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ABSTRACT

316L-Ti-Cu alloy was developed with two variations of copper at 1 vol% and 3 vol% through powder injection moulding
to investigate the influence of copper on the alloy. This alloy has not been researched before and is expected to serve
as an alternative for implants that possess beneficial antibacterial effects from copper, which can mitigate infection-
related issues that occur during orthopaedic surgery. Two sintering environments will be conducted which are under
vacuum and under argon-5% hydrogen, to ascertain the optimal properties of the alloy. The main reason behind the
different sintering atmospheres is to prevent the oxidation of copper, which easily forms under a small presence of
oxygen, and it can affect the particle bonding during the sintering process, which subsequently affects the characteristics
of the alloy. The maximum sintered density obtained was 89.9% from the 1 vol% Cu sample sintered under a vacuum
atmosphere, indicating high porosity in all the samples. The scanning electron microscope (SEM) and energy dispersive
x-ray spectroscopy (EDS) analysis on the samples indicate that high amounts of pores were observed, along with the
formation of oxides and carbides, which explains the low density and mechanical properties obtained. From the tensile
test, the 1 vol% Cu sample sintered under vacuum yields the highest Young’s modulus at 35.2 GPa, whereas the lowest
Young’s modulus of 11.01 GPa was obtained for 3 vol% Cu sintered under argon-hydrogen. All samples possess Young’
modulus which are similar to those of trabecular and cortical bone. With such properties shown and the antibacterial
properties of copper added into the alloy, the potential of this alloy for orthopaedic implant applications is solidified.
The future work of this research would be focusing on the optimisation of the properties of the alloy.

Keywords: Implant material, tensile strength, microhardness, antibacterial properties, vacuum sintering, argon-
hydrogen sintering, oxidation

INTRODUCTION

The rate of bioimplant surgery involving various bone-
related injuries and diseases has witnessed a significant
increase over the last few years, and the key contributing
factors to this concerning issue are due to an increase
in chronic diseases and lifestyle disorders [1]-[2].
This situation has led to a significantincrease in the area
of research and development related to the materials
forimplant applications. Due to the fact that the human
body comprises a highly complex biological system, it
is extremely sensitive to any foreign material as it has
the potential to cause life-threatening side effects such
as tumours, corroded elements flowing through the
bloodstream and damage to the tissues found in the

human body [3]. Therefore, it is vital that the material
selected for the implant has excellent compatibility
with human tissues and bodily fluids and does not
negatively impact human anatomy [1],[3].

The primary function of an implant is to provide
assistance in ensuring that the patient’s damaged part
is able to function properly [3]-[4]. Hence, the material
to be used for implant purposes must meet the main
criteria to ensure that the implant can cope with its
working conditions and environment. The types of
material used in implant applications over the past
few years consist of 316L Stainless Steel-HA, Ti-6Al,
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4V-HA and 316L-Titanium. Each has its strengths and
weaknesses. Titanium alloy is more vulnerable to wear
where articulation is needed, as it is softer compared
to its other metallic counterparts [5]. Meanwhile for
316L Stainless Steel, due to its high elastic modulus, it is
highly vulnerable to stress shielding which is the lack of
balance of stress due to the dissimilarity in mechanical
properties between the implant and bone, which can
potentially lead to treatment failure which is common
in most metallic implant [5]-[6].

However, one common trend observed from these
materials is the lack of antibacterial properties, which is
crucial in ensuring that any form of infection does not
occur. This is highly critical as it will heavily hamper the
healing process when the infection occurs, leading the
patient to undertake long-term antibiotic treatment or
even a secondary operation to remove the implant [7].
This is because it is very difficult to provide treatment
toinfections in bone sites due to their deep localisation
in the tissue and the microorganism involved [8].
According to Jin etal.[9], copper is widely known as an
important element in the human body and for having
strong antibacterial and antifungal effects. These
findings are also aligned with those of Jacobs et al. [8],
whereby it was mentioned that copper exhibits
antibacterial abilities that are able to aid in angiogenic
ability and osteogenesis. Therefore, this explains the rise
in research related to copper in implant applications.

Despite the improvement and further development
made over the last few years, there is still a limitation
in the properties of the material that needs to be
addressed to ensure that the implant does not
have stress shielding effects, but most importantly,
that the possibility of infections is eliminated, as it
can jeopardise the healing process. The challenge,
therefore, is to develop a material that possesses
excellent mechanical properties and compatibility with
antibacterial functions compared to its counterpart.
The motivation behind this research is aligned with
that mentioned by Gobbi et al. [10], which is to
develop a material with high longevity and exceptional
biocompatibility forimplant application. Therefore, itis
proposed that the development of 316L-Ti-Cu alloy be
initiated and its properties analysed due to its highly
expected properties for bioimplant applications that
other materials do not possess. Moreover, an implant
containing copper can further enhance the recovery

process of blood supply for the damaged tissues,
which improves the overall adaptation of materials [9].
That said, this material is highly anticipated to possess
great mechanical and physical properties and great
biocompatibility with the human body, which is
suitable for bioimplant applications.

This study investigates the influence of copper
alloying, i.e., 1 vol.% and 3 vol.%, on the sintering
behaviour and properties of a novel 316L-Ti-Cu alloy
fabricated via powder injection moulding (PIM). Two
atmospheres, vacuum and argon-5% hydrogen, were
used during sintering to prevent copper oxidation
and its detrimental effects on atomic diffusion during
sintering and mechanical properties. After fabrication,
the sintered composites were characterised for
morphology and grain structure using scanning
electron microscope (SEM) and energy dispersive
x-ray spectroscopy (EDS) elemental distribution.
Furthermore, the densification was quantified through
sintered density measurement. Mechanical properties,
including microhardness and tensile strength, were
measured for all the samples. The study further
suggests biocompatibility tests for the presented
sample formulations in future studies.

METHODOLOGY

Gas atomised copper powder had a D90 of 22 um
and 99% purity from GoodFellow Cambridge Ltd., UK.
Spherical shape gas-atomised 316L SS (Alfa Aesar, UK)
and irregularly shaped Ti powder (Alfa Aesar, UK) with
particle sizes D90 < 32 um. A Hitachi TM3000 SEM
was used to determine the morphology of metallic
powders.

Two different formulations were prepared with
1 and 3 vol.% Cu, with 3 vol.% Ti in both formulations,
and the remaining would be 316L Stainless steel. The
powder loading is set at 65 vol.% for each feedstock,
with the remaining 35 vol.% being the binders. The
fabrication begins with mixing the 316L Stainless steel
powder with the titanium and copper using a turbular
mixer for a duration of 1 hour. Next, the mixed powders
and the binders, which consist of 70 vol.% paraffin wax,
25 vol.% of polypropylene, and 5 vol.% of stearic acid,
are mixed in a Z-blade mixer for 1 hour at 11 rpm and
with a temperature of 160°C to form the feedstock.
Next, the vertical injection moulding machine will
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manufacture the green part under conditions set at
5 bars of pressure, a temperature of 180°C, and an
injection time of 15 seconds. The following step would
be to remove the paraffin wax and stearic acid in the
debinding process, where the green parts are soaked
in n-heptane in a Memmert water bath for 7 hours at
60°C to obtain the brown part. In the next step, the
brown part would then undergo thermal debinding for
60 minutes at 450°C to remove the remaining binder,
followed by sintering at a temperature of 1300°C with
a dwell time of 2 hours inside a tube furnace under
vacuum and under argon-5% hydrogen atmospheres.
Figure 1 shows the sintering cycle. The samples in this
experiment would be addressed as the 1 vol.% Cu under
vacuum (S1), 3 vol.% Cu under vacuum (52), 1 vol.% Cu
under argon-5% hydrogen (S3), and 3 vol.% Cu under
argon-5% hydrogen (S4) as presented in Table 1.

Table 1 Sample nomenclature and description

Sample
nomenclature

Sample description

RESULTS AND DISCUSSION

Metal Powders and Fabricated Samples

The SEM images of the metal powders are shown
in Figure 2, and the green, brown, and sintered
parts are shown in Figure 3. The 316L Stainless steel
powder and titanium powder are irreqular, whereas
the powder shape of copper is spherical. The shapes
of the particles play a role in the grain boundaries of
the alloy. Haferkamp et al. [5] claim that a spherical
shape powder indicated greater flowability with lower
porosity than other shapes. Moreover, a difference in
the particle shapes will affect the grain boundaries of
the alloy, which subsequently affects the characteristics
of the alloy.

Density, Shrinkage and Mass Loss of The Sintered
Samples

The density meter (Model: Mettler Toledo AX205) will
be used for the measurement of the density of the
samples with reference to the ASTM B962-17 (using
archemidis’principle), with the result shown in Table 2.
The collected data showed that the relative density

S1 55-3vol.%Ti-1vol.%Cu (Vacuum) of the sintered samples ranges from 84.0% to 89.9%,
52 55-3vol.%Ti-3vol.%Cu (Vacuum) which is far from the expected 95% usually observed [6].
3 55-3vol.%Ti-Tvol.%Cu (Ar95%-H25%)  With such a high level of porosity in the samples, it is
4 55-3vol.%Ti-3vol.%Cu (Ar95%-H25%)  expected that the copper oxidised during the sintering
1400 120 min
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1000 50C/min Furnace
Sintering cooling
¥
S 800
s
g
£
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Figure 1 Thermal debinding and sintering cycle
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350 8 SALT D125x600 100 um

Figure 2 SEM image of (a) 316L Stainless steel powder, (b) Titanium powder, (c) Copper powder

(a)

(e}

Figure 3 SEM image of (a) Green part, (b) Brown part, (c) Sintered part, (d) Completely oxidised part
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phase to form copper oxide, which stops the copper
from filling up the pores of the samples. With a high
amount of porosity, the mechanical properties such
as the tensile strength and hardness of the alloy will
be affected since there are fewer particles bonded
together. Table 3 shows the mass of the samples in
the form of green and sintered parts, including the
mass loss. In terms of the mass loss of the samples
throughout their fabrication phase, all samples
displayed relatively similar mass loss at 20% apart
from the S4 sample at 13.8% due to the larger sample
thickness.The shrinkages of the samples observed were
similar for all samples in the 11.00% to 12.35% range.
The equations for sintered density, theoretical density,
the shrinkage and mass loss are presented as:

Psintered = (pwarer - pa[r) . m (1 )

Prheoretical = pFVF + pMVM

_Lf

0

Shrinkage (%) = [L

)
)

Here, puaer is the density of the sintered sample in
water, and pg; is the density of the sintered sample in
air, whereas my; is the mass of the sintered sample in air
and My is the mass of the sintered sample in water.
Here the pris the density of reinforcement (Cu+Ti) and

0

m,

o

m

o

_mf

Mass loss (%) = ( (4)

pw is the sintered density of 316L SS. V: and Vi, is the
volume fraction of reinforcement and matrix. L,and m,
are thelengths and masses of green samples (injection
moulded samples), and Lrand m; are the lengths and
masses of the sintered samples.

Tensile Test

The tensile strength, strain and maximum elongation
of the samples were obtained through the tensile test.
The equipment used to run the test is the universal
testing machine, and it is performed based on the
ASTM E8M standard with a 0.008 mm/s strain rate
under room temperature conditions. The stress-strain
curve of all the samples is shown in Figure 4, with
the tensile strength at yield and Young’s modulus
illustrated in Figure 5. The maximum elongation and
strain of the samples are shown in Figure 6. From the
tensile test, S1 has the highest Young’s modulus out
of the four samples. The S2 sample is considered an
anomaly as it yields low mechanical properties because
the fabricated sample is not flat, as illustrated in
Figure 7.S3 yields the highest tensile strength, whereas
S4 samples have the highest elongation and strain. This
aligns with [6] whereby a low density of the samples
leads to a reduction in mechanical properties.

Microhardness Test

The microhardness test was carried out to characterise
the hardness of the alloy. The microhardness tester
(Model: Leco LM247AT) is used with a pyramidal

Table 2 Density of the samples

Sample Theoretical density Measured sintered density Relative density Calculated porosity
(g/cm?3) (g/cm?3) (%) (%)

S1 7.72 6.94 89.90 10.10

S2 7.74 6.92 89.41 10.59

S3 7.72 6.78 87.82 12.18

S4 7.74 6.5 83.98 16.02

Table 3 Mass and shrinkage of the samples
Sample Mass of green part Mass of sintered part Mass loss Mass loss Shrinkage
9 (9 (@) (%) (%)

S1 17.5 14.05 345 19.72 11.00
S2 17.67 14.05 3.62 20.50 11.53
S3 14.68 11.63 3.05 20.78 12.04
S4 20.16 17.38 2.78 13.79 12.35
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Figure 4 Stress-strain curve for all the samples
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Figure 5 Tensile strength at yield and Young's Modulus for all the samples

shape tip with 1000 gf for 10 seconds. The results of
the microhardness value are plotted in Figure 8. Based
on the data obtained from the microhardness test,
S2 yields the highest value at 131 kgf/mm? with high
deviation compared to the remaining sample, which
exhibits a similar value with minimal deviation for
S3 and S4 samples. However, these values obtained
were far from the 316L-Ti samples, which exhibit
a microhardness in the range of 240 kgf/mm? to
270 kgf/mm? from the samples of Shahed et al. [6].

Microstructure of The Sintered Samples

The samples were ground with silicon carbide paper
with grit paper grades from 120 to 2000. Then, the
samples are polished with a polishing paper with
Diamond Polishing Paste (6 um) applied on the
polishing paper, followed by another polishing step
with the Polycrystalline Diamond Suspension (3 pm)
and a third step with the Polycrystalline Diamond
Suspension (1 um). The samples are then electrically
etched with 2% nital etchant solution, carried out at
13 V for 3 minutes. After etching, the microstructure
analysis is performed. The optical microscope (Model:
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Figure 6 Maximum elongation and strain of all the samples

Figure 7 Uneven sample clipped by the universal tensile machine

Leica DM2700 P) examines the alloy’s microstructure ~ The microstructure showed that the 1% Cu samples,
with 20x and 50x magnification. The microstructures  regardless of sintering conditions, show more refined
of the fabricated samples are displayed in Figure 9 for ~ grain boundaries compared to the 3% Cu samples,
20x magpnification and Figure 10 for 50x magnification. ~ which have larger grain boundaries.
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Figure 8 Microhardness of the samples

SEM and EDS Analysis on The Sintered Samples

The SEM images and EDS mapping are illustrated
in Figure 11. Samples S3 and S4, which are sintered
under argon-hydrogen sintering, show a high amount
of pores, which explains the reduction of density.
Compared to those samples sintered under a vacuum
atmosphere, the grain boundaries of both samples can
be observed with minimal pores. The EDS results show
that the titanium particle can be observed clearly in

Grain boundaries

. ()
y ‘
Pey Tiparticle |

200 pm

Grain boundaries

200 pm Ti particle

Figure 9 20x magnification of sample (a) S1 (b) S2 (c) S3 (d) S4

all samples. One key observation was that S3 samples
suggest the presence of an intermetallic compound
from the Fe-Ti phase diagram system.

Fractography Analysis

SEM analysis was conducted on the fractured samples
after the tensile test to gain a deeper understanding
of the internal topography of the samples (Figure 12).
From the EDS results of S1, S3 and S4, certain sections of

Grain boundaries

200 pm Ti particle ;

Grain boundaries
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200 pm

e |
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Figure 10 50x magnification of sample (a) S1 (b) 52 (c) S3 (d) S4

the sample cannot be detected by EDS due to uneven
surfaces on the samples caused by the fracture during
the tensile test.

From the results of the fractured samples, it was found
that there is a high amount of oxygen present in all

Intermetallic compound

Ti particle

of the samples, indicating that there is a formation of
oxides such as titanium oxide and copper oxide. This
element was not detected on the polished samples as
the grinding and polishing process has removed the
oxides. These oxides would then act as a barrier to stop
the sintering process, which compromises the porefilling

bW e
| ———
ALWH AC A DI13x400 200um

Ti particle

Pores

i particle

Figure 11 SEM micrograph and EDS mapping of (a) S1, (b) S2, (c) S3, and (d) S4 samples
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Figure 12 SEM micrograph and EDS mapping of fractured (a) S1, (b) S2, (c) S3, and (d) S4 samples

and thus leaves high amounts of pores on the samples.
The observation also shows that the samples are not
completely sintered due to the oxidation of copper
and titanium formed on the samples, which serves
as evidence of the low densification of the samples,
consequently affecting their mechanical properties.

In addition, carbon was present in all of the fractured
samples, suggesting that carbides were formed. These
carbides are possibly formed from either titanium
or stainless steel or both. The characteristic of these
carbides is that they are brittle, which can justify the
brittleness shown by the fabricated samples, especially
those sintered in vacuum. Moreover, porosity observed
on the samples could also be caused by incomplete
thermal debinding, whereby the binders, especially the
polypropylene, are not fully removed from the samples,
which can heavily affect the properties of the alloy. This,
however, can easily be solved by simply increasing the
dwell time for thermal debinding.

Discussion on The Sintered Samples

From the variation of the copper, it was discovered
that the change in copper content did not affect the
physical properties of the alloy, but for the mechanical
properties, it was noticed that the tensile strength at
yield reduces when the copper content is increased.
This was accompanied by a greater elongation, leading
to a lower value of Young's modulus. Comparing the

mechanical properties between the 316L-Ti from [6]
and the 316L-Ti-Cu in this study. For the same titanium
content at 3 vol% and sintering temperature of 1300°C,
316L-Ti yields significantly greater mechanical and
physical properties than the samples of 316L-Ti-Cu
sintered in different environments. Thus, this differs
from the findings of Liu et al. [11] and Xi et al. [12],
where alloying titanium and stainless steel improved
the mechanical properties of the alloy, although the
types of metals involved in their research are limited
to only two types.

The findings from the two different sintering
environments were highly significant. The vacuum
atmosphere yields greater overall sintered density
relative to those sintered under an argon-hydrogen
atmosphere. This is due to the high level of pores
observed on the samples, which contributed to the
alloy’s low density and mechanical properties. This
observation is consistent with the findings presented
in [6], which indicate that the reduction in strength is
a consequence of insufficient densification of the alloy.
These findings concerning the sintering atmosphere
are validated by Pieczonka et al. [13], whereby the
author claims that the oxygen content in argon-
hydrogen sintering contains 0.10wt.% more than the
samples sintered under vacuum atmosphere, proving
that the vacuum atmosphere manages to remove the
presence of oxygen more effectively.
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Furthermore, Schaffer et al.[14] also argue that vacuum
sintering yields better results than those sintered in
nitrogen-hydrogen and argon-hydrogen. However,
one contradicting observation was that the samples
sintered in argon-hydrogen yield significantly higher
tensile strength and ductility than those sintered in a
vacuum atmosphere. This is aligned with one of the
findings of Luo et al. [15], where sintering under argon
yields significantly greater ductility. However, the
tensile strength obtained was similar to that sintered
in vacuum. Therefore, the higher tensile strength factor
could be attributed to the possibility of the bonding
between the 316L-Ti-Cu, which allows it to endure
greater stress despite having a higher density of pores
found in those samples.

One consideration that needs to be taken into
account is the mechanism of the sintering process.
Luo et al. [15] summarised that if the sintering process
is conducted other than in vacuum, the gas will
be entrapped, causing a high amount of porosity.
Besides that, Schaffer et al. [14] claim that a reaction
that can consume the atmosphere will reduce gas
pressure within the porosity and thus, increase the
rate of sintering. If there are gases entrapped within
the pores, it will affect the efficacy of the sintering
process by reducing the pore filling and consequently,
the densification is heavily reduced. This serves as
evidence of the high amount of porosity observed on
the samples sintered in argon-hydrogen atmosphere.
Argon is known for its inert properties, which means
liquid copper will not react with argon; this will entrap
the gases within the pores, reducing the densification
as seen on the samples.

Based on the fundamental understanding of material,
crystal structureis vital in determining the characteristics
that the material exhibits. For titanium, intermetallic
compounds form between iron and titanium, as well as
beta-titanium in both variations of copper. Intermetallic
compounds such as these are brittle, which could
also serve as an explanation for the brittle behaviour
exhibited by the samples. For the 3-Ti, Shahed et al. [6]
summarise that the B-Ti formation will lower the
Young's modulus of the alloy. The crystal structure of
the iron will be ferrite based on the Fe-Ti system and
austenite from the Fe-Cu system. This leads to a mixture
of BCC and FCC crystal structures, which aligns with
their findings [6], where both ferrite and austenite
phases were detected during the XRD analysis.

Another possible factor contributing to the high
amount of porosity achieved was that the copper has
oxidised to form copper (Il) oxide (Cu,0), which acts as
a barrier to stop the particles from bonding and filling
up the pores.This is because copper easily oxidises even
with a slight presence of oxygen to form Cu20 [16]. In
one of the sintering cycles, a leakage was detected on
the tube furnace, causing the pressure to drop. This
then leads to an increased oxygen level, which allows
copper to react with oxygen to form copper oxide on
the samples completely, which explains that the colour
is black, which is that of Cu20. Figure 3d illustrates the
samples that are completely oxidised.

CONCLUSION

The study concludes that copper significantly
influences the properties of 316L-Ti-Cu alloy, with
316L-Ti exhibiting superior mechanical and physical
performance compared to 316L-Ti-Cu, though copper’s
impact on physical properties was negligible in both
sintering atmospheres. Sintering environment played a
critical role, as samples sintered in argon-5% hydrogen
showed higher yield tensile strength but lower Young's
modulus, indicating higher ductility compared to
vacuum-sintered samples. However, sintering in argon-
hydrogen atmosphere led to excessive porosity due
to copper oxide formation, reducing sintered density,
while vacuum sintering yielded denser samples with
better mechanical properties. Optimising sintering
temperature can be studied in future studies to
further enhance alloy performance. Additionally,
the sintering atmosphere and mechanisms require
deeper investigation to fully optimise the alloy’s
properties. Future studies should also explore the
alloy’s antibacterial potential, leveraging copper’s
ability to release ions that combat implant-related
infections and its corrosion behaviour to assess ion
release and implant degradation for compatibility
evaluation. These findings highlight the need for
further research to refine processing parameters and
evaluate biomedical applicability.
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