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Abstract

Background: Selective Laser Sintering (SLS) Cobalt Chrome (CoCr) has been utilized extensively in
medical implants. However, Electron Beam Manufacturing (EBM) 3D Printed Titanium-6 Aluminum-4
Vanadium Extra Low Interstitial (Ti6Al4V ELI) is increasingly being utilized due to its higher strength
to weight ratio, biocompatibility, resistance to corrosion, and capacity for osseointegration. More
recently, Titanium Nitride (TiN) coatings have been applied to Ti6AlI4V ELI to improve its long-term
durability. While durability and tribology are a critical measure of an implant’s overall performance, no
studies comparatively examine these properties in Ti6Al4V ELI TiN and CoCr talar implants.

Methods: As a result, two independent laboratories were engaged to test these properties using: ASTM
F1978-18 “Standard Test Method for Measuring Abrasion Resistance of Metallic Thermal Spray
Coatings by Using the Taber Abraser”, and ISO 22622:2019 “Implants for surgery-Wear of total ankle-
joint prostheses”.

Results: Testing using method ASTM F1978-18, Ti6AI4V ELI TiN performed 34x more favorably than
mirror polished CoCr. Using method 1SO 22622:2019, Ti6Al4V ELI TiN and SLS performed similarly,
showing only slight wear when tested against Ultra High Molecular Weight Polyethylene (UHMWPE)
over 5 million cycles.

Conclusion: With density, durability, tribology and ingrowth potential as a combined measure of overall
performance, results support Ti6Al4V ELI TiN being favorable to CoCr in certain talar implants.
Clinical Relevance: In addition to offering superior abrasion performance and slightly better wear
resistance, 3D printed Ti6Al4V ELI TiN coated implants offer physicians and patients a highly
customizable implant with a lower strength to weight ratio than existing CoCr SLS implants.

Level of Evidence: V.
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Introduction

Selective Laser Sintering (SLS) Cobalt Chrome (CoCr) has a broad history of extensive
utilization in medical implants [ & 61 Titanium-6 Aluminum-4 Vanadium (Ti6AI4V) has been
used in the aerospace industry due to its high strength to weight ratio and is increasingly being
incorporated into medical implants 1. Consequently, a growing number of bench and patient
studies have been carried out exploring Ti6Al4V’s high biocompatibility, resistance to
corrosion and capacity for osseointegration. Additionally, research shows that a physical vapor
deposition (PVD) applied TiN coating on Ti6Al4V provides improved wear resistance in load
bearing implant applications. '8! Studies have examined a variety of CoCr and Ti6AI4V
performance characteristics including material density, 3D printability, biocompatibility and
capacity for Osseo integration ® 11, Although seen as critical measures of a medical implant’s
overall performance, no studies have comparatively examined the durability and tribology of
Titanium-6 Aluminum-4 Vanadium Extra Low Interstitial Titanium Nitride (Ti6AI4V ELI
TiN) and CoCr. Further, no studies directly compare the overall performance of 3D printed
CoCr and Ti6AIl4V ELI TiN in a talar implant to obtain a more complete understanding of
comparative implant performance including durability and tribology, these properties were
identified as essential for further biomaterials testing.
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It was imperative to examine four key material characteristics to
achieve a combined measure of “overall performance

Density: A material’s strength-to-weight ratio and 3D printable
densities.

In growth Potential:
osseointegration.

Biocompatibility and capacity for

Durability: Abrasion resistance and corrosion resistance.
Tribology: Friction and wear while the surface is in motion.

It is important to note that while Ti6Al4V is regularly utilized in
biomedical applications, the material has a variety of grades
each with use-specific benefits. This study specifically focuses
on Ti6Al4V ELI (Grade 23 or ASTM F3001), which contains
reduced levels of oxygen, nitrogen, carbon and iron, and where
maximum oxygen content is only 0.13%. Reducing the presence
of these elements results in improved ductility and fracture
toughness.

Materials and Methods

An extensive analysis of existing studies was carried out to
develop an understanding of known performance characteristics
of SLS CoCr and EBM Ti6Al4V ELI TiN in medical implants.
Specifically, studies analyzing material density, bearing and
articulation,  biocompatibility, corrosion resistance, 3D
printability and capacity for osseointegration were reviewed.
Prior to this paper, a six month clinical postoperative patient
study to examine in growth potential on EBM Ti6AI4V ELI
implants was conducted by the senior author.

To gather data on durability and tribology, two independent
laboratories were engaged to conduct tests using two

Group 1

with Titanium Nitride coating

Group 2
CP Ti EBM mirror polished coupons CP Ti EBM mirror polished coupons CoCr SLS mirror polished coupons
without coating
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internationally recognized standards to analyze the durability of
3D printed Ti6Al4V ELI TiN in a medical implant. The first,
ASTM F1978-18, carried out by Taber® Industries in March
2020, analyzed abrasion resistance of 4 inch round coupons over
100 cycles using the Taber Abrasion method. The second, ISO
22622:2019, carried out by Endo Lab® from March-June 2020,
analyzed the wear of articulating talar component surfaces
against an ultrahigh molecular weight polyethylene (UHMWPE)
tibial insert over 5 million cycles.

Method for ASTM F1978-18 “Standard Test Method for

Measuring Abrasion Resistance of Metallic Thermal Spray

Coatings by Using the Taber Abraser”:

Instrument: Taber Rotary Abraser-Model 5155, Abrasive

Wheels: H-22, Load: 250 grams, Vac. Nozzle Gap: 3 mm, Total

Cycles: 100 cumulative cycles (2, 3, 5, 90), Environment:

72+3°F, 50£5% RH

= Fresh cleaning solution of deionized water and reagent
grade NaCl was prepared

= Specimens were places in the ultrasonic cleaner with the
testing side facing down

= After 10 minute cleaning (20 min for group 3), specimens
were placed in a 100 Degree C oven for 10 minutes

= All H-22 wheel sets were refaced using the diamond tool
reface prior to testing. Once a specimen run was initiated no
other specimen was tested using the same wheel until the
specimen run was finished

After removing from the oven, specimens were cooled to room
temperature until a stable reading could be obtained on the
balance (40 min for Group 1 and 2, 60 min for group 3). The
Taber Rotary Abraser setup with tested coupons can be seen in
Figure 1. The ultrasonic cleaner setup with tested coupons are
shown in Figure 2.

-

Group 3

Fig 2: The ultrasonic cleaner setup with tested coupons are shown
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Method for 1SO 22622:2019 “Implants for surgery-Wear of
total ankle-joint prostheses-Loading and displacement
parameters for wear-testing machines with load or
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displacement control and corresponding
Talar Component Group 1: Ti6Al4V ELI with TiN Coating
(applied with PVD). Components can be seen in Figure 3.

@ Talar component

@ Tibial insert

Fig 3: Ti6AI4V ELI with TiN Coating (applied with PVD). Components can be seen

Talar Component Group 2: CoCr F75 (fine resolution direct metal, build in 20 micron layers). Components can be seen in Figure 4.

@ Talar component

(2) (2) Tibial insert

Fig 4: CoCr F75 (fine resolution direct metal, build in 20 micron layers). Components can be seen

Tibial Insert: Total Ankle Replacement System, Size 5+, 16mm
All test equipment was compliant with Endo Lab® internal
calibration standards. The UHMWPE tibial inserts were not pre-
soaked. The Endo Lab joint simulator features three
simultaneously running stations emulating the left ankle joint. In
neutral position, the TAR components were oriented at a zero
degrees flexion and tested in an inverted position (talar
component in a superior position). The axial load axis was
centered between both condyles for all angles. Figure 5 shows a
single test chamber mounted on the test rig. The applied loads
were axial force, tibial AP force and tibial rotational torque. The
plantar/dorsiflexion angular movement (-15° to +15°) was
applied to the talar component, whereas the axial force (192N -
2366N), anterior posterior force (-124N to 257N) as well as the
rotational torque (-5.83Nm - 0.25Nm) was applied to the tibial

component. The tibial component was free to move relative to
the talar component under the influence of the applied forces.
The specimen assembly was conducted within a laminar flow
unit to prevent contamination of the cleaned test chambers. The
encapsulated test chambers were then mounted on the joint
similar and filled with approximately 500 ml of test fluid (calf
serum diluted with deionized water). Fluid was replaced every
0.5 million cycles. Macroscopic analysis of the bearing surface
of all talar components were performed after 0.5, 1.0, 2.0, 3.0,
4.0 and 5.0 million cycles. Photographs of the talar bearing
surfaces were taken at each inspection (Figure 6). After 5.0
million cycles the bearing surfaces of the talar components were
inspected using a light microscope. The results of these tests as
well as a synthesis of existing studies on Density and Ingrowth
Potential are elaborated below.

Upper implant holder

Arrangement for the exclusion of contaminant
particles from the outside of the test chamber

Hole for test fluid fill
(after filling, the hole is sealed by an adhesive tape)

Total ankle replacement system
Temperature and fluid level sensor

Heating

QL ® © O

Lower implant holder

Fig 5: Shows a single test chamber mounted on the test rig.
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Fig 6: Macroscopic analysis of the bearing surface of all talar
components were performed after 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 million
cycles. Photographs of the talar bearing surfaces were taken at each
inspection

Results

Density

An examination of implant manufacturer data shows that CoCr
has a Rockwell Hardness of 47 HRC, Ultimate Tensile Strength
of 960 MPa, Elongation at Break of 20%, Reduction of Area of
20% and Modulus of Elasticity of 210 GPa. Meanwhile,
Ti6Al4V ELI has a Rockwell Hardness of 32 HRC, Ultimate
Tensile Strength of 970 MPa, and Elongation at Break of 16%,
Reduction of Area of 50% and Modulus of Elasticity of 120
GPal 2 1, Due to the specific requirements of talar implants, the
lower modulus of elasticity and higher strength to weight ratio
of Ti6AI4V ELI are preferential given the specific load bearing
and tribologic requirements of talar implant ©!. The modulus of
elasticity of Ti6Al4V ELI is much closer to that of bone than
CoCr, which reduces the chance of repetitive stress fractures.

In growth Potential
Based on the postoperative patient study to examine ingrowth
potential on EBM Ti6Al4V ELI implants conducted by the

http://www.orthoresearchjournal.com

senior author, the 3D printed EBM titanium Evans and Cotton
wedges show a 73.1% bone ingrowth at six months
postoperative, whereas the competitive wedges show a 41.5%
bone ingrowth at twelve months postoperative. The results of
this clinical study are supported by existing research
demonstrating that larger implant surface area, increased surface
porosity and increased surface roughness in EBM Ti6Al4V ELI
implants show more enhanced osteogenic differentiation and
Osseo integration than traditional implants [ ™, Studies also
show higher total bone-implant contact with Ti6Al4V ELI than
with CoCr®. This characteristic is particularly relevant for
certain procedures with non-articulating elements where bone
ingrowth and fusion is critical.

Durability

Results from the ASTM F1978-18 method show that Ti6AlI4V

ELI TiN (Group 1) performed an order of magnitude better than

uncoated Ti6Al4V ELI (Group 2), and more than 34x better than

mirror polished CoCr SLS (Group 3) as indicated below:

= Group 1: Average loss after abrasion was 0.0002 g across 6
coupons. Blank coupon showed a weight gain of (0.0004) g.
Standard deviation was 0.0002.

= Group 2: Average loss after abrasion was 0.0020 g across 6
coupons. Blank coupon showed a weight gain of (0.0004) g.
Standard deviation was 0.0012.

= Group 3: Average loss after abrasion was 0.0069 g across 6
coupons. Blank coupon shows a 0.0009 g weight loss.
Standard deviation was 0.0011.

Tribology

Results from the ISO 22622:2019 method show that Ti6AI4V
ELI TiN outperformed CoCr SLS over 5 million cycles (Figure
7). Both Ti6Al4V ELI TiN and CoCr SLS were only slightly
duller on the medial and lateral side after 2M cycles. While the
extent of areas with a duller appearance increased from 2M - 5M
cycles, there was no debris or coating removal during the 5M
cycles. All talar components showed slight scratch marks in the
plantar/dorsiflexion direction, however these marks were more
distinct for the uncoated CoCr SLS talar component. All
UHMWPE inserts showed a polished surface and onset of
striations of 5.0 million cycles (Figure 8).
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Fig 7: Results from the 1SO 22622:2019 method show that Ti6Al4V ELI TiN outperformed CoCr SLS over 5 million cycles (Figure 7).

~ 95~


http://www.orthoresearchjournal.com/

National Journal of Clinical Orthopaedics

http://www.orthoresearchjournal.com

Fig 8: All talar components showed slight scratch marks in the plantar/dorsiflexion direction, however these marks were more distinct for the
uncoated CoCr SLS talar component. All UHMWPE inserts showed a polished surface and onset of striations of 5.0 million cycles (Figure 8).

Discussion

A review of the current landscape of total talus replacement
reveals the most commonly used implant materials include
alumina ceramic, cobalt chrome, and titanium 1. The greatest
advantage of a ceramic prosthesis is that it does not contain any
metallic components which may lead to the release of allergenic
ions and subsequent inflammation, allowing them to be more
biocompatible with soft tissue. Ceramic implants also have very
low wear rates, and this enables them to have a long life
expectancy when compared to some metallic prostheses €1,
However, metal implants generally have greater hardness and
tensile strength, and are able to sustain greater impact forces. To
mitigate the adverse effect of corrosion and possible freeing of
metal ions into the body, metal implants are often coated with a
polymer. Although the total talus replacement is relatively
young, more longstanding procedures such as the total hip or
total knee arthroplasty have seen success with materials such as
titanium nitride coating on metal implants, such as we have
discussed in this study with total talus prostheses [,

Titanium nitride coatings in arthroplasty have been used for
many decades. However, there is very limited empiric data in
regard to performance of TiN compared to CoCr coated
prosthetics; especially in the case of talus implants 1. A 2016
publication in retrieval analysis of TiN coated prosthetic femoral
heads articulating with polyethylene discovered that modern TiN
heads are characterized by resistance to in vivo roughening
which is better than seen in some Co Cr Mo components [,
Results of the study indicate that currently manufactured
femoral heads with titanium nitride coatings are less susceptible
to wear than older generations of implants analyzed in previous
studies [*%. Another relevant publication from 2018 investigated
the use of a titanium rather than cobalt-chromium femoral
prosthesis and remelted rather than triple-annealed polyethylene
in hip resurfacing procedures. This study sought to determine
the functional outcome and complications implant survivorship,
bone conservation and biomechanics, and incidence of
osteolysis and polyethylene wear 8. The postoperative
functional results as assessed by the Harris Hip Score,
WOMAC, SF-12, and UCLA activity scores all improved
significantly. The implant survivorship, wear results, and
biomechanics of TiN coated hip resurfacing systems using
crossed linked polyethylene lining on the acetabular component
were also improved compared to previous studies using CoCr
(12131 Although biomechanics of the hip joint are vastly different
from the ankle joint, current literature in total knee and hip
arthroplasty suggest that TiN coated implants are superior to
CoCr, which may entail that such outcomes will be consistent
when applied to talar implants as well. In conclusion, EBM
Ti6Al4V ELI with TiN coated talar implants show favorable
overall performance compared to SLS CoCr talar implants as
supported by both the ASTM and 1SO methods. In addition to
offering superior abrasion performance and slightly better wear
resistance, 3D printed Ti6Al4V ELI TiN coated implants offer
physicians and patients a highly customizable implant with a

lower strength to weight ratio than existing CoCr SLS implants.

Limitations
The design of this study is subject to limitations which can be
addressed in future clinical studies. Specific limitations include:

Laboratory Environment

This experiment was performed in a laboratory without
consideration of the influences and impacts that a human body
may have on medical implants. The laboratory that performed
these experiments did so in a highly controlled environment
using an internationally recognized standard to compare the
abrasion resistance of metallic thermal spray coatings” using the
Taber Abraser. Postoperative studies need to be carried out to
more accurately determine long term abrasion impacts on the
selected materials.

Sample Size

Given the small sample size of this study, the results of this
study should not be considered representative of a larger data
set. Future studies with larger sample sizes are required to
develop a statistically significant model.
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