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The developments of biodegradable materials for orthopaedic implants has been progressing
rapidly for decades. Biodegradable implants can eliminate the need for a second surgery and
avoid the possible risks of retained metallic implants, such as corrosion or strength weakening.
Magnesium (Mg) alloy is one of the potential materials for biodegradable implants because of its
good biocompatibility and biodegradability. In this study, the microstructures and mechanical
properties, especially the wear behavior and friction characteristics of Mg—Sn alloys, were
investigated. Mg—Sn alloys fabricated by the ingot casting method were applied to different
heat treatments, and then subjected to the pin-on-disc wear test. Experimental results showed
that the Mg—Sn alloy processed by solution heat treatment (SHT) at 520 °C and quenching had
the best wear resistance and lowest coefficient of friction (COF). The decrease in the amount of
hard precipitate Mg>Sn and the solid-solution strengthening induced by the excess Sn atoms in
the Mg matrix were the main causes of the enhancement of the wear properties of the Mg—Sn
alloy upon SHT, compared with as-cast Mg—Sn alloy and the Mg—Sn alloys made by other heat
treatments.

1. Introduction

Orthopaedic implants can be divided into two groups: permanent implants, such as knee
or hip prostheses, and temporary biodegradable implants such as screws and pins.(173) Metals
have mechanical properties similar to those of human bone compared with ceramics or
polymers, and are commonly used as permanent implant materials, such as stainless-steel,
titanium and cobalt—chromium alloys.”) With respect to biodegradable implants, magnesium
alloys have been widely investigated for application to biological fields because of their good
biocompatibility and biodegradability. Magnesium (Mg) is also one of the important essential
elements in the human body and is naturally stored in the bones.®) Additionally, Mg and its
alloys could also be used as electrodes in biodegradable pressure sensors for cardiovascular
monitoring or as RF components for wireless biosensor applications.®”)

For orthopedic implant applications, mechanical properties, biocorrosion characteristics,
and cytotoxicity should be considered. The mechanical properties important in implant

*Corresponding author: e-mail: cgchao@gmail.com
https://doi.org/10.18494/SAM.2019.2108

ISSN 0914-4935 © MYU K.K.
https:/myukk.org/



470 Sensors and Materials, Vol. 31, No. 2 (2019)

materials include yield strength, elastic modulus, tensile strength, elongation to breakage, and
wear resistance.’®) The components and composition of the Mg alloys contribute significantly
to different mechanical properties and corrosion behaviors. Tin is often used as an alloying
element to improve the mechanical properties and corrosion behavior of the Mg alloys.(g) The
cytotoxicities of the Mg—Sn alloys were studied by Zhao and his coworkers. Their research
revealed that no cell toxicity was induced in the Mg—Sn alloys when the Sn content was less
than 3 wt.%. Alloys such as Mg—1-wt.%-Sn and Mg—3-wt.%-Sn alloys were suitable for use
as biodegradable orthopedic implants.(lo) Additionally, many researchers have studied the
mechanical properties and biocorrosion characteristics of the Mg—Sn alloys. Cheng et al.
investigated the mechanical properties of the extruded Mg—Sn alloys with 6-10 wt% Sn
and found that the tensile and compressive strengths increased with the Sn content while the
yield asymmetry was the opposite.(“) The effect of the grain refinement on the mechanical
properties of Mg—Sn alloys was evaluated by Dong ef al. Their results showed that the ultimate
tensile strength of the as-extruded alloy increased by 120% compared with that of as-cast alloys.(lz)
Ha et al. investigated the effects of the volume fraction of the Mg,Sn intermetallic compounds,
solutionized Sn, and area fraction of grain boundaries on the corrosion properties of extruded
alloys of Mg and 2—-8 wt.% Sn. They reported that the corrosion behavior primarily depended
on the amount of Mg,Sn. Moreover, when the area fraction of the grain boundaries increased,
the H, evolution rate was accelerated.!>)

However, very few studies focus on the wear behaviors of these Mg alloys. Furthermore,
materials, especially metals and alloys, are often heat treated to improve their material
properties. The mechanical characteristics are effectively controlled by appropriate heat
treatments or thermal processes. In this study, Mg—2-wt.%-Sn alloys with and without heat
treatments were investigated to understand the wear mechanism and friction properties, as well
as the consequences of these heat treatments.

2. Materials and Methods

In this study, Mg—2-wt.%-Sn alloy was produced by the ingot casting method. Pure
magnesium (99.95 wt.%) and pure tin (99.98 wt.%) were placed in a stainless-steel crucible
and melted in a protective gas, SFs. The melt was heated to 800 °C and then poured into a
steel mold with the dimensions of 300 x 70 x 60 mm? at 720 °C. The specimens for the wear
test were machined into cylindrical pins of 8 mm diameter and 4 mm height by wire electrical
discharge machining. Three processing heat treatments were applied to the machined Mg—Sn
alloy specimens. One was homogenization treatment (HO) at 300 °C for 1 h. Another was
solution heat treatment (SHT) at 520 °C for 15 h with cooling in a furnace (FC). The third was
SHT at 520 °C for 15 h followed by quenching in water. The microstructures and compositions
of the as-cast (AC) and heat-treated Mg—Sn alloy specimens were investigated by scanning
electron microscopy (SEM, JEOL Tokyo, Japan) and energy-dispersive X-ray spectroscopy (EDS,
Oxford Instruments Oxford, UK). The hardness was measured using the Vickers hardness test.
The wear behavior and friction properties, such as friction coefficient and friction force, were
evaluated by the pin-on-disc wear test. The wear test was operated without any lubricants using
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a conventional pin-on-disc testing machine (Plint Berkshire, England) at ambient temperature.
The Mg—Sn alloy was used as the pin and S45C steel with Rockwell C hardness (HRC) of
approximately 50 was used as the disc-shaped counter-material. The track radius was 4 mm
and the sliding velocity was maintained at 1.2 m/s. The load was 29.4 N over a distance of 2500
m. The surfaces of the worn specimens and the wear debris were studied by SEM to clarify the
wear mechanisms.

3. Results and Discussion

Figure 1 shows the microstructure of the Mg—Sn alloys with and without heat treatment.
In the as-cast Mg—Sn alloy, the segregation phenomenon and the primary Mg dendrite
were observed. Furthermore, an intermetallic compound, Mg,Sn, formed mainly along the
grain boundary. After the homogenization treatment at 300 °C for 1 h, the solute Sn atoms
precipitated in the form of Mg,Sn near the grain boundary. Therefore, the segregation was
reduced and the amount of Mg;Sn increased after the homogenization treatment, as shown in
Fig. 1(b). According to the Mg—Sn binary phase diagram,!'¥ 520 °C was high enough to attain
the single Mg phase. The equilibrium concentration of the Sn in the Mg matrix was greater
than the total Sn content in the alloy; therefore, the Mg,Sn must have dissolved gradually if the

(b)

()
Fig. 1. Microstructures of Mg—Sn alloys: (a) AC, (b) HO, (C) FC, and (d) SHT.
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alloy was maintained for a sufficiently long time at an elevated temperature such as 520 °C.
Consequently, the Sn atom would be distributed uniformly in the Mg matrix after the heat
treatment at 520 °C for 15 h. Additionally, two different cooling methods were applied to
the above alloys after they had been transformed into the homogeneous solid-state solutions
at 520 °C. During the cooling process, the alloy that was slightly unsaturated at the higher
temperature would become extremely supersaturated. The precipitation of excess Sn atoms
could be expected to occur spontaneously and the formation of Mg,Sn from a supersaturated
solid solution may take place under a slow cooling condition such as the furnace cooling.
Therefore, there was a small amount of Mg,Sn observed in the FC alloy, as shown in Fig. 1(c).
Very rapid quenching, such as by water cooling, would prevent the appreciable diffusion of the
Sn atoms, so it could be assumed that the solid solution that existed at 520 °C was cooled to
room temperature essentially unchanged. The microstructure of the solution-heat-treated and
quenched Mg—Sn alloy is shown in Fig. 1(d). After the solution heat treatment and quenching
process, not only the Sn atoms distributed uniformly in the Mg matrix but also the Mg,Sn
precipitate completely disappeared.

The average grain size of the Mg—Sn alloy was measured in the SEM image, and the results
showed that the grain clearly grew when the thermal budget of the heat treatment increased.
The average grain size was around 340 pm after the alloy was heat-treated at 520 °C for 15 h, as
presented in Fig. 2. However, the hardness was decreased after the homogenization treatment
of the as-cast Mg—Sn alloy, because a soft Mg matrix was produced after the precipitation of
the Sn atoms during the homogenization treatment. Furthermore, the alloys subjected to the
FC and SHT processes had higher hardness than the as-cast alloy owing to the formation of the
supersaturated Mg phase in which the excess Sn atoms were dissolved. The major mechanism
behind the increase in the strengths of the FC and SHT alloys was solid-solution strengthening.
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Fig.2. (Color online) Average grain size and hardness of Mg—Sn alloys with and without heat treatment.
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The local stress fields and the distortion of the host structure occurred because of the existence
of the extra Sn atoms in the Mg phase and made the dislocation movement more difficult,
leading to an increase in the strength of the alloy. The amount of strengthening usually
depended on the amount of the dissolved solute. This could explain why the SHT Mg—Sn alloy
had a higher hardness than the FC alloy.

The wear behaviors of the Mg—Sn alloys with and without heat treatments were investigated
by pin-on-disc experiments. Figure 3 shows the hardness, wear resistance, and surface
roughness of the worn surfaces of these Mg—Sn alloys. The ranking of the hardness and the
wear resistance was SHT alloy > FC alloy > AC alloy > HO alloy. The relationship between the
hardness and the wear resistance could be explained by Archard’s equation:(15 ) W Resistance = KHIN.
K is the wear coefficient, H is the hardness, and N is the applied load during sliding. The wear
resistance is linearly proportional to the hardness of the material under constant load. The
wear resistance is enhanced when the hardness of the material increases. Although Archard’s
equation was developed for adhesive wear, it is widely used for modeling abrasive, fretting,
and other types of wear.!® Additionally, the maximum wear resistance of 55.3 m/mm?> was
achieved in the SHT alloy in the present study. Regarding the roughness of the worn surface, a
rough surface could be observed for the alloy with poor wear resistance.

Worn surface damage features and wear debris were examined most often when discussing
the wear mechanism or the wear mode. The worn surface morphologies of the Mg—Sn alloys
were inspected by SEM. As seen in Fig. 4, there were scratches and grooves due to abrasive
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Fig. 3. Hardness, wear resistance, and surface roughness of the worn surface of the Mg—Sn alloys with and
without heat treatment.



474 Sensors and Materials, Vol. 31, No. 2 (2019)
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Fig. 4. Worn surface morphologies of the Mg—Sn alloys after the pin-on-disc wear test: (a) AC; (b) and (c) HO; (d)
FC; (e) and (f) SHT.

wear on the worn surfaces of the AC alloy and the HO alloy. Moreover, transferred layers or
lumps and plowing with plastic deformation caused by the adhesive wear were also observed in
the AC and HO alloys. After SHT, the amount of transferred lump owing to adhesion decreased
and abrasive damage such as microcracks and scratches was mainly observed on the worn
surface, as seen in Figs. 4(e) and 4(f). SHT was an effective way of reducing the precipitation
of Mg,Sn, which acts as asperities or wear particles, and enhancing the hardness of material.
Therefore, the SHT alloy had the maximum wear resistance among all specimens.
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Figure 5 shows SEM morphologies of wear debris. The shape and size of the wear debris

were also used to describe the wear mechanisms.!”1%)

Wear debris or wear particles are
usually the products of surface damage, friction transfer, and final material removal by sliding.
The wear debris collected from the AC and HO alloys was of several types: platelets and
flakes, curls, and microcutting chips. Such wear debris is produced by the combined effects of
adhesion and abrasion. The number of large platelets and flakes is clearly reduced in the FC and
SHT alloys because the improved hardness of the contacting material reduces the possibility of
adhesion between contacting surfaces. As a result, the amount of wear debris originating from
the transferred fragments with platelike morphology would decrease. Moreover, a decreasing
trend of the wear debris quantity was observed because hard materials undergo less wear than
soft materials under the same friction conditions.?%

The friction properties of the Mg—Sn alloys with and without heat treatment were also
discussed in this study. Friction is the resistance to sliding motion along an interface and the
coefficient of friction (COF) describes the ratio of frictional force to normal force. The COF
in sliding depends on the materials that cause friction between moving surfaces and is often
symbolized as u, the coefficient of kinetic friction. A value of zero means no friction between
the objects. Figure 6 shows that the SHT alloy had the best COF, 0.02, while the HO alloy
had the COF of 0.21. The friction coefficient tended to be high because there were many hard

precipitates of Mg,Sn acting as asperities on the surface of the HO alloy.

Fig. 5. Morphologies of wear debris: (a) AC, (b) HO, (c) FC, and (d) SHT.
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Fig. 6. COF of the Mg—Sn alloys with and without heat treatment.

4. Conclusions

Mg—2-wt%-Sn alloy was fabricated by the ingot casting method in this study. Because
the mechanical properties may be altered significantly if the alloy is subsequently heated, we
investigated the effect of heat treatment on the wear properties of the Mg—2 wt.% Sn alloy.
There were three different heat treatment processes (HO, FC, and SHT) used in this work. The
experimental results showed the following. The wear resistances of the Mg—Sn alloys were
enhanced after the FC and SHT treatments. Moreover, the trend in the wear properties of
the Mg—Sn alloys corresponded to that in the hardness of the Mg—Sn alloys. The COF of the
Mg—Sn alloys decreased as follows: HO > AC > FC > SHT. This indicated that the existence of
Mg>Sn causes unevenness of and damage to the surface during the wear test, and the rougher
surface tended to result in a higher friction coefficient. Furthermore, the best wear resistance
of 55 m/mm? was obtained from the Mg—Sn alloy with SHT, and this alloy also had the lowest
worn surface roughness and COF of 0.02.
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