with a = 0.05. Post hoc analysis was performed using Tukey's honestly
significant difference with a = 0.05 in cases where the ANOVA analysis
found statistical significance.

2.4. Surface characterisation

The R,, mean surface roughness, was measured post-testing by using
a contacting Form TalySurf (Taylor Hobson, Leicester, UK) equipped
with a 2 pm conical stylus tip. All measurements were taken with the
appropriate filters and cutoffs applied, in accordance with ISO 21920-3
and the specific material. Plate surface roughness’s were measured be-
side the wear track, as well as parallel and perpendicular to the major
principal axis of the wear track. The surface roughness of the pins was
measured by taking two orthogonal measurements over the articular
surface and calculating the average.

Articulating surfaces of the polymer pins were imaged using an
Alicona G5 optical microscope (Alicona, Graz, Austria) to identify key
wear mechanisms. BD plates were analysed using scanning electron
microscopy (SEM), with elemental composition analysis being per-
formed by making use of energy-dispersive X-ray spectroscopy (EDS) on

UHMWPE pins articulating against unworn BD, CoCr, Ti-6Al-4V, and
post-test BD-1 and BD-9 plates.

The test setup has been previously described by Foster and Fisher
[47] and more recently by Cowie et al. [32]. Fig. 4 shows the basic
workings of the friction test rig. Uniaxial linear reciprocating motion
was used, where the plate moves linearly while the pin remains sta-
tionary within a pivot bridge. Both the pin and the plate are housed
inside an unheated bath with 25 % bovine serum and 0.03 % sodium
azide solution. The start of test lubricant temperature was ~ 26.5C. The
plate was linearly actuated with a crank arm mechanism, which had a
stroke of 20 mm and 0.5 Hz frequency. Tests ran for 10 min and were
repeated three times per material pair. A constant axial load of 205.8 N
was applied to the pin using a cantilever mechanism, resulting in a
contact pressure of 7.28 MPa.

A piezoelectric force sensor was mounted on the pivot bridge to
measure the friction force (Fg) of the pin as the plate reciprocates. The
output voltage from the sensor was collected using LabView (National
Instruments, Texas, United States) and converted to Fg using a calibra-
tion factor to account for friction and geometry within the setup. The
following equation was used to calculate the dynamic friction coefficient

(u):
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Fig. 4. Illustration showing the workings of the friction test rig used.
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with Fy the normal reaction force to the applied load (N).
3. Results
3.1. BD wear studies

The fitted response surface equations for AV, Ky and K. are sum-
marised in Table 3, along with the respective R? values after ~600,000
cycles. AV, K; and K, were best described using quadratic models with
respect to CS and P variables. The obtained R? values were consistent
with those reported in previous studies, which typically ranged between
0.6 and 0.9 [25,34,48]. Model significance was evaluated using analysis
of variance (ANOVA) in Design-Expert. The fitted quadratic models
achieved the following results AV (F = 4.27,p = 0.13), Ky (F=1.38,p =
0.42), and K, (F = 10.15, p = 0.04). These results confirmed that the
model for K. was statistically significant (p < 0.05), while the remaining
models show acceptable fits, but did not reach statistical significance
within the tested design space. The corresponding response surfaces for
AV, Ky and K, are shown in Figs. 5-7.

It is well known that CS has a significant influence on the wear of
UHMWPE [22,34]. From Fig. 5a, the non-linear relationship between
CS, P, and AV is evident from the curvature observed in the contour
lines. Fig. 5a shows that AV increases with CS and P. This wear

Table 3
BD response surface equations for AV, Ky and K. as a function of CS and P.
Wear Equation R?
indicator
AV AV(CS,P) =a +b.P +¢.CS + d.P.CS + eP? + 4) 0.88
f.cs?
a=0.118 b=1.83 c=125
d=6.73 e=-0.129 f=18.9
K¢ K(CS,P) =a+b.P+c.CS +dP.CS +eP> + (5) 070
f.cs?
a = 7.08E-06 b = -1.35E- ¢ = -3.04E-
06 06
d = 9.651E-07 e =7.22E-08 f=-6.85E-07
K. K.(CS,P) =a+b.P+c.CS +dP.CS + e.P? + (6) 094
f.cs?
a=1.12E-08 b =-2.19E- ¢ =-7.41E-
09 08
d = 6.55E-09 e = 2.84E-10 f=2.17E-07
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Table 4
Equations fitted to AV over the cycles completed (x) with the corresponding R?.
Material pair Equations for AV(x) [mm?] R2
BD-3 Linear: AV(x) =7.32x @) 0.96
Power: AV(x) = 7.431x%667 8 0.97
BD-5 Linear: AV(x) =19.87x 9 0.97
Power: AV(x) = 20.99x°55 (10 0.99
Ti-6Al1-4V Linear: AV(x) = 3.45x a1 ~1
CoCr Linear: AV(x) = 0.88x 12) ~1

behaviour is supported by literature, which reported that AV increases
as CS increases for UHMWPE on CoCr [34]. In addition, contour in-
tervals narrow with higher CS and P values, indicating a more rapid
increase in the rate of change of AV. As a result of this wear behaviour
over the test region, namely different rates of change of AV, a convex
response surface is seen in Fig. 5b.

Normalising AV to the applied load and sliding distance (Eq. 1)
calculates K;. Fig. 6a shows that there is similarly a non-linear rela-
tionship between CS, P and Ky, with a valley located at a P of 8 MPa. The
valley, along with BD test points, can be seen in Fig. 6b. Moving away
from the central valley, K; increases, indicative of increased wear. In the
region where P < 4 MPa, K; shows greater sensitivity to changes in P, as
demonstrated by the close spacing of contour lines in Fig. 6a. For P
> 10 MPa, Ky shows less sensitivity to changes in P. Similarly, a study by
Kang et al. [25] on the wear of GUR 1050 UHMWPE on CoCr for contact
stress ranges of 1-10 MPa and CS ranges between 0 and 0.25, showed
that Ky increased more significantly for lower contact stresses.
Furthermore, the contours from Fig. 6a indicate that K is less sensitive
to CS than P, reflected in the relatively low variability of K; across
different CS values. This observation is largely due to the cross-linking of
the UHMWPE, which has been shown to reduce the effects of CS on the
wear of the polymer [34].

K., a non-dimensional value, is calculated by normalising AV for the
applied load and nominal contact area (Eq. 2). The wear behaviour over
the test range, shown in Fig. 7a and b, resulted in a concave K, response
surface. The contours in Fig. 7a show that K, is more sensitive to a
change in P compared to CS, as indicated by the contour spacing
decreasing more significantly as P increases when compared to CS.
Fig. 7a shows the non-linearity of the response surface, with curved
contour lines. The relationship for K. as a function of CS and P can thus
be described by stating that an increase in both CS and P will lead to an
increase in K.. Abdelgaied et al. [43] found that K, is dependent on both
CS and P for moderately crosslinked UHMWPE on CoCr, which is in
agreement with the findings from the present study. A relatively flat K.
region was found for P < 7 MPa, indicating a region where the wear
behaviour is more constant for different CS and P values.

Overall, the wear behaviour observed over the BD test matrix
exhibited similar trends to those reported in literature for UHMWPE on
CoCr [25,43,46], particularly regarding the relationships between CS
and P, and their influence on AV, Ky and K. Higher wear than expected
was found, particularly when compared with pin-on-disc wear testing
performed by Dong et al. [49], on UHMWPE against BD-treated wrought
Ti-6Al-4V. Dong et al. [49] found a Ky = 1.15E-8 mm?>/Nm, compared to
the minimum Ky = 6.12E-7 and maximum Ky = 7.44E-6 mm?/Nm, as
seen in Fig. 6b. Dong et al. [49], however, polished their BD-treated
samples after surface hardening to reduce R, from 0.200 to 0.030 pm
before wear testing, as opposed to the current study, which did not
repolish BD-treated samples after surface hardening, resulting in an R,
~ 0.060 pm. Surface roughness is known to influence the wear of
soft-on-hard material pairs, such as UHMWPE on BD-treated Ti-6Al-4V
[46,50,51].
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Fig. 5. a) Contour plot of AV (mm?®) as a function of CS and P, with b) showing a 3D representation of the response surface along with BD test points.
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Fig. 6. a) Contour plot of K¢ (mm>/Nm) as a function of CS and P, with b) showing a 3D response surface representation along with BD test points.
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Fig. 7. a) Contour plot of K. as a function of CS and P, with b) showing a 3D surface representation along with test points.

3.2. Extended wear testing Fig. 8a-c. Linear fits demonstrated high accuracy for Ti-6Al-4V and CoCr
material pairs with R? ~ 1. The linear fit for BD-3 and BD-5 was

Fig. 8 shows AV, Ky and K, over the wear cycles completed for BD-5 adequate over the extended test period, with R? > 0.96. However, initial
and BD-3, i.e., after ~1 200,000 cycles. The response of AV is shown in AV measurements over the first ~600,000 cycles seemed higher than
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Fig. 8. Direct comparison showing the mean (+ one standard deviation) of a-c) AV, d-f) K and g-i) K., for a,d,g) UHMWPE on BD-3, BD-5; b,e,h) UHMWPE on Ti-
6Al-4V and c,f,i) UHMWPE on CoCr. Note: BD-5 was investigated under the same conditions as those used for Ti-6AL-4V and CoCr.

expected. A power law fit was applied to better capture the initial in-
crease in AV, resulting in an improved R? ~ 0.99.

The initial elevated wear rates for BD-3 and BD-5 were also apparent
in the Ky graph in Fig. 8d, which clearly shows a reduction in Ky as the
number of wear cycles increased, eventually converging to a minimum
value. BD-3 and BD-5 converged after ~600,000 cycles at Ky = 2.61E-06

mm® /Nm and Ky = 1.12E-06 mm® /Nm, respectively. Ti-6Al-4V and
CoCr material pairs had constant Ky over the extended test period,
resulting in K = 2.26E-07 mm® /Nm and Ky = 5.43E-08 mm® /Nm

for Ti-6Al-4V and CoCr material pairs, respectively, as shown in Fig. 8e
and f.

The decrease in wear rate for BD-3 and BD-5 over the initial cycles of
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the study was further highlighted when considering K, in Fig. 8g. BD-3
and BD-5 each converged at K.= 6.59E-09 and K, = 8.14E-09, respec-
tively, after ~600,000 cycles. Ti-6Al-4V and CoCr showed constant K,
values over the extended test period as K. = 1.65E-09 for Ti-6Al-4V and
K. = 3.95E-10 for CoCr.

By using a fitted response surface for GUR1020 UHMWPE (5 MRad)
on CoCr generated by Abdelgaied et al. [43], the expected K. for the
CoCr material pair can be estimated at the same CS and P from the
current study as K. = 1.34E-09. Cremer et al. [52] tested conventional
UHMWPE plates articulating against LPFB CoCr pins at a CS of 0.1 and P
equal to 2.53 MPa and found a K of 3.61E-07 mm?® /Nm. In addition,
K; = 2.26E-07 mm® /Nm of the Ti-6Al-4V material pair is also lower
than previous reported Ky for UHMWPE (GUR4150HP) on untreated
Ti-6Al-4V of 3.77E-06 mm?® /Nm [49]. These lower K, and K found in
the present study for the CoCr and Ti-6Al-4V material pair, is likely a
consequence of the higher irradiation dose of 7.5 MRad and consequent
cross-linking in the GUR1020 UHMWPE. An increased irradiation doses
have been shown to decrease wear in UHMWPE [22,34,53].

Statistical analyses were performed on end-of-test Ky and K. data
points for each material pair (n = 9). Analysis of Ky found a statistical
significance between BD-5 and Ti-6Al-4V (p < 0.01), as well as CoCr
(p < 0.05). Similarly, analysis of K. found statistical significance be-
tween BD-5 and Ti-6Al-4V (p < 0.01), as well as CoCr (p < 0.01). The
BD-5 material pair had lower wear resistance compared to Ti-6Al-4V
and CoCr. Considering AV, Ky and K., the wear performance can be
ranked; the CoCr material pair outperformed Ti-6Al-4V and BD-5 across
all three wear indicators. Second was Ti-6Al-4V, followed by BD-5. The
surface characterisation section to follow aims to provide insight into
the observed wear behaviour.

3.3. Surface characterisation

The articulating surfaces of BD-treated (BD-5) and Ti-6Al-4V are
shown in Fig. 9 after ~600,000 cycles. Fig. 9b clearly shows how the
untreated Ti-6Al-4V plates exhibited significant scratching over the
wear track (region 2), in contrast to the BD-treated plates in Fig. 9a,
which showed no signs of scratching (region 1). Dong et. al [49] also
found severe surface degradation of untreated Ti-6Al-4V articulating
against UHMWPE after wear testing, with deep abrasive wear on the
UHMWPE. Minor dark spots were identified on the BD plates (region 3 in
Fig. 9a), resulting from the thermal oxidation heat treatment, which can
lead to localised oxide grain clusters [15], thereby increasing surface
roughness. On average, the initially polished AM Ti-6Al-4V plate surface
roughness increased from R, = 0.030 pm to R, = 0.065 pm, following
the BD-treatment.

As part of the initial surface characterisations, the surface roughness
of both BD-treated plates and the polymer pins were measured after
~600,000 cycles of wear testing. Fig. 10 summarises the R, for plates
and pins over the BD experimental runs. It can be seen from Fig. 10a,
that following wear testing, the R, of the tested plates were lower than
pre-test measurements. The surface roughness decreased in both
perpendicular and parallel directions, with a more notable improvement
observed over all test runs in the parallel directions, which is the prin-
cipal sliding direction. The mean R, for the BD plates were calculated to
be 0.064, 0.056, and 0.053 pm for the untested plate, tested plate
perpendicular and parallel to the wear track, respectively. Similarly, the
Ti-6Al-4V plates have R, values of 0.012, 0.186, and 0.095 pm,
respectively. The scratching on the surface of the untreated Ti-6Al-4V
plates (as seen in Fig. 9b) is likely a contributing factor to the increase
in surface roughness of the plates.

Measured pin R, values after the BD runs are shown in Fig. 10b. The
values were measured to be ~1.000 pm before testing. The mean R, of
the BD pins was calculated to be 0.580 pm after ~600 000 cycles,
showing reduction after wear testing, which is to be expected since
machining marks are polished away. In addition, the pins from the Ti-
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Fig. 9. Articulating surface images after ~600,000 cycles of wear testing for a)
BD-treated and b) untreated Ti-6Al-4V plates.

6Al-4V pairing had a R, of 1.320 pm after ~600 000 cycles, as shown
in Fig. 10b, suggesting that the surface roughness increased after artic-
ulating against the untreated Ti-6Al-4V plate. This could be due to
deeper abrasive scratches on the pin surface, as reported by Dong et. al
[49], leading to higher surface roughness.

Similarly, R, measurements for BD-3, BD-5 and Ti-6Al-4V plates
were taken after ~1 200 000 cycles and are presented in Fig. 11.
Notably, the Ti-6Al-4V plate surface roughness increased, resulting in R,
values of 0.012, 0.187 and 0.085 pm measured before testing, perpen-
dicular and parallel to the wear track after testing, respectively.
Furthermore, the R, values after ~1 200 000 cycles were similar to those
after only ~600 000 cycles, suggesting no further surface topography
changes occurred.

Fig. 12 shows the articulating surface of a polymeric pin after
articulating against a BD plate after ~600 000 cycles. Region A shows
how machining marks typically seen on untested polymeric pins are
polished away after testing. This was also supported by the decrease in
R, after wear testing. As shown in Fig. 12, small (arrow 1) and larger
(arrow 2) abrasive wear tracks are evident and as such abrasive wear
was identified as the primary wear mechanism on the polymer pins.

Higher magnification SEM images of the BD plates, both within and
outside the wear track, are shown in Fig. 13. The surface morphology,
outside the wear track in Fig. 13a, comprises densely packed
polyhedron-type oxide grains. It was observed that the underlying
microstructure of the Ti-6Al-4V appeared to result in varying protrusion
levels of the oxide grains. Interestingly, post-wear testing plates revealed
that asperities visible outside the wear track were smoothed within the
wear track, leading to an improved surface roughness, as seen in
Fig. 13b. This observation is corroborated by Fig. 10a, where the R,
reduced after wear testing due to the continued tribological contact of
the polymeric pin on the BD plate. The lower surface roughness over the
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Fig. 10. Bar plot with + /- one standard deviation showing a) the mean R, before testing and after ~600 000 cycles parallel and perpendicular to the main linear
sliding direction, along with a bar plot of b) the mean pin R, for the respective BD and untreated Ti-6Al-4V wear couples.
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Fig. 11. Bar plot showing the mean R, + /- one standard deviation, before and
after extended wear testing within the wear track, parallel and perpendicular to
the main linear sliding direction.

duration of the wear test is hypothesised to have lowered K and K. after
~600,000 cycles, as seen in Fig. 8d and g.

Small protruding asperities (10-100 pm in diameter) were identified
on the surface of the BD plates, as seen in Fig. 9a. This is a common
drawback when using thermal oxidation, where the surface finish de-
grades after heat treatment, mainly due to oxide grain clusters forming
protrusions of up to 2 pm on the surface [15]. SEM-EDS composition
maps were used to investigate the elemental composition of one of these
oxide clusters.

Fig. 14 shows an unworn BD plate surface, an oxide grain cluster, and
the resulting elemental composition maps for O, Ti, V, and Al. The
elemental distribution in Fig. 14a was 41.7 wt% O, 52.7 wt% Ti, 1.9 wt
% V, and 3.7 wt% Al. Localised areas with higher O-concentrations and

Fig. 12. Articulating surface of a UHMWPE pin against BD plate after 600,000
cycles. Taken with an Alicona G5 optical profiler at 10X magnification.

lower Ti-concentrations can be seen to form at grain boundaries in
Fig. 14a, resulting in some of the more prominent oxide grains seen in
Fig. 13a. Fig. 14b shows one of the oxide grain clusters with the
elemental distribution of 42.3 wt% O, 52.2 wt% Ti, 1.9 wt% V, and
3.6 wt% Al Slightly higher Ti and V concentrations can be seen within
the oxide grain cluster region in Fig. 14b. A localised spectrum within
the oxide grain cluster region revealed ~8 wt% higher Ti and ~4 wt%
higher V, compared to the overall region, possibly leading to the pro-
trusion and higher surface roughness.

Minor instances of localised delamination, shown in Fig. 15, were
observed in samples subject to more extensive loading conditions
(higher contact stress and CS). However, the oxide layer delamination
was contained within these regions, with edges polished down along the
main sliding direction during wear testing (indicated region in Fig. 15),
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Fig. 13. Articulating surface of BD plate a) outside and b) inside the wear track at x10 000 magnification.

Tikat

Fig. 14. SEM EDS composition maps of a) the BD plate articulating surface and b) an oxide grain cluster formation.

Main sliding direction
S R R

Fig. 15. High magnification SEM image of a BD plate wear feature (instance of
localised delamination).

demonstrating the enhanced adhesion achieved by using a boost diffu-
sion treatment. Furthermore, it is theorised that these localised

10

delamination areas formed as a result of the polishing of some more
prominent oxide grain clusters during wear testing. Similar delamina-
tion features were found by Dong et al. [6], following wear testing of
thermally oxidised Ti-6Al-4V.

3.4. Friction

The dynamic friction coefficient was determined for unworn BD
plates, post-test BD, Ti-6Al-4V, and CoCr plates after ~600,000 cycles.
The resulting friction coefficients are summarised in Fig. 16. The CoCr
material pair had the lowest coefficient of friction of 0.03. Second was
the Ti-6Al-4V material pair with 0.07, followed by the BD-1 with 0.18,
BD-9 with 0.21, and the untested BD material pair with 0.34. It was clear
that the untested BD plate had a notably higher friction coefficient than
post-test BD plates. This could have contributed to the reduction in wear
of the BD plates over wear testing. Statistical analysis indicated a sig-
nificant difference among all material pairs (p < 0.01), except between
BD-1 and BD-9.
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Fig. 16. Dynamic friction coefficient (& one standard deviation) after 600,000
cycles for BD-1, BD-9, Ti-6Al-4V and CoCr as well as on an untested BD plate.

4. Discussion

This study aimed to investigate the influence of cross shear and
contact stress on the wear of cross-linked UHMWPE on BD-treated LPBF
Ti-6Al-4V. Simple geometry, multidirectional pin-on-plate wear testing
was conducted, along with surface characterisation techniques, to pro-
vide insights into the observed wear behaviour. This study also
considered Ti-6A1-4V and CoCr material pairs to facilitate direct com-
parison between different material pairs.

Key wear indicators, including AV, Ky, and K., were characterised
using response surfaces to show how the wear of BD material pairs is
influenced by CS and P values. CS ranged from 0 to 0.3 and P from 0.56
to 14 MPa. It was found that quadratic response surfaces achieved good
fits over the test range, achieving R? > 0.7. CS and P were found to have
anon-linear impact on AV, Ky and K. Overall, the wear behaviour of the
BD material pair aligned with trends reported in the literature for
UHMWPE on CoCr [25,43,46], particularly in relation to the influence
CS and P has on AV, K and K..

The AV response surface showed that as CS and P increases, AV in-
creases, which is consistent with findings from literature [34]. The
response surface for Ky showed a clear valley at P ~ 8 MPa, with
Ky increasing when moving away from the valley. This possibly in-
dicates a region where the wear behaviour could be favoured, due to
lower K. It was also found that Ky increased more significantly for lower
contact stresses (P < 4 MPa), as was also found by Kang et al. [25]. The
K, response surface was found to be proportional to P and CS with
K. increasing with an increase in P and CS. This was also observed by
Abdelgaied et al. [43]. For P < 7 MPa, a relatively flatter K, was found
indicating a region where the wear behaviour is more constant for
changing CS and P values. Both K; and K. were found to be more sen-
sitive to change in P compared to CS, over the entire test region, which is
largely attributed to the crosslinking of the UHMWPE, which is known to
improve the wear properties of UHMWPE under multidirectional motion
(i.e., CS) [34].

Extended wear testing revealed that the wear of both BD-3 and BD-5
decreased over the initial ~600,000 cycles (Fig. 8). This was an unex-
pected observation, given that the CoCr and Ti-6Al-4V material pairs
showed consistent wear behaviour with a linear AV, and constant Ky
trend K, as cycles increased, consistent with literature [34,52]. Surface
characterisation of the BD plates showed that the polymer pins polished
the BD-treated plates over wear testing, thus decreasing the wear rate
over the duration of the study. The polishing effect was highlighted by
the surface roughness reducing after wear testing for the BD plates, as
shown in Fig. 10a and Fig. 11. Likely as a result of the lower surface
roughness, the resulting dynamic friction coefficient also decreased.
Fig. 15 shows that the tested BD plates had a friction coefficient ~43 %
lower than untested BD plates. Furthermore, Fig. 13 illustrates the
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polishing of the thermal oxide layer, where oxide grain formations
within the wear track were flattened, in contrast to outside the wear
track.

It is argued that the higher surface roughness of the BD plates was the
main contributing factor to the elevated wear observed in the BD ma-
terial pair. Especially given the low wear factor reported by Dong et al.
[49], who polished their wrought Ti-6Al-4V plates after BD-treatment
from R, = 0.200-0.030 pm. The roughness of the BD plates from the
present study increased from R, =0.030-0.064 pm following
BD-treatment and were not repolished following heat treatment. Repo-
lishing to an R, of 0.030 likely will yield improved wear properties,
exceeding that of the wrought material, but this will need to be
confirmed in a follow up study. Wear is a multifaceted phenomenon
influenced by factors such as friction, lubrication regimes, and contact
mechanics [54]. The elevated surface roughness could have led to a
reduction of the effective lubricant film thickness, thereby leading to
increased wear and asperity contact.

Surface characterisation of the BD plates highlighted possible factors
contributing to the increased surface roughness post-BD heat treatment,
including small protruding asperities shown in Fig. 9a and Fig. 14b. The
protrusions were identified to be oxide grain clusters [15] with elevated
Ti and V wt% compared to the overall region. Localised areas with more
prominent oxide grains were also found in regions with higher O and
lower Ti-consecrations, as seen in Fig. 13a and Fig. 14a. Both these
factors contributed to the higher surface roughness post-BD heat treat-
ment and could have led to the elevated wear rates reported during
initial test cycles (< 600,000 cycles). This is since the pins would
experience elevated abrasive wear in this region, due to the oxide grain
clusters protruding from the plate articular surface, thus leading to
higher wear of the polymer pin. Furthermore, due to the polishing effect
the pin had on the BD plates, these elevated oxide grains are argued to be
the cause of the minor instances of localised delamination found within
the BD plate wear track (Fig. 15). Most notably, the delamination
remained confined to these areas, with the edges polished down,
demonstrating the improved adhesion of the oxide layer provided by the
BD-treatment.

Direct comparison over extended wear testing revealed that the
CoCr-UHMWPE material pair had the lowest wear factor, followed by Ti-
6Al-4V then BD-5. The Ti-6Al-4V material pair had a lower
K; = 2.26E-07 mm® /Nm compared to literature, with Ky = 3.77E-06
mm?® /Nm for UHMWPE (GUR4150HP) on untreated Ti-6Al-4V. In
addition, the authors reported severe surface degradation of the un-
treated Ti-6Al-4V with deep abrasive wear on the UHMWPE [49]. In the
current study, surface characterisation found significant scratching on
untreated Ti-6A1-4V plates, with the mean surface roughness increasing
from 0.012 to 0.186 pm perpendicular to the principle sliding direction,
consistent with previous investigations [49]. Initial pin surface rough-
ness’s of R, ~ 1.000 pm also increased after ~600 000 cycles of testing
to 1.320 pm, with scratching visible on the pin.

The low wear rates for the Ti-6Al-4V compared to previous in-
vestigations can largely be attributed to the cross-linking of the polymer,
which provides the GUR1020 polymer with high abrasion resistance
[55]. Similar findings have been observed by Liao et al. [56] for 7.5
MRad GUR 1020 polymer articulating against polished CoCr roughened
to R, ~0.040 pm. It is not known whether an extended duration of
testing would lead to further scratching of the Ti-6Al-4V surface and
whether this may result in scratches with a higher magnitude lip height,
which may accelerate UHMPWE wear [57].

The friction coefficient for UHMWPE on Ti-6Al-4V was found to be
0.07 in the current study, which aligns well with the friction coefficient
ranges reported in the literature between 0.06 and 0.11 [49,58,59].
UHMWPE on CoCr had the lowest friction coefficient of 0.03, among all
material pairs (see Fig. 16), which aligns with friction coefficient ranges
of 0.03-0.05 reported in literature [59,60]. Lower friction coefficients
can be associated with improved wear performance [59], however, wear
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of Ti-6Al-4 V/UHMWPE and CoCrMo/UHMWPE couples is dependent
on multiple factors [54] and is not governed by friction alone.

A study by Cremer et al. [52], with conventional UHMWPE plates
and thermally oxidised LPFB Ti-6Al-4V pins at a CS =0.1 and P
= 2.53 MPa yielded a K of 9.1E-7 mm?® /Nm. In this investigation, the
thermal oxidation step used in the processing of the pins resulted in a
higher surface roughness ~0.250 pm. The reported wear in the current
study at these specific test conditions can be estimated as Ky = 4.05E-6
mm® /Nm using the K;(CS,P) in Table 3. The difference in wear factors
could be due to the different configuration of the material pairs when
compared to this study (i.e., polymer pin on a metal plate versus metal
pin on a polymer plate). Thus, the material pair configuration seems to
play an important role in the wear of UHMWPE on BD-treated samples.
It is argued that the polishing effect of the thermally oxidised Ti-6Al-4V
was greater for the metal pins on polymer plates as a result of the smaller
metal articulating surface, which is constantly in contact with the plate
surface, thus resulting in the lower reported wear factor by Cremer et al.
[52]. In addition, changing the material pair configuration alters the
effective contact area of the polymeric component, leading to differ-
ences in the CS experienced, consequently influencing the expected
wear.

The importance of utilising the BD-treatment was highlighted by the
scratching and consequent increase in surface roughness of the un-
treated Ti-6Al-4V plates, after wear testing (Fig. 9). The articulating
surface of BD-treated plates showed improved abrasion resistance and
did not show signs of significant scratching after wear testing. Inter-
estingly, the BD-treated plates showed improved wear behaviour over
testing, due to the polymer polishing of the plates. It is reasoned that by
improving the post-BD heat treatment surface roughness and main-
taining an adequate thermal oxide layer thickness with good adhesion,
the wear performance of UHMWPE on BD-treated Ti-6Al-4V would be
improved. The thermal oxide layer grown during the boost diffusion
process also holds additional benefits — especially within an implant
biotribology setting. Some of these added benefits include enhanced
corrosion resistance [12,13], biocompatibility [11], manufacturing of
patient-specific implants through AM to match the mechanical proper-
ties of the patient’s bone, weight optimisation, tailored articulating
surfaces, and added features to enhance both bone in- and ongrowth [1,
31.

5. Limitations and future work

Several limitations should be considered when interpreting the
findings from this simple-geometry pin-on-plate study. The study
simplified in-vivo joint motions to a pin articulating on a plate, pro-
ducing a near-constant contact pressure across the contact area, whereas
real joints show a distribution of contact stresses and combined sliding-
rolling kinematics that can alter wear behaviour [61]. Periodic cleaning
of test samples could also remove any protective organic film that might
form during testing. Protective biofilm formation is common in retrieved
infected implants [62], and the wear and frictional properties of
UHMWPE are highly dependent on both fungal and microbial contam-
ination of the lubricant during wear testing [63]. Furthermore, this
study did not evaluate whether the observed smoothing of the BD plate
surfaces led to a loss of material.

Future work should focus on optimising BD-treated Ti-6Al-4V sur-
faces by refining polishing methods, reducing oxide grain clustering,
and examining how the substrate microstructure influences oxide
adhesion and surface roughness. Further studies could include fretting
and tribocorrosion tests, varied wear couple orientations (e.g. metal pin
on polymer plate), broader stress ranges, and alternative counterface
materials to evaluate BD-treated Ti-6Al-4V across a wider range of
implant applications.
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6. Conclusions

This study assessed the wear behaviour of UHMWPE articulating
against BD-treated AM Ti-6Al-4V across a controlled design space of
cross-shear and contact stress. The findings show that, although BD
treatment produces a hardened, oxygen-enriched surface layer in Ti-6Al-
4V, this did not directly translate into improved wear performance
under the multidirectional loading conditions investigated, with coun-
terface wear instead being exacerbated by the associated surface
roughness. In the absence of post-treatment polishing, this roughened
topography largely governed the tribological response. The BD-treated
surfaces generated noticeably higher UHMWPE wear rates than the
untreated AM plates, driven primarily by asperity-level abrasion and the
associated reduction in effective lubrication. These results are consistent
with the mechanistic interpretation developed in the Discussion, where
elevated roughness was identified as the principal factor exacerbating
counterface wear. Further to this, the following main findings were
made:

e Cross-shear had a strong influence on the wear factor, reflecting the
established sensitivity of UHMWPE to multidirectional motion,
whereas contact stress was the more influential parameter for fric-
tion and wear. The observed trends align with the known influence of
crosslinking and contact mechanics on polymer wear, and the fitted
response-surface models captured these dependencies within the
bounds of the experimental design.

Although the BD process produces a hard, oxygen-enriched surface
layer that showed improved abrasion resistance of the Titanium
alloy, the present results demonstrate that in the absence of post-
treatment surface finishing, the resulting surface topography domi-
nates the tribological response and leads to elevated wear rates. Prior
work has shown that repolishing BD-treated Ti-6Al-4V can reduce
roughness to values comparable with wrought materials; achieving
such a finish would likely reverse the wear behaviour reported here
and may enable superior tribological performance.

This study demonstrates that, for AM Ti-6Al-4V, the BD heat treat-
ment in its current form does not directly improve wear performance
due to surface topography effects. While the resulting thermal oxide
layer is known to offer advantages such as improved corrosion
resistance and biocompatibility, these attributes do not mitigate the
adverse tribological response observed here and require further
investigation.

Overall, this work provides the first evaluation of UHMWPE wear
against BD-treated AM Ti-6Al-4V under clinically relevant loading
paths, identifies the surface-topography-driven mechanism responsible
for the elevated wear observed, and delineates the treatment re-
finements required for future biomedical applications.
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